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Abstract 

 

The monitoring of the migratory fish, Atlantic salmon (Salmo salar), is of global importance. 

Within Scotland, many rivers use a resistivity counter to detect the presence of Atlantic Salmon. 

The data produced from these counters is currently poorly described, with no uniform method of 

data quality assurance. This thesis aims to describe the signals produced and ascertain the quality 

and comparability of data between sites and years and to further use this to monitor trends in the 

timing of movement and numbers of in-river migration of large salmonids.  

This thesis developed a more extensive list of the objects observed by resistivity counters and the 

resultant signals and images used in data quality assurance. The river systems used as study sites 

were the Awe, Beauly, Conon, Ness, Cassley and Shin, and the Tummel. Further to this, the effect 

of quality assurance on the accuracy of the data were tested and resistivity counters in 6 Scottish 

hydroelectric dams were found to be consistently accurate with under 20% error for the majority 

of counts. Having analysed data from instances where multiple resistivity counters were installed 

in hydroelectric dams throughout the system, consistent trends were found in the movement of 

salmonids through the system, and in response to releases of water from the dams within the 

Beauly and Conon systems. The trends demonstrated statistically significant relationships, having 

used time series linear modelling, between the numbers in passage at each counter which may be 

inferred as monitoring the passage of sub-stocks. Significant relationships were found between 

numbers in passage and water flows from dams within the system, though there were low r2 values 

associated with this.  

In conclusion, data produced by resistivity counters across several sites in Scotland are reliable 

and provide accurate information on the movements of Atlantic Salmon through a river system 

and their responses to point source water releases during migration. The study was limited by 

focussing only on the Scottish and Southern Energy plc (SSE) resistivity counter within 
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hydroelectric dams within Scotland and could be extended to cover a wider range of resistivity 

counter network. Future work should focus on developing a machine learning method to fully 

verify and validate the data produced. This automated data could then be used to model year on 

year Atlantic Salmon return providing crucial information for the efficient management of 

fisheries.   
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CHAPTER 1:  

THESIS INTRODUCTION 

1.1. Monitoring migratory anadromous fish 

The 2003 Rio Convention identified global declines of flora and fauna populations; thus, 

monitoring of species population abundance in support of conservation is of extreme importance 

(Jacquemont and Caparrós, 2002; Raustiala and Victor, 1996). Monitoring migratory fish is an 

international challenge as they face trans-national and trans-ecosystem challenges to survival and 

stability of species abundance, and breeding populations, during all stages of their life history  

(Beaulaton et al., 2008; Chaput, 2012; NASCO, 2009). A key concern in this regard are the 

potential impacts of in-river barriers which can impede or delay migration or change migration 

behaviour.   

Anadromous fish species typically migrate between the freshwater and saltwater environments 

taking advantage of the increased resource availability in the marine environment to support 

increased growth and subsequently spawning within the freshwater environment, wherein the 

offspring pass through the early life stages prior to seaward migration; anadromy is commonly 

associated with natal homing in salmonids which drives the individual to return to natal spawning 

grounds during the spawning migration (McDowall, 2001, 1992).  Thus monitoring them is 

essential as they are particularly susceptible to impacts from barriers to migration within the river 

system (Aykanat et al., 2015a; Baker et al., 2020; Lucas and Baras, 2000; Stewart et al., 2011; 

Stratoudakis et al., 2016; Travade and Larinier, 2002; Welsh and Aldinger, 2014; Zydlewski and 

Wilkie, 2012). In anadromous species reproduction occurs in the freshwater environment requiring 

movement upstream from the marine into the freshwater environment in search of spawning 

habitat  (Losee et al., 2017; Zydlewski and Wilkie, 2012).  

Enlightened management of barriers has been shown to impact on anadromous fish migration, 

increasing the survival and abundance of a range of species such as sea lampreys and anadromous 
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salmonids  (Bunt et al., 2012; Gowans et al., 1999; Losee et al., 2017; Stratoudakis et al., 2016). 

The removal of barriers either through physical removal of a barrier or through the installation of 

fish passes has had substantial impacts on the fish communities within rivers, frequently it has 

allowed access to a wider range of spawning area; monitoring fish stocks across their range is of 

key importance to conservation during such habitat changes  (Fitzpatrick and Neeson, 2018). 

Mapping of barriers and fish communities is key to developing an accurate understanding of 

barriers to migration in both regulated and free-flowing rivers, and is essential in predicting 

subsequent impacts on species populations and diversity prior to the installation of mitigations 

(Bunt et al., 2012; Jones et al., 2019; Lytle and Poff, 2004).   

Barriers to migration are an on-going challenge in anadromous species conservation as some 

species such as Atlantic salmon (Salmo salar)which are of key conservation concern home to natal 

spawning grounds which may be in upper parts of the catchment such that barriers lower in the 

river system will often drastically restrict access to spawning grounds, reducing overall river stock 

productivity and abundance  (Gerlier and Roche, 1998; Klemetsen et al., 2003; Zydlewski and 

Wilkie, 2012). Physiological adaptations and natal homing support the concept of individual 

breeding populations of anadromous fish as part of a larger structured population within rivers 

which has the potential to function as a metapopulation  (Aykanat et al., 2015; Schtickzelle and 

Quinn, 2007; Vähä et al., 2017; Waples and Gaggioti, 2006), with overall abundance and 

productivity dependent on its integrity. While metapopulations require free movement of 

individuals between breeding populations, there is limited evidence of the impact of barriers to 

migration on this aspect of their biology. 

Various methods are applied to monitoring the conservation status of anadromous species 

including marine and freshwater catch data, trapping of individuals, telemetry and tagging, and 

fish counters  (Eatherly et al., 2005; Gerlier and Roche, 1998; Thorley et al., 2005; Witt and 

Godley, 2007). However, the inter-and intra- comparability, accuracy and reliability of abundance 
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estimates derived from these methods is not universally tested, leading to potential discrepancies 

between datasets  (Lucas and Baras, 2000; Thorley et al., 2005).  

Atlantic salmon, an anadromous species,  are of international importance, culturally and 

economically  (NASCO, 2009). Salmonids are generally in decline across their range due to: 

exploitation, barriers, habitat destruction, climate change, and predation (Ford and Myers, 2008; 

Gowans et al., 1999; MacLean, 2007; NASCO, 2009). Over-exploitation is a commonly cited 

cause of this population decline  (Chaput, 2012; Potter et al., 2004). Furthermore, much of the 

freshwater environment in Atlantic salmon’s range has been subject to development, leading to 

the creation of barriers to migration  (Jones et al., 2019). Water usage of hydroelectric dams has 

been linked to impacts on biodiversity, which can subsequently affect the resource availability 

which may affect juvenile mortality and thus salmonid stock abundance  (Dorber et al., 2019).  

Atlantic salmon typically home to natal areas during the spawning migration during the spawning 

migration, conversely straying may occur between breeding populations though there appears to 

be disagreement concerning the methods of assessing straying rate, a 9% straying rate has been 

observed in Norway though this is not a universal rule (Gerlier and Roche, 1998; Keefer and 

Caudill, 2014; Klemetsen et al., 2003; Ulvan et al., 2018). Monitoring salmonid movement across 

their geographic distribution at different life cycle stages requires diverse methods  (Eatherly et 

al., 2005). Net and rod catch, and fish counters commonly observe salmonids in the spawning 

migration  (Thorley et al., 2005). Commonly occurring congruence has been shown between rod 

catch and fish count data  (Eatherly et al., 2005; Thorley et al., 2005). Fish counters are of 

increasing interest for monitoring Atlantic salmon stock abundance in respect of their management 

and conservation  (Braun et al., 2016). Commonly in Scotland salmonids are monitored using both 

rod catch data and fish counters as part of the assessment of exploitation rate  (Braun et al., 2016; 

MacLean, 2007). Exploitation rates are a variable used in conservation limit calculation which 

controls the human influence on salmonids stocks in line with expected recruitment for sustainable 

stocks  (MacLean, 2007). 
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Various fish counter designs are used to assess Atlantic salmon stock abundance and help to 

manage their sustainable exploitation; however, it is proposed in this study that they might inform 

on the effect of point source water releases from barriers on the movements of anadromous species 

during the spawning migration, using Atlantic salmon in Scotland as a case study. A range of fish 

counter designs are used within the range of Atlantic salmon, the dominant type within the UK is 

the resistivity counter (Lethlean, 1953).  

Numerous approaches have been used in the UK to install resistivity counters and the subsequent 

variation in their design may affect the data generated. Differences in design arise from variation 

in the four main components: 1) physical structure, 2) flume type, 3) electrodes, and 4) processor. 

Resistivity counters are typically mounted in one of five types of structure: Borland lift, fish 

ladder, weir, novel structure, and riverbed (Braun et al. 2016). There are also five flume designs 

used: crump, tube, box, flat-pad, and riverbed (Simpson, 2003; Gregory and Gough, 2003; Braun 

et al. 2016; Smith 1996). Electrodes are arranged in odd numbers consisting of sets of pairs with 

a shared central electrode, typically three electrodes are used though there are instances of five 

electrodes having been used to monitor smaller species at the same time. Electrodes are mounted 

in flumes that insulate between them (Lethlean, 1953). The electrodes are connected to the 

processor which emits and monitors the electrical signal between the electrodes in the flume 

(Lethlean, 1953). Electrical signals caused by fish passage or other objects are automatically 

recorded (Braun et al. 2016). Data quality assurance of signals allow for accurate monitoring of 

salmonids numbers (Braun et al. 2016). Though processors are designed to different 

specifications, they universally record signal data which can then be verified and validated (Braun 

et al. 2016).  

1.2. Research aim and objectives 

The broad aim of this study is to determine the extent and reliability with which resistivity fish 

counter data can be used to inform on the abundance and movements of Atlantic salmon returning 
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to rivers to spawn.  Its focus is on passage of fish through dams on regulated rivers, and their 

responses to environmental stimuli during the spawning migration.  

The specific objectives of the study are to:  

● comprehensively review current and historical use of resistivity fish counters in monitoring 

Atlantic salmon 

● determine the appropriate verification method for assessing the quality of resistivity fish 

counter data. 

● assess the quality of fish count data from operational resistivity counters at multiple sites 

across Scotland and establish the appropriate use of fish count data to inform on anadromous 

salmonid abundance. 

● describe the movement of anadromous salmonids through barriers on regulated rivers 

across Scotland using data from operational resistivity counters. 

● evaluate the response of anadromous salmonids during their spawning migration to point 

source water releases within a regulated river using resistivity counter and dam water release data. 

1.3. Overview of thesis chapters 

1.3.1. Chapter 2: Use of resistivity fish counters in monitoring the Atlantic salmon (Salmo 

salar) spawning migration 

Previous assessment of the use of resistivity counters to monitor migratory fish numbers and 

behaviour has focused on either the mechanics of an apparatus, or the application to monitoring 

and its place in policy  (Braun et al., 2016). This chapter, within the broader setting of the use of 

fish counters and the importance of monitoring passage through barriers to migration, provides an 

overview of the types of resistivity counters and installations in rivers, and identifies issues relating 

to their use in monitoring anadromous fish.  The chapter focuses on large salmonids such as 

Atlantic salmon as this type of counter has been most extensively used for this species, though it 
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is also applicable to monitoring other salmonids such as sea trout. The research questions this 

chapter addresses are: 

● Where are fish resistivity counters used, what models are employed, and what are they 

installed in? 

● How is fish count data generated and processed? 

● What is the current use of the data gathered on salmonid movements? 

● Is the data used appropriately given what is known about it in the literature? 

These questions will be addressed by a critical review of the primary and grey literature on 

resistivity counters. This study focused on the use and usefulness of resistivity fish counters and 

count data in the monitoring of Atlantic salmon, which were commonly observed using this 

method. However, even though Atlantic salmon are the species to which the technique has been 

most widely applied there are other species which will be counted with this apparatus. This study 

fills a knowledge gap regarding the use of resistivity fish counters for monitoring an anadromous 

species.  No review is currently available in the literature which summarizes, and critiques issues 

related to the installation, use, data quality assurance, and information provided by, fish resistivity 

counters.  Though focused on Atlantic salmon, the review provides an oversight that is relevant to 

the monitoring of anadromous species more broadly. 

1.3.2. Chapter 3: A cross-counter verification of Atlantic salmon (Salmo salar) resistivity 

counter data  

Previous studies on resistivity fish counter verification have focussed on the movement of 

salmonids through older iterations of counters and have been based in different environments and 

structures (Forbes, 1999, Dunkley and Shearer, 1982, Beaufort et al. 1986). Chapter 3 sets out and 

documents a verification procedure to identify the range of objects observed by the counter and 

improve data quality. The research questions that will be addressed in the chapter are: 
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● What does a fish counter observe, and how do these observations differ? 

● Is there an association between the observed object and signal types? 

● What is the most appropriate sampling strategy for the assessment of count data? 

● Are there differences in what is observed by counters in different locations in a river 

system? 

Chapter 3 uses data from the more recent models of resistivity fish counter installed in different 

structures to previous work, to develop a more comprehensive assessment of the objects observed 

by resistivity fish counters. The questions will be addressed by assessing paired images and signals 

recorded at six resistivity fish counters sited in hydroelectric dams across four rivers in the Moray 

Firth area of Scotland. The correlation of image observed, and corresponding resistivity signal is 

analysed.  This is compared between pairs of counters related to position within a river system to 

inform on whether position of counter in a river system affected object types observed and the 

ability to identify them.  

1.3.3. Chapter 4: Verification of resistivity counter data and its impact on the accuracy of 

Atlantic salmon (Salmo salar) abundance estimates 

There have been few assessments of data quality in respect of resistivity fish counters, even for 

Atlantic salmon, the species for which this counting method is most widely used  (Eatherly et al., 

2005; Thorley et al., 2005). This involves both “validation” and “verification”.  Validation of a 

fish counter assesses count accuracy for the full duration of a period of operation and assesses not 

only over- and under-counting where fish passage has been observed but also where counts have 

not been made  (Eatherly et al., 2005). Verification is the assessment of accuracy in instances 

where a count has been made (Beaumont et al. 1986; Dunkley and Shearer, 1982).  

Most primary and grey literature studies of fish count data quality have focussed on the more 

demanding process of validation which has meant that a shorter time period of observation has 

been observed  (Thorley et al., 2005; Forbes. 1999). While the use of verification in fish count 
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data has been noted in the primary literature, how this is achieved has rarely been documented, or 

specifically tested.  

The general aim of Chapter 4 is to assess the effect of verification on the accuracy of fish count 

data output. The specific research questions the chapter will address are: 

● What is the difference in weekly numbers of salmonid passage between raw count data 

and verified count data? 

● Does verification provide a sufficient quality count data to support its ongoing use of in 

salmonid stock assessment? 

Chapter 4 compares datasets of raw, unverified, and verified counts for six resistivity counters 

sited in hydroelectric dams on four rivers across Scotland. The data sets are compared to determine 

the differences between the two in respect of the weekly numbers of passage. The difference 

between verified and raw counts are used to inform on raw count accuracy and the necessary extent 

to perform data quality assessment. This study then describes a method to perform resource 

efficient quality assurance of fish count data and addresses a gap in the literature regarding fish 

count data quality. 

1.3.4. Chapter 5: Tracking Atlantic salmon (Salmo salar) passage through river systems 

using resistivity counter data 

Tracking of small numbers of individual migratory fish through a river system by individual 

tagging of fish has been used to gain important insights into the activity of individuals over spatial 

and temporal scales (Crossin et al., 2017; Gerlier and Roche, 1998). However, this poses problems 

as regards extrapolating from the behaviour of a few fish which may or may not be representative. 

In contrast, no studies have investigated the ability to monitor the in-river movements of a stock 

of migratory fish stock using census data such as rod catch or fish counts.  

The aim of Chapter 5 is to explore this possibility using the data from regulated rivers with 

multiple resistivity counters.  The research questions that will be addressed are: 
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● What proportion of fish counted in downstream dams are counted in upstream dams? 

● Is this proportion consistent between river systems wherein similar configurations of dam 

placement within the system and design are present? 

● Are the patterns in movement of salmon between dams consistent between years? 

● Is the observation of salmonids at upstream dams subject to consistent time delays? 

● Can counters inform on the movement of salmonids in separate tributaries? 

The analysis in Chapter 5 is based on raw counts from ten resistivity fish counters in hydroelectric 

dams from four river systems across Scotland. The correlations of fish counts are assessed between 

pairs of counters within configuration type and compared between similar pairs. The proportion 

of salmonids observed moving between fish counters is described as is the consistency of this 

proportion between similar configurations.  Additionally, the chapter examines the differences 

between configurations, years, and time delays and assesses the consistency of these proportions 

across temporal scales. This study provides new insights into the potential use of resistivity fish 

counters to monitor the migratory behaviour of river stocks of anadromous fish. Further to this, it 

provides understanding of trends in annual returns of an anadromous fish species across a 

longitudinal data set of weekly passage of salmonids. 

1.3.5. Chapter 6: Monitoring Atlantic salmon (Salmo salar) movement responses to point 

source water releases in regulated rivers using resistivity fish counter data 

Various studies have explored the timing of the movement of anadromous species through 

regulated rivers  (Bunt et al., 2012; Gowans et al., 1999; Losee et al., 2017; Salinger and Anderson, 

2006). However, few describe the response of an anadromous fish species to the point source 

release of water through dams, such as those associated with electricity generation, overspill, and 

compensatory freshet release.   
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The aim of Chapter 6 is to analyse the relationship between count data and water releases from 

the hydroelectric dams within a river system. The specific research questions the chapter addresses 

are: 

● What is the correlation between fish count and point source water release? 

● Is the correlation consistent across similar pairings of point of fish count and source of 

water release? 

● Is the correlation consistent between years? 

● Is the correlation subject to time delays between water release and fish count? 

Chapter 6 uses a data set of raw counts and a corresponding data set of total water releases from 

ten dams sited in hydroelectric dams from five river systems within Scotland. Correlations are 

analysed between fish counts and water releases, and then assessed for up to five weeks of time 

delays. Results are compared between similar pairings of water release and fish count. By doing 

so, this study provides an approach which helps fill a knowledge gap regarding the movement of 

salmonids in response to point source water releases in regulated rivers. While point source water 

releases are a commonality in dam management, little work has been carried out on this issue. 

This is surprising considering the ongoing, and increasing, impacts of barriers on the migration of 

anadromous fish species  (Bunt et al., 2012; Dorber et al., 2019; Salinger and Anderson, 2006). 

1.3.6. Chapter 7: Thesis discussion 

This chapter ties together the findings of the previous chapters.  It discusses the usefulness of 

resistivity fish counter data for assessing trends in timing and numbers migrating salmonids 

following the findings of the study.  The chapter also considers, more broadly, the use of such 

count data for gaining understanding into the effect of dams in regulated rivers on the movements 

of Atlantic salmon and anadromous species more generally. Finally, the implications of the thesis 

findings are explored in relation to monitoring anadromous salmonids migrations through 
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regulated rivers with multiple barriers to migration and assessing the resulting impacts on their 

behaviour. 
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CHAPTER 2: 

RESISTIVITY COUNTERS IN  

ATLANTIC SALMON (Salmo salar) STOCK ASSESSMENT 

2.1. Introduction    

Faunal populations are in decline worldwide (Forister et al., 2019; Jacquemont and Caparrós, 

2002; Meineke et al., 2018; Raustiala and Victor, 1996; Tilker et al., 2019) and there is an 

increasingly urgent need for monitoring threatened species to inform on the sustainability and 

viability of species populations(Nice, et al., 2019; Potter et al., 2004; Stratoudakis et al., 2016; 

Witt and Godley, 2007b). Disproportionate declines have been noted in freshwater biota, including 

migratory fish, which have been linked to the impact of human activity such as the creation of 

barriers and regulation of rivers, as well as the subsequent impact of decreased assemblages 

weakening their resistance to disturbance (Colin et al., 2018; Dudgeon et al., 2006; Freeman et al., 

2003; Reid et al., 2019)Conservation monitoring focuses on establishing trends in the abundance 

of local populations and their responses to factors that potentially affect their numbers (Dufour et 

al., 2008; Jacquemont and Caparrós, 2002; Witt and Godley, 2007a).  

Fish stocks, groups of conspecifics that are found at a particular time and location, have been 

observed to be in general decline in both the freshwater and marine environments (Chaput, 2012; 

E. Potter et al., 2004). In most cases species are in decline due to human impacts (Chaput, 2012; 

Colin et al., 2018; Reid et al., 2019; Stratoudakis et al., 2016). Over-exploitation is commonly 

cited as a reason for fish stocks declines but other sources of human interaction such as pollution, 

habitat destruction, climate change, and development are commonly observed to have had a 

negative impact on fish habitat and movement (Chaput, 2012; Jones et al., 2019; Stratoudakis et 

al., 2016; Witt and Godley, 2007a). One particular growing concern in fisheries ecology is the 

effect of barriers to migration, specifically in the freshwater environment (Belletti et al., 2020; 

Birnie-Gauvin et al., 2017; Bunt et al., 2012; Jones et al., 2019; Silva et al., 2018). Due to the 
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various threats to fish stock stability many species are now monitored to establish long term trends 

in stocks and breeding populations in support of their conservation management (Chaput, 2012; 

E. Potter et al., 2004). 

The long-term viability of a species can be assessed by monitoring breeding population size and 

trends over spatial and temporal scales (Hanski, 2001; Noss, 1990). Breeding populations are a 

group of breeders which over generations, temporally and/or spatially explicit from others, and 

with minimal exchange of genetic information outside of this group becomes a genetically distinct 

population which may have specific adaptations suited to that populations life history (Waples and 

Gaggiotti, 2006). Typically, adaptations which are representative of a breeding population provide 

a means to identify the population that spawned an individual which is a key factor in genetic 

analyses of fish stocks (Waples and Gaggioti, 2006). In the absence of specific information on 

breeding populations, insights related to biodiversity conservation needs can be obtained by 

tracking changes to overall abundance of a species in a region, and whilst not targeted toward 

specific breeding population support will be targeted at maintaining the river stock abundance 

(Shafer et al. 2015). Monitoring breeding population size and connectivity can be challenging in 

migratory fish species as they often have wide-ranging feeding migrations as well as spatially and 

temporally fragmented breeding distributions (Lowe and Allendorf, 2010; Pope, et al. 2010). This 

will be particularly challenging in anadromous fish species such as Atlantic salmon (Salmo salar) 

as they undergo migration from the marine to freshwater environments in order to spawn 

(Beaulaton et al., 2008; Dufour et al., 2008; Losee et al., 2017).   

Conservation monitoring remains key to informing and enacting conservation policy and 

management decision making (Bracken and Oughton, 2013; Dufour et al., 2008). It is essential 

to understanding long term trends in abundance and behaviour at both the species and 

populations levels (Chaput, 2012; Eatherly et al., 2005). Monitoring of fish in the freshwater 

environment is supported by numerous methods which are often enabled or aided through the 

linear nature of movement and migration through the system (Lucas and Baras, 2000). 
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Numerous methods are used which predominantly focus on the use of fish counters, cameras, or 

hydroacoustic imaging to generate census information of river stocks in passage; telemetry, rod 

catch, redd counts and fish trapping which can be used to generate detailed information on a 

subset or entire river stock by analysis of traits of the individuals through direct contact in 

discrete instances or continuous monitoring (Aykanat et al., 2015b; Baumgartner et al., 2010; 

Dauphin et al., 2010, 2013; Mallen-Cooper and Brand, 2007; Sheppard and Bednarski, 2015; 

Simpson, 2003; Thorley et al., 2005; Waples and Gaggiotti, 2006).  

Fish counters are used to generate a count of individuals which have passed the fixed point 

within the river system wherein the counter is installed (Braun et al., 2016; Eatherly et al., 2005). 

They use a variety of technologies such as inference from electrical signals, infrared light, and 

acoustic imaging; each method used is subject to limited ability to identify species as the 

methods use variations on an approach which measures the size of the object in passage through 

an area that is continuously monitored (Baumgartner et al., n.d.; Beaumont et al., 1986; Dunkley 

and Shearer, 1982; Martignac, 2015). Species which exceed the minimum size trigger the 

sensors to record a count including direction of passage. There are minimal cases wherein a fish 

counter can accurately determine species in passage however a DIDSON acoustic camera has 

been shown to identify eels in passage through their idiosyncratic behaviour (Martignac, 2015). 

Whilst each counter will deliver a census count of the individuals in passage with generally 

accepted levels of error there are issues with the quality of data developed as they cannot 

identify the species of individuals observed and so are reliant on validation of count data 

(Baumgartner et al., 2010; Crozier et al., 2004; Dunkley and Shearer, 1982; Sheppard and 

Bednarski, 2015).  

Cameras can be used to monitor the behaviour of individuals in passage within the observable 

range of the camera and to facilitate species identification, which may be possible depending on 

the angle and field of view of the camera (Carlson and Quinn, 2005; Rodriguez et al., 2015). 

However, this requires substantial effort to obtain and the effectiveness of this method might be 
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limited by the visibility underwater due to issues such as variable turbidity and changes in water 

flow (Carlson and Quinn, 2005; Rodriguez et al., 2015). 

Telemetry supports the monitoring of individual fish through the application of tags that report 

location and, in some cases, physical condition (Crossin et al., 2017; Gerlier and Roche, 1998). 

Depending on the efficiency of trapping carried out to gather individuals to apply tags it may be 

possible to gather information which relates to the entire river stock or a subset. However, due to 

the risk of misidentifying species in cases of mixed river stocks alongside the variable time spent 

at sea prior to the spawning migration there are opportunities for telemetry based assessments to 

inaccurately describe the behaviour and abundance of the river stock when describing spawning 

adults (Crozier et al., 2004). Telemetry can also be used to deliver insights into behaviour at sea 

which may be used in future to provide extensive insights into sea migration behaviour and at 

sea mortality (Gerlier and Roche, 1998; Malcolm et al., 2010). 

Genetic analysis may provide extensive insights into the division of river stocks into breeding 

populations and provide a history of the transfer of genetic information between breeding 

populations (Aykanat et al., 2015b; Hansen et al., 2007; Vähä et al., 2017; Waples and Gaggiotti, 

2006). In addition, the identification of genetic information linked to geographic breeding areas 

supports the study of the effect of barriers both with regards to natural barriers which separate 

breeding populations and the subdivision of which that might occur following the installation of 

a barrier inside the geographic range of the population (Hansen and Jonsson, 1991; Lowe and 

Allendorf, 2010; Waples and Gaggiotti, 2006). The advantage of genetic analysis is that it 

supports high definition information gathering which demonstrates a history of behaviour within 

the river stock (Aykanat et al., 2015b; Hansen and Jonsson, 1991; Stewart et al., 2011). 

However, it relies on extensive resource demands linked to collection and analysis of genetic 

material; further to this it remains dependent on a range of other methods to validate its 

assessment of the river stock including requiring an assessment of population size and river 

characteristics and will not inform directly on recruitment currently happening, though it may 

provide useful insights in subsequent years. 
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Redd counts are commonly used as a method of assessing Atlantic salmon spawning (Al-

Chokhachy et al., 2005; Dauphin et al., 2010, 2013). The redd is indicated by the signs of 

disturbance to the riverbed caused by spawning activity. The use of redd counting as an 

assessment of stock recruitment is indicative of the occurrence of successful spawning which 

indicates the number of females which completed the spawning migration (Al-Chokhachy et al., 

2005). However, the use of redd counts is not indicative of the number of males which have 

completed the migration due to the potential activity of precocious parr, juveniles which halted 

development prior to the seaward migration and reach sexual maturity within the freshwater 

environment and can breed with adult females (Dauphin et al., 2010; Friedland et al., 2009). It is 

essential to pair redd counting with a secondary censusing method which indicates the 

abundance of all spawners to better assess stock recruitment. 

Rod catch is a commonly used census method across the range of various anadromous salmonids 

and freshwater fish more broadly (Thorley et al., 2005). The process of gathering rod catch data 

is subject to numerous potential inaccuracies such as the likelihood of a salmonid to be caught or 

to be caught subsequently to the first instance, in addition there is no method of assessing angler 

effort or accounting for the ability of the angler (Eatherly et al., 2005; Thorley et al., 2005). 

Whilst rod catch data are commonly used in stock assessment it remains necessary to pair it with 

alternative methods to generate accurate insights. 

Trapping may occur at various life stages though typically targets periods of migration (Mallen-

Cooper and Brand, 2007). Migration of fish enables the installation of traps which will capture 

individuals travelling either upstream or downstream (Mallen-Cooper and Brand, 2007; 

Simpson, 2003). It is possible to capture large amounts of information on the river stock or sub-

stock that is trapped, and this method also provides opportunities to support additional methods 

such as genetic analysis or tagging for the purposes of telemetry. A key disadvantage of trapping 

is the potential effect on mortality resulting from the process. 
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Of these two environments, monitoring species numbers in the freshwater environment is easiest 

to accomplish but can still be challenging as fish are generally underwater and out of sight.  In 

addition to informing on numbers of fish generally, in-river monitoring is also useful for 

understanding the impacts of barriers and spawning migration can be impeded to varying degrees 

by the presence of structures such as dams or weirs in a river system and it is essential to account 

for this in mitigation planning (Birnie-Gauvin et al., 2017; Ioannidou and O’Hanley, 2019). The 

erection of barriers is an ongoing process and a greater number are being discovered than 

previously understood to have existed (Belletti et al., 2020). Though mitigations for impacts on 

migration may be in place, such as fish passes, the degree of success of such installations is not 

assured and may also be site specific (Gowans et al., 1999). Thus, monitoring of the movements 

of migratory fish through regulated rivers is essential to understand the effect of barriers on 

anadromous fish stocks and to apply adequate mitigation (Bunt et al., 2012; Gowans et al., 1999). 

At the same time, it is potentially possible to exploit presently installed barriers using monitoring 

equipment to generate data which would inform on absolute numbers of fish moving above 

barriers and on general trends in their numbers over time, generating such data prior to, during 

and following the enactment of mitigations to the barrier may improve future mitigations and aid 

the prioritisation of interventions.  

2.1.1. Atlantic salmon stock assessment 

Atlantic salmon are typically anadromous and have an extensive history of monitoring data due to 

their current and historic cultural and economic importance across their range (Chaput, 2012; 

Eatherly et al., 2005; E. Potter et al., 2004; Vähä et al., 2017). Several methods are used to monitor 

the movements of salmon including catch statistics, tagging and telemetry, trapping, and passive 

observation using counters such as the acoustic, infrared, resistivity, and video (Braun et al., 2016; 

Crossin et al., 2017; Eatherly et al., 2005; Gerlier and Roche, 1998; Thorley et al., 2005). 
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Salmonid have been monitored for over a century in some areas, during which time a range of in-

river structures have been erected (Jones et al., 2019).  

Atlantic salmon represent an internationally important economic and cultural resource, and are an 

indicator of river habitat quality, making them the focus of major conservation initiatives across 

their species range (NASCO, 2009; Potter et al. 2003). Conservation of fish largely focuses on 

observation at the river stock level; however, this fails to account for their fragmented nature, 

which may obscure non-viable breeding populations (Jonsson, et al. 1991; Verspoor, 1997; 

NASCO, 2009). The challenge of implementing conservation initiatives on breeding populations 

is not helped by the many definitions of “population”, which are often used interchangeably but 

are not equivalent and have different implications for conservation and fisheries management 

(Waples and Gaggioti, 2006; Pope et al. 2010; Wells and Richmond, 1995).  

Various species of anadromous salmonids are present across Europe, in the UK specifically 

Atlantic salmon and brown trout (Salmo trutta) are present across the region (Klemetsen et al., 

2003). Atlantic salmon are a migratory species which spawn in the freshwater environment and 

after completing juvenile life stages will typically migrate to sea (Russell et al., 2012). There is a 

general trend of reducing abundance of anadromous salmonids across their range which is linked 

to environmental factors such as and human actions such as the construction of barriers across 

their freshwater range (Friedland et al., 2009). However, this is not the rule for all river stocks 

universally as some populations are maintaining or increasing abundance.  

Stock recruitment in anadromous salmonids relies on the cyclical process of successful spawning 

generating juveniles which grow to the stage of seaward migration following which adults migrate 

to the freshwater environment to spawn (Friedland et al., 2009). This cyclical process exposes 

numerous risks  to stock recruitment: barriers to migration or predation of spawners would inhibit 

successful spawning, limited resource availability and predation of juveniles would decrease the 
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number of individuals which would progress to the seaward migration during which the risks of 

predation, barriers to migration, and fishing are all possible risks which would limit the number 

of adults which would have the potential to complete the spawning migration (Friedland et al., 

2009; Gurney et al., 2009; Jonsson et al., 1998). The process of stock assessment that contributes 

to setting conservation targets in regions such as the UK relies on the assessment of numbers of 

adults in the spawning migration. Conservation limits are enacted in order to limit human 

exploitation of the spawners so as to reduce factors which might limit successful spawning which 

is a key factor in stock recruitment (Crozier et al., 2004, 2003; Forseth et al., 2017). 

Atlantic salmon, and brown trout, are anadromous species which commonly occur together in 

freshwater communities across their range (Crozier et al., 2004; Jonsson and Jonsson, 2006; 

Klemetsen et al., 2003). Atlantic salmon typically migrate to sea after their juvenile stages of life 

whilst a subsection of their stocks will remain within the freshwater environment in the form of 

precocious parr, whilst only a subsection of the brown trout stocks will migrate to sea as sea trout 

(Gerlier and Roche, 1998; Jonsson and Jonsson, 2006; Klemetsen et al., 2003). Given that they 

occur together across their range and there are several similarities between the individuals of each 

species this can present issues for identification between species (Crozier et al., 2004; Malcolm et 

al., 2010). Salmonids such as Atlantic salmon and sea trout typically exhibit anadromous 

migratory behaviours and have an extensive migratory range in the marine environment and found 

spawning in many rivers across the North Atlantic including the east coast of North America, and 

the western coast of North and West Europe including regions which flow into the North Sea. 

River stocks, particularly in larger rivers, are composed of multiple breeding populations, causing 

potential issues for monitoring (Jonsson, et al. 1991). Salmon conservation requires inferring river 

stock, or ideally breeding population, stability and production, which can be used to establish safe 

exploitation limits (Smith et al. 2014). Historic stock assessments are based largely on data sets 

of both rod catch and count data, including location and time of observation, with a focus on 

monitoring migratory adult salmon and productivity, though there is a substantial body of work in 
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the literature that also uses genetic analysis (Eatherly et al., 2005; Forseth et al., 2017; Isaak et al., 

2017; E. C. E. Potter et al., 2004; Thorley et al., 2005; Ulvan et al., 2018; Vähä et al., 2017).  

Salmon population monitoring has focussed on river stocks rather than breeding populations, 

consequently non-migratory populations present in some parts of the species range may not be 

appropriately monitored due to the focus of many forms of monitoring on assessing numbers of 

individuals in passage during migration (NASCO, 2009). Landlocked Atlantic salmon are a key 

example of this, found across their species range in both North America (Nova Scotia, New 

Brunswick and Quebec, populations in the United states appear to have been negatively affected 

by stocking practices) and in Northern Europe (Finland, Norway, Sweden, and further afield in 

Russia) (Hutchings et al., 2019; Kjærner‐Semb et al., 2021) Data for use in stock assessment is 

collected internationally on marine catch, coastal nets and in-river rod catches and supplemented 

by data on salmon movements and behaviour from tagging, telemetry, redd counts, electrofishing 

of juveniles, trapping of smolts in-river, trapping of adults, genetic analyses of stock mixtures in 

marine fisheries, and in-river fish counters (Crozier et al. 2003; Potter et al. 2004; Malcolm et al. 

2010; Braun et al. 2016). Some data collected for monitoring salmon stocks may also inform on 

the status of breeding populations, though the ability of historical datasets to inform on breeding 

populations has not been tested for the full range of methods and datasets available (Verspoor, 

1997; Lowe and Allendorf, 2010; Meirmans and Hedrick, 2011). 

The various stock assessment approaches have been used independently, or combined to varying 

degrees, to provide insight into the conservation status of river stocks (Eatherley et al. 2005 Lowe 

and Allendorf, 2010; Dauphin et al. 2015). By taking a mixed methods approach, a more reliable 

assessment can be expected regarding the whole life cycle, productivity, and stability of the stock 

as well as the status of constituent breeding populations (Potter et al. 2004). However, monitoring 

of individual breeding populations can be informative regarding meta-populations and portfolio 

effect (Schindler et al. 2009), and whole life cycle monitoring of salmon may improve the 
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accuracy of stock and population level assessments (Cowx, 2008). The latter can be enhanced by 

a wider spread application of genetics and molecular markers in framing assessment units. The 

benefits of using genetics will, however, be greatest when integrated with existing approaches. Of 

these latter approaches which have been used historically and still provide information, the 

potential insight to be gained from fish counters, either on their own, or in conjunction with other 

methods such as catch data or genetics, remains to be explored. 

2.1.2. Fish Counters in Atlantic salmon stock assessment  

There is an increasing need for large-scale monitoring of migratory fish stocks, such as Atlantic 

salmon, due to their declining abundance (Potter et al. 2004). An expanded network of resistivity 

counters was proposed for nationwide salmon stock assessment (Braun et al. 2016). Data from 

resistivity counters is used to shape environmental policy, particularly within the UK and Ireland 

due to their concentrated use in this range, as such it is imperative that the accuracy of the data is 

understood, and any variance in accuracy between counters is determined, as well as their 

comparability with other designs of counter which are used elsewhere in the species range of key 

species for conservation such as Atlantic salmon due to the need for international scale cooperation 

in conservation. In the current literature there is no review of resistivity counter operation that 

addresses comparability of counters and the use of these to assess fish stocks. Monitoring the 

accuracy of derived counts is crucial for network comparison, however there is variance in the 

methodological approaches used between sites.  

Various types of devices have been developed and employed for remote and automated counting 

of fish ascending rivers (Pope et al. 2010).  Such “fish counters” or “counters” enumerate fish by 

variously recording physical, acoustical, optical, and electrical changes in the water (Casselman 

et al. 1990). Counters provide time-stamped records of upstream and downstream fish passage 

past a fixed location providing a census of target species (Potter et al. 2004). Count data 
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independently or integrated with other monitoring methods can inform on stock status (Martignac, 

2015; Sparholt et al. 2018; Lethlean, 1953; Crozier et al. 2003; Potter et al. 2004; Eatherley et al. 

2005; Thorley et al. 2005). 

In Scotland, the creation of the North of Scotland Hydro-Electric Board (1943) and their dam 

network was a significant event that led to the erection of many large in-river barriers (Eatherly et 

al., 2005; Simpson, 2003). As part of the installation of hydroelectric dams there is a legislative 

expectation to provide adequate fish passage, and to prove that fish passes function adequately 

(Salmon Act, 1986). In the case of Scottish and Southern Energy (SSE) each dam with the potential 

for upstream migration, as determined by the distribution of salmon extending upstream of the site 

prior to installation, is fitted with a resistivity fish counter (Braun et al., 2016; Eatherly et al., 

2005; Simpson, 2003; Thorley et al., 2005). SSE counters monitor the passage of adult Atlantic 

salmon in the spawning migration (Forbes et al. 1999a). Monitoring salmon passage through 

hydroelectric dams has generated an extensive dataset on the movements of salmon past barriers 

in Scotland using remotely sensed data (Braun et al., 2016; Simpson, 2003). 

Resistivity fish counters were developed to monitor the passage of fish by sensing changes in 

electrical resistance caused by the passage of large objects within the water column over the 

electrodes, the signals created are then used as evidence of the passage of salmonids and other fish 

such as river herring past a barrier (Lethlean, 1953; Sheppard and Bednarski, 2015). Fish counters 

in hydroelectric dams provide long term datasets on weekly passage of salmon past barriers across 

Scotland (Eatherly et al., 2005). The data has had limited use in the primary literature, however 

with the increasing interest in the effects of barriers on the movement of anadromous species there 

is the potential to use this dataset to provide a case study of the movements of salmon through 

regulated rivers across a wide geographical area using a long term longitudinal dataset (Braun et 

al., 2016; Eatherly et al., 2005; Thorley et al., 2005). The extensive dataset generated by resistivity 
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fish counters should be assessed for its usefulness regarding assessing the movements of Atlantic 

salmon (Braun et al., 2016; Chaput, 2012; Eatherly et al., 2005; MacLean, 2007). 

Current assessments of Atlantic salmon stocks used to define conservation needs are almost 

universally based on incomplete census data and benefit from the use of data-poor analysis 

methods (Fitzgerald et al., 2018; Lorenzen et al., 2016).  Furthermore, what is available is often 

gathered by less than optimal collection methods or subject to only cursory quality control and 

analysis (Johnson and Cox, 2020).  

This is arguably the case in respect of information gathered from most if not all fish counters (van 

der Waal, 2014).  In theory, fish counters can provide comparably more accurate and detailed 

information on fish passage and abundance than most other methods (van der Waal, 2014; 

Eatherley et al. 2005). Count data has a varying degree of congruence with other monitoring 

methods, suggesting uncertainty in data quality (Beaumont et al. 1991; Thorley et al. 2005; 

Dauphin et al. 2010).  

In Scotland, resistivity fish counters are widely used on hydroelectric dams to monitor the 

movements of large fish, from which derived estimates of species abundance may be obtained, 

and do so using changes in electrical resistance in water which is caused by the passage of fish to 

“count” the number of fish passing through the counter (Lethlean, 1953; Sheppard and Bednarski, 

2015). Raw electrical signals obtained are processed with signals typical of those generated by a 

large fish moving through, which is assumed to indicate the passage of a salmon on its return 

migration. There are differences in the signal for fish moving up or down a counter plus a record 

of the time the signal was generated (Dunkley and Shearer, 1982; Sheppard and Bednarski, 2015; 

Eatherley et al. 2005).   

Installation and operational procedures for resistivity counters can vary between sites making 

differences in data quality likely as well as making comparisons among counters difficult (van der 
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Waal, 2014; Eatherley et al. 2005; Thorley et al. 2005).  Counts, derived from subtracting 

descending from ascending signals, are used to estimate the abundance of returning spawners 

above the counter (Eatherley et al. 2005). Compared with other monitoring methods, count data 

often show differences in patterns of abundance among locations that differ from those derived 

from other methods, suggesting there are either differences in data quality among resistivity 

counters or among data collected by the alternative monitoring methods (Beaumont et al. 1991; 

Thorley et al. 2005; Dauphin et al. 2010). Thus, whether existing data sets are even useful is 

unclear as is the question of whether their information is under exploited. On the other hand, if 

counter data are of good quality they could potentially be integrated with other data sources to 

improve the quality of assessments of the status of the salmon stock above the counter (Meirmans 

and Hedrick, 2011) or to provide more in depth insights into stock status e.g. at the breeding 

population level. 

 

2.1.3. Review aim and specific objectives 

This methodology review aims to provide an overview of historic and current use of resistivity 

counters in the assessment of Atlantic salmon stock abundance and of the nature and extent of 

count verification and validation, the key determinant of their usefulness in informing 

conservation needs. To achieve this aim, its specific objectives are to: 

• describe counter types and installations 

• discuss methods used in data quality assurance of resistivity counter output 

• evaluate the factors influencing the use of resistivity counters in Atlantic salmon 

management, specifically, and censusing migratory fish generally 

• consider which factors that will condition to the future use of resistivity counters 
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The review confines its consideration to counters in the UK and Republic of Ireland and focuses 

largely on those in Scotland where the majority of resistivity counters used for monitoring Atlantic 

salmon are in use.   

2.2. Methods 

For the review, data were obtained by a systematic search of the literature using the following 

search engines: Google, Google Scholar, Science Direct and Web of Knowledge using the search 

terms listed in Table 2.1; the criteria for inclusion of a paper in the review are listed in Table 2.2.  

The literature base reviewed was extended beyond those identified in this way by including 

additional relevant papers cited in the literature found as well as unpublished material provided by 

relevant parties. 

Table 2.1. The terms used to search for relevant literature for this review are set out 

below. Where more than one term is present per cell of the table all terms were searched 

using the AND function 
 

Terms 

“Resistivity counter” “Salmon monitoring” 

Fish counter “Fish monitoring” 

“Fish counter” “fish behaviour” “weir” “Fish behaviour” “Fish counter” 

 “Fish counter” “validation” 

“Atlantic Salmon” “Fish pass” “Fish counter” “verification” 

“Resistivity fish counter” “salmon” “Fish counter “fish behaviour” “Fish pass” 

Atlantic salmon “Fish counter data”  

 “Fish counter “fish behaviour” “Dam” 

Borland lift Fish ladder 

Resistivity fish counter Atlantic salmon  
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Table 2.2. The criteria used to select material used in this review are set out below. 

Category Approach 

Relevance Must be relevant to the aims and objectives  

Peer reviewed Include both primary and grey literature 

Age of material All published and available material included subject to other criteria 

Design of studies Qualitative and quantitative studies included 

Geography  Studies were limited to the UK and Ireland 

Availability Studies had to be available to the author  

 

2.3. Counter types and use in the UK and Republic of Ireland 

Resistivity counters were developed in Scotland and are most widely used for monitoring salmon 

in the UK and the Republic of Ireland (RI), most likely due to their development and widespread 

installation within the North of Scotland Hydro-Electric Board, they are also widely used within 

regulated rivers in Northern Ireland by the Loughs Agency and are present throughout the rest of 

the UK and Ireland in great numbers (Lethlean, 1953; O’Malley, P. pers. comm., 2016; 

Hetherington, D. pers. comm., 2017; Smith et al. 2014; Simpson, 2003; Gregory and Gough, 

2003). Resistivity counters in these two countries currently record numbers of fish in passage to 

support both the conservation & monitoring of fish stocks such as Atlantic salmon and also to 

maintain the statutory requirement of evidencing the ability of migratory fish to pass barriers (Bunt 

et al., 2012; Gowans et al., 1999; Mallen-Cooper and Brand, 2007). Smith et al. (2014) use data 

from resistivity counters as part of the information base for setting salmon conservation limits. 

Scottish governmental and industry bodies use counters for enacting of management policy (Smith 

et al. 2014) and for the adherence of industry to regulations (Salmon and Freshwater Fisheries Act 

1975; Salmon Act 1986). 
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2.3.1. Resistivity fish counter types 

There are many different designs of installations for resistivity counters used in the UK and RI 

(Figure 2.1; Table 2.3; Table 2.4) and the variation among them in their characteristics has 

potential to affect the quality of the data they generate. Each design depends on the passage of fish 

creating a change in resistance which passes between the electrodes of the counter. The electrodes 

are installed in a flume which not only isolates them from one another but is also of a design to 

encourage the fish in passage to swim closer to the electrodes which improves the clarity of the 

electrical signal (Hellawell et al. 1974; Lethlean, 1953). The differences arise from variation in 

their four main components: their 1) physical structure, 2) flume type, 3) electrodes, and 4) 

processor. The counters are typically mounted in one of five types of structure: Borland lift, fish 

ladder, weir, novel structure, and riverbed (Braun et al. 2016). Differences in counter placement, 

structure and location may affect the passage of salmon (Simpson, 2003; Gregory and Gough, 

2003; Gowans et al. 1999; Braun et al. 2016). Flume design may also affect the passage of fish 

and the likelihood or characteristics of signal production (Hellawell et al. 1974).  There are five 

flume designs used: crump, tube, box, flat-pad, and riverbed (Simpson, 2003; Gregory and Gough, 

2003; Braun et al. 2016; Smith 1996). Within a structure, electrodes are arranged in odd numbers 

of sets of pairs with a shared central electrode and mounted in flumes that insulate between them 

(Lethlean, 1953). The electrodes are connected to the processor which emit and monitor the 

electrical signal between the electrodes in the flume (Lethlean, 1953). Processors emit and monitor 

an electrical signal between the electrodes (Lethlean, 1953).  

Electrical signals caused by fish passage or other objects are automatically recorded (Braun et al. 

2016). Data quality assurance of signals allow for accurate monitoring of numbers of fish in 

passage (Braun et al. 2016). Though processors are designed to different specifications, they 

universally record signal data which can then be verified and validated (Braun et al. 2016). Each 

processor uses a similar method of signal production but with differing additional traits which may 

affect the extent and method of verification required (Table 2.3). When Thorley et al. (2005) and 
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Eatherley et al. (2005) used data from a network of counters, they failed to address the potential 

implications of using different processors, nor did they address the issue of mixed counts arising 

from assemblages where more than one species of fish found within the river system could trigger 

the fish counter.   

Electrodes are spaced according to the length of the target species, when monitoring salmon this 

is typically 45-50cm, the issue remains that other species of fish will be able to trigger the counter 

provided they exceed the minimum size leading to the risk of mixed count data which has not been 

adjusted to represent species abundance estimates (Dunkley and Shearer, 1982). Electrodes are a 

band of conductive metal across the width of the flume; and in tube flumes the full interior 

circumference (Braun et al. 2016). Within the five flume designs (Table 2.4) electrodes are 

isolated in the flume to measure electrical resistance only within the water column (Lethlean, 

1953).  

These functional characteristics are shared by all resistivity counters.  However, they can vary in 

the accuracy with which they count, due to technical differences in the operating performance of 

different types of processors. Addressing these issues lies outside of the remit defined for this 

review.  Thus, the review focuses on the performance of one class, the Logie and SSE series 

processors, as they are most used in the UK and RI (Braun et al. 2016). 
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Figure 

Figure 2.1. Maps showing the distribution of counter installations across the UK and Ireland. 

Differences in installation type with regards to structures, flumes and processors are shown. 
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Logie 

SSE MK10 

SSE MK11 

 

Flume 

Flat 

Crump 

Tube 
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Table 2.3. Comparison between the SSE series and Logie (with 2100C software) 

processors including the ability to verify and validate counts and the additional features 

which enhance their use for monitoring fish populations. 

Features SSE Mk11/Mk12  Logie and 2100C  Implications 

Recording 

signals 

Significant signals are recorded using  

both processor designs  

No difference between 

processors used 

Adapting to 

background 

conductivity  

Continuously   Once per 30 minutes Signal data quality may 

be worse in some cases 

in Logie and 2100C 

Verification of 

counts 

Manual Manual or Automatic No difference with 

manual. 

Logie automatic subject 

to conductivity 

adaptation 

 

Table 2.4. There are five forms of flume used in resistivity counters. Their suitability for the 

monitoring of fish stocks is determined by where they can be implemented and how they 

work with fish behaviour 

Flume type Structure preference Interaction with fish Source 

Crump 

(In Borland 

lifts this is 

mimicked 

by a flat 

flume) 

Dams, weirs, and 

alternative structures. 

Encourages fish to pass close to 

the electrodes 

Braun et al. 

(2016) 

Braun et al. 

(2016) 

Braun et al. 

(2016) 

Braun et al. 

(2016) 

Tube Dams Different effect on passage on 

fish of varying sizes. 

Flat pad Riverbed  Minimal effect 

Box Fish passes Depends on the pass 

Riverbed Riverbed Minimal effect  Smith et al. 

(1996) 

2.3.2. Dams 

Resistivity counters are used in most dams in the UK and RI with fish passes to monitor that large 

adult salmonids are successfully able to use the structures to move upstream and thus 
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fulfil statutory fish passage requirements (Salmon and Freshwater Fisheries Act 1975; Salmon Act 

1986). As reservoir creation is the defining trait in site selection, dams are most often not placed 

in ideal locations for the monitoring river stocks (Ministry of Agriculture, Fisheries and Food, 

1997) and many will be high up in river catchments.  Ideally, to monitor an overall river stock, a 

counter should be located at the head of tide in a river.  Thus, this limits the use of most dam 

counters for estimating river stock abundance for conservation purposes.  However, the degree to 

which this limitation applies will vary depending on the proportion of a river stock that would 

have ascended above each dam.   

Within any dam in the UK and Ireland, one of two types of substructures are used within the study 

area to facilitate fish passage: Borland lifts (Figure 2.2), and fish ladders (Figure 2.3).   Borland 

lifts are vertical chambers that are open at both the downstream and upstream faces of the dam 

with gates in both openings (Forbes et al. 2000; Forbes et al. 1999b). Water flows through the 

chamber; the upstream gate controls the flow while the downstream gate controls fish access and 

upstream passage (Redeker and Stephen, 2006; Travade and Larinier, 2002). In the “fishing” phase 

the downstream gate is open, and the flow of water attracts salmon to the bottom of the chamber, 

whereas in the “lifting” phase the downstream gate closes, raising the water level and allowing 

upstream passage (Smith et al. 1997).  In contrast, fish ladders comprise a series of stepped pools 

with connecting channels through which a fish moves until it reaches the top of the dam (Silva et 

al., 2018). In both cases, the flume with the resistivity counter is located at the top of the dam 

where the fish exit. 

Fish behaviour may be differentially affected during upstream passage depending on fish pass type 

(Coutant and Whitney, 2000; Travade and Larinier, 2002; Gowans et al. 1999) and this may in 

turn influence accuracy of count data. In a Borland lift, groups of fish are often carried together 

and may pass the counter at the same time, potentially complicating the signal generated by the 

resistivity counter and leading to miscounting (Forbes et al. 1999a).  With a fish ladder, passage 

is in principle possible at any time and this is the more typical fish passage behaviour seen at 
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counters (Gowans et al. 1999).  However, passage through fish ladders has been found to affect 

time of ascension in some cases, though this was based on an installation specific issue with the 

clarity of the attraction flow (Gowans et al. 1999). Thus, fish pass design may affect both the 

accuracy of count data collected as well as the timing of passage and hence the conclusions that 

may be drawn from it.  

 

Figure 2.2. Borland lift shown externally at Lairg (left), on the River Shin, with the interior of the 

upper chamber shown at Aigas on the River Beauly (right). Upstream fish passage is by entering 

the lower chamber (shown left), the “fishing” phase, and exiting the upper chamber, over the 

counter electrodes (shown right) the “lifting” phase. Photo credit: Alastair Stephen. 

2.3.3. Weirs 

Crump weirs are also commonly exploited for counter installation, which have a steep upstream 

face and a shallower inclining downstream face (Figure 2.4) (Rickard et al. 2003). Electrodes can 

be placed on the downstream face of a crump weir making a crump flume; however, crump flumes 

can be installed in other structures and the two are distinct from each other (Braun et al. 2016). 

Under normal operating conditions on these weirs, fish swimming upstream pass close to the 

electrodes and are more likely to produce a clearer signal as opposed to downstream swimming 

fish which do not (Braun et al. 2016). Sections of the weir deemed unsuitable for fish passage are 
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typically not equipped with electrodes, though during times of increased flow which may flow 

across the entirety of the weir upstream swimming fish may pass via sections not monitored by 

the counter, as a result the efficiency of counting at weirs is dependent on hydrometric conditions 

at several sites across the UK and Ireland (Beaumont et al. 1986). 

Weir installations only monitor reliably under conditions of low to moderate flows and this type 

of structure may not provide reliable data on fish numbers ascending under high flows when 

greater water depth over the sensors is likely to lead to many fish passing without generating a 

signal. Thus, the use of weir-based resistivity counters for monitoring fish numbers presents 

significant issues for data quality particularly as locations that are considered ideal for monitoring 

river stocks are those near to the river mouth (Braun et al. 2016).  Such locations being wider, will 

generally require broader, or multi-channel, resistivity counter flumes and electrodes, structures 

which will be more costly to build and maintain. Broader passage areas are likely to require more 

visual monitoring data to be collected. Where greater amounts of visual data are collected, this 

will increase time and resource demands unless selected smaller sections are monitored and 

findings applied across the remaining counter sections. However, each approach presents issues 

for data collection, interpretation, and data accuracy and may require a site dependent approach to 

deliver adequate data quality. 

2.3.4. Alternative structures 

Riverbed and novel structure resistivity counters are less common as, in contrast to other types, 

they require the construction of the physical structure in which to place the flume and other counter 

components. These occur less frequently as can be evidenced from their absence from the 

resistivity counter literature (Gregory and Gough, 2003; Simpson, 2003). Novel structures can be 

installed on the riverbed of smaller rivers or as purpose-built flume structures to support the 

electrode such as the Girnock Burn counter of the Aberdeenshire Dee (Figure 2.5) (Smith et al. 

1996) Contrastingly, riverbed installations have no physical structure except cables across the 

riverbed and the processor (Smith et al. 1996). 
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Figure 2.3. Pool and orifice fish ladder at Clunie dam (SSE) on the River Tummel, a tributary of 

the River Tay. Shown is the series of stepped pools which allow staged progression through the 

ladder to pass the dam. Photo credit: Alastair 

Stephen. 



35 

 

Figure 2.4. Crump weir at the Logie counter on the River North Esk, Scotland. During normal 

operating conditions, a consistent level of water passes over the weir which allows for fish passage 

close to the electrodes. Photo credit: David Hay. 

The smaller number of alternatives, custom installations reported may reflect the general 

challenges of placing new structures in rivers, something avoided when exploiting existing 

structures such as weirs and dams. Additionally, the larger variations in depths of flows above 

electrodes in fixed bed structures limits the ability to detect fish in higher flow conditions and will 

also constrain the merits of such installations (Hellawell, 1974; Smith, 1996; Gregory and Gough, 

2003; Simpson, 2003).  

2.4. Count verification and validation  

Verification and validation are essential in establishing the level of confidence in count data and 

its inter- and intra- counter comparability. Verification and validation of counts needs to be 

a normal operation undertaken by counter operators (Eatherley et al. 2005). This requires 

understanding of how the accuracy of counts is affected by different operating conditions, different 
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operators, dam locations, installation types and variations in the approaches used for data 

processing and quality assurance. The terminology applied to verification and validations are 

defined in Table 2.5.  

The Logie resistivity counter on the North Esk is considered to have consistent standards of 

operation for producing accurate estimates of fish counts over its full duration of use, the fish 

count data are then adjusted to estimate species abundance based on separate assessments of the 

fish assemblage (Marine Scotland Science, 2014). In conjunction with three other counters, the 

Logie counter is used in setting conservation limits to control exploitation of Atlantic salmon 

across Scotland in order to maintain an acceptable stock recruitment rate per river  system, 

however, each is a different installation type and there is no evidence that the installations and 

methods used are equivalent or comparable (Simpson, 2003).  Similarly, Thorley et al. (2005) 

studied a network of counters where the data used was deemed to be validated, although the 

counters studied also differed in installation. Due to the unclear nature of resistivity counter data 

quality assurance methodologies, this raises questions regarding both the accuracy and 

comparability of the individual counter datasets. 
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Figure 2.5. Resistivity counters on the Girnock Burn, a tributary on the Aberdeenshire Dee. From 

left to right and top to bottom: Mk1, Mk2, Mk3. This series of installations followed an 

experimental approach to develop an alternative structure for the installation of resistivity 

counters, avoiding the need to install counters on weirs (Figure 2.4). Photo credits: David Hay. 
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Table 2.5. Definition of terms as regards count verification and validation 

Term Definition 

Verification 
Establishing that each signal represents a count and assessing if the signal 

recorded by the counter is due to an individual of the target species 

Validation 

The correction of the verified signal to account for over and under counting 

and using additional information, usually visual evidence, to adjust the 

derived count to reflect the actual number of individuals more accurately. 

Validation and verification remove false positives; however, validation 

also removes false negatives 

Over counting 

May occur where individual fish are recorded more than once, where 

multiple juveniles are counted as an adult, or where fish of other species 

are counted 

Under 

counting 

May occur where multiple adults are counted in one signal, or where fish 

pass but are not recorded by the counter 

Accuracy 

The extent to which the counter delivers an accurate estimate of the number 

of fish which passed the counter. For instance, a counter might deliver a 

verified count of 500 but a validated count of 450. Sometimes referred to 

as counter efficiency 

Mixed 

Counting 

The effect of multiple fish species passing the counter with the 

characteristics required to cause a count to be recorded. This leads to the 

fish count data containing records of multiple species in passage and 

potentially limits its applicability to reporting on specific species. 

2.4.1 Verification 

Verification is required because signals can be generated by the changes in resistivity between 

electrodes by non-target fish species, other animals such as otters, and the passage of objects such 

as detritus as can the activity of waves across the flume, creating false positives (Beaumont et al. 

1986; Dunkley and Shearer, 1982; Forbes et al, 1999a). Additionally, multiple fish may pass 

together and trigger a single signal.  The impact of these false positives on the accuracy of an 

overall count can be controlled by collecting visual evidence of the passing object at the time a 

signal is produced (Dunkley and Shearer, 1982).  Where all signals have associated visual 

evidence, a full correction can be made; where only a partial visual record is available, a general 

correction can be calculated and applied to the overall count. The degree to which false positives 
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occur can potentially vary from day to day, over the migration period, year to year and from 

counter to counter.  The verification process underpins count validation. 

Verification assesses that signals represent counts; however, it can imply different actions to 

different operators. Verification is sometimes performed without the further action of validation 

(Table 2.6). There are two approaches to verification: signal, and paired image-signal, which may 

be used independently or combined (Rippon, P. pers. comm., 2017). Verification may be full, 

when applied to the whole signal dataset; or partial when applied to a subset followed by the 

adjustment of the full dataset (Rippon, P. pers. comm., 2017). Verification methods may depend 

on the purpose of operation and installation. 

2.4.1.1. Methods of verification 

The shape of the resistivity signal can be used to determine the direction of passage (Beaumont et 

al. 1986). In the software used by SSE (Figure 2.6) a peak followed by a trough in this sinusoidal 

signal can be read as upstream passage, the reverse means a downstream passage. Beaumont et al. 

(1986) has described the various effects on signals of the activity and passage of salmon, plant 

matter and human interaction. However, the signal characteristics of other factors which can 

trigger signals have not been fully described e.g., the passage of non-salmonids, non-fish animals, 

other objects, and wave activity. Analysis of signal shape to describe non-salmonid passage would 

require extensive verification and validation to establish a known set (Gregory, S. pers. comm., 

2016). 

Paired image-signal verification may resolve the issue of species and object identification. A 

camera monitors the flume so that each subject of a signal may be identified, however this can be 

subject to poor visibility, operator error and circulation (Dunkley and Shearer, 1982). This method 

may be limited by the extent of the flume that is observed both spatially and temporally. Operator 

error may be accounted for statistically. The addition of a side facing camera would aid species 

identification in cases of clear visibility due to the distinguishing features being possible to discern, 
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in addition the use of PIT tag detection technology in the immediate vicinity of the counter would 

provide a detailed summary of individuals of each tagged species observed by the counter for 

comparison and species abundance estimating. 

Where the counter flume is not visible or cannot be viewed due to technological failure during 

operation, then verification split between both methods may be required, that may be subject to 

the inaccuracies of each method, and subsequently would be adjusted by relative abundance 

estimates of the fish assemblage derived from fish community that was observed during paired 

image-signal verification (Rippon, P. pers. comm., 2017). 

2.4.2. Validation 

Validation is critical in the accurate monitoring and counting of target species. Over-counting can 

occur where objects or fish that are not targeted are counted, or if fish are counted more than once 

as they circulate around the counter (Dunkley and Shearer, 1982). Under-counting can occur 

where a count is not made when a fish passes, or where multiple fish pass at once but are recorded 

as one count (Dunkley and Shearer, 1982; Sheppard and Bednarski, 2015; Forbes et al. 1999a). 

The degree to which the validated estimate corresponds to the raw signal count is a measure of 

counter accuracy (Simpson, 1997; Forbes et al. 1999a). To compare count data between years & 

sites, validation is required as Eatherley et al. (2005) identified that different installations may 

measure counter accuracy in different ways which will potentially impede comparison of estimates 

between counters, or even for the same counter between years.  

Validation is performed differently, with varying frequency and regularity by various operators 

(Table 2.6). Validation effort can vary on a temporal scale (Beaumont et al. 1991; Forbes et al. 

1999a). The East Stoke counter on the river Frome is validated daily during the salmon spawning 

migration however, the Riding Mill counter on the River Tyne is validated at the end of each year 

to report of the salmonid migrations which occurred during the previous year (Rippon, P. pers. 

comm., 2017; Gregory, S. pers. comm., 2016). Validation can be performed regularly as in the 
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case of the East Stoke counter, or irregularly as in the case of the SSE counters (Gregory, S. pers. 

comm., 2016; van der Waal, 2014). In the SSE counters, validation has been performed both 

infrequently and irregularly, due to the counter design specification to prove that the dams allow 

fish to pass. Validation effort can also vary on a spatial scale; it may be performed on the spatial 

entirety of the counter flume such as during the SSE validations, or on a limited flume section 

such as at Riding Mill (Forbes et al. 1999a; Forbes et al. 1999b; Forbes et al. 2000; Rippon, P. 

pers. comm., 2017).  

Validation may be affected where there are holes in data, where either the counter or the camera 

is temporarily out of action causing missing signals or visual evidence. Accurate records of 

maintenance are important to inform future use of the data where signals are missing (O'Malley, 

P pers. comm., 2017). Maintenance should ideally be performed outside of the counting season to 

avoid these impacts on validation.  

Frequency of validation is dependent largely on operator availability (Gregory, S. pers. comm., 

2016; Rippon, P. pers. comm., 2017). Variations in approaches to validation may lead to different 

assessments of counter performance and data quality. This may cause a lack of direct 

comparability between operators and installations. 
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Table 2.6. Demonstrating the extent to which prior users of resistivity counter data mention, describe 

or use verification and/or validation in their methods. 

Instance of use Quoted extent of verification or validation in study Assessed as:  

Beaumont et al. 

(1986) 

Counts had been validated and a set of fish and non-fish 

signals were used to assess the relationship between 

signal and object. 

Experimental 

signal-based 

verification 

Beaumont et al. 

(1991) 

Counter accuracy obtained frequently. Statement of 

counter down time leading to partial data for some 

seasons. Average counter accuracy was 90% 

Full verification 

and validation 

Dauphin et al. (2010) Validation performed by assessing signals against 

footage of the counter. Signals were accepted or rejected 

as counts dependent on conformation to this standard. 

Full signal-based 

verification 

Dunkley and Shearer 

(1982) 

Accuracy of counter was assessed using CCTV. All 

movements within range were observed. Circulating 

noted as a flaw of some installations. Verification was 

limited by poor image quality. 

Partial 

verification 

Eatherley et al. 

(2005) 

The use of CCTV is supported. A full list of potential 

counting errors was detailed. A dataset of counts from a 

network of counters was used. However, the precise 

means of verification and validation for each counter was 

not described. 

Description of 

full validation, 

unknown quality   

of data used 

Forbes et al. (1999a; 

1999b; 2000) 

The performance of the counter was assessed by 

comparing signals with CCTV observations. 

Full validation 

Marine Scotland 

Science (2014) 

Validation was mentioned and reportedly used but no 

description of methods was provided. 

Unknown extent 

of use 

Sheppard and 

Bednarski (2015) 

Compared visual observations with those of the counter. 

Favourable environmental conditions were reported for 

validation. 

Suspected full 

verification 

Simpson (1997) Both under counting and over counting were reported. 

Failure of equipment and unfavourable environmental 

conditions were issues with validation in this study. 

Partial 

verification due 

to downtime? 

Thorley et al. (2005) Uses alternative data sources to measure congruence 

between counter data and rod catch. Makes no 

assumptions about the accuracy of counter data. 

Unknown extent 

of validation in 

datasets used. 

 

Rippon, P. pers. 

comm., 2017 

A single 4 channel counter is used with limited 

observations verified and validated annually. 

Partial image-

signal with full 

signal-based 

verification and 

validation 

O'Malley, P. pers. 

comm., 2017 

A minimum of 15% of signal data are verified after 

which the remaining data are adjusted based on this to 

deliver and estimate of total abundance of returning adult 

salmon. 

Partial 

verification 
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2.4.3. Issues with Verification & Validation 

2.4.3.1. Image collection  

There are two main approaches to image collection: photographic, and video (Forbes et al. 1999a; 

van der Waal, 2014). Photo evidence is typically collected at the point a signal is created and is 

arguably a more time-efficient verification of signals as it minimizes the amount of image analysis 

required.  However, using photos may lead to errors where the image does not properly capture 

the cause of a signal due, for example, to mistiming or poor photo quality. Errors due to mistiming 

can be avoided with video monitoring and having multiple sequential images may help with the 

interpretation of what has triggered a signal. However, both methods can be subject to poor image 

quality due to operational and environmental conditions including obscuring of the camera or poor 

camera placement (Dunkley and Shearer, 1982). Thus, it is important that these problems are 

avoided as much as possible by appropriate selection, set up and siting of equipment. Camera 

angle may affect the ability of an operator to identify individuals to the species level and so in 

river systems with a mixed stock there is a risk that the derived count will apply to total observed 

salmonids rather than a specific salmonid species. To resolve the issue of mixed stocks obscuring 

species abundance the use of side facing cameras will aid the identification to the species level. In 

addition, the use of PIT telemetry in the vicinity of the fish counter, providing a sufficiently 

representative sample size was used would aid in demonstrating the species assemblage that 

passed the fish counter. However, there is a lack of literature detailing the best approaches to 

verification related to optimising the effectiveness and usefulness of this approach to image-based 

approaches to verification and validation. 

2.4.3.2. Methods used by different operators 

There are five methods for the delivery and processing of counter data: raw signal data, partial 

verification, full verification, partial validation, and full validation (Forbes et al. 1999a; O'Malley, 

P. pers. comm., 2016; Braun et al. 2016; Gregory, S. pers. comm., 2016). The raw signal approach 
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uses the automated output; comprising of an upstream and downstream count, based on signal 

assessment algorithms within each type of processor. Comparability of algorithms between 

processor brands is unreported within the literature. Partial verification is the assessment of a 

subset of raw signal counts for their correspondence to the verified object of passage, followed by 

the reclassification of the remaining unverified counts based on the subset information. In contrast, 

full verification is the assessment of each raw signal to deliver an adjusted count without the 

assumption of standard error across all counts. To generate an overall count partial validation can 

be performed, where counter accuracy is assessed across a short discrete period then applied over 

a longer period between validation efforts. Alternatively, full validation can be carried out by the 

full assessment of count accuracy across the operating period of the counter. Full verification can 

use the partial approach during periods of downtime, such that the dataset can be adjusted for 

known counting issues based on the trends shown in the long-term data set. 

The level of data processing may depend on the design and operating specification of the counters 

used. Where a counter has been installed to prove that fish passes work, raw signal data may be 

acceptable to a governing body (Salmon and Freshwater Fisheries Act 1975; Salmon Act 1986). 

When using counters to provide abundance estimates the required level of verification and 

validation will be greater, ideally with standardisation for comparison of counts between 

installations. For comparability of data the application of standardised methods may not be 

essential but relies on known data quality for statistical mitigation. Irrespective of count use, 

methods used to ascertain data quality should be clearly reported alongside count data.   
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Figure 2.6. Verification software used by SSE for Mk11. Shown is an event recorded by the 

processor, the main features used in verification are the photographic evidence and the graph 

which displays the signal recorded during passage. The photographic evidence demonstrates the 

issue of species identification as it would not be possible to distinguish using this image between 

a salmon or sea trout more than 40cm Additional information provided is time and direction of 

passage and accompanying environmental data. 

2.4.3.3. Operational factors concerning automated counter equipment  

The resistivity counter’s automated technology senses changes in resistance and records 

significant changes as signal events, however in some instances not all signals represent fish and 

some installations suffer from increased non-fish signals in different ways (Lethlean, 1953). 

Beaumont et al. (1986) found that trapped air in floating weed over the East Stoke counter caused 
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non-fish signals to be recorded, which could be removed through signal analysis.  The study is 

limited, as it is a study of a single installation (Beaumont et al. 1986). The passage of trapped air 

in the water column within tube flumes within dams can also cause signals to be created but there 

is no published account of this effect (Hobson, M pers. comm., 2016). Additionally, at some dam 

installations wave action on the reservoirs can cause non-fish signals to be recorded (Hobson, M. 

pers. comm., 2016). Newer models of processors compensate for changes in background 

conductivity, which may affect signal production, however, this compensation may be limited in 

times of high flow, which must be accounted for when assessing records (Hobson, M. pers. comm., 

2016). Within the literature there is a lack of information regarding the signals generated by non-

salmonid animals and objects, and whether signal differences can be used to identify different 

causes of signal generation. 

2.4.3.4. Automated collection of images for verification and validation 

In more recent times, there has been a general encouragement to collect images for verification 

and validation of counts from resistivity counters, recognizing the need to determine the object, if 

any, in passage during signal creation. In resistivity counters, such image collection requires 

operating an appropriately positioned camera viewing the flume. Appropriate camera position is 

critical as camera position may impact the ability to perform verification and validation, the use 

of a side facing camera is ideal as it allows for species level identification where distinguishing 

features are visible. in Figure 2.7. the image has poor placement producing an unclear image.  In 

some cases, it may be necessary to only observe a section of the flume with the data obtained used 

to draw inferences for the whole flume. To derive accurate fish stock assessments from fish 

counter data, it is recommended that all fish movements are fully verified and validated, though 

the angle of the camera will determine the inferences made directly from fish count data, SSE has 

no side mounted cameras and as such has limited ability to determine species in passage though 

this highlights the effect of the original specification for operation on the data quality produced as 

SSE had installed these counters to demonstrate that the fish passes supported movement of 
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migratory salmonids (Dunkley and Shearer, 1982). Other counter designs use side facing cameras 

as standard due to the need to identify individuals in passage to the species level (Baumgartner et 

al., 2010) 

 2.4.3.5. The impact of the specification of a counter on data collection 

The location within a river system where a resistivity counter is installed will dictate its usefulness 

in stock assessment as regards the proportion of the river stock which will be observed by the 

counter during migration and the extent to which estimates derived from the count data can be 

applied to the entire river stock. Counters higher up in systems cannot monitor overall river stocks, 

which is an almost universal limitiation of data obtained from counters in hydroelectric dams. 

River stock monitoring requires a counter to be located low in the system, ideally downstream 

from the maximum possible spawning area whilst remaining within a freshwater environment as 

the resistivity counter will not work in brackish or salt water.  In the case of anadromous fish such 

as Atlantic salmon it is desirable to ennumerate as fully as possible all the adults in a river’s annual 

spawning run (Gregory, S. pers. comm., 2016; Hobson, M. pers. comm., 2016). While this is 

seldom possible, a proportional adjustment can be made to derive a count for the whole river stock 

where counters are higher up in the river (Beaumont et al. 1991). The challenge for hydroelectric 

dam development and the construction of other barriers is to establish the most suitable counter 

location so that it does not bisect a breeding population’s spawning area and lead to a permanent 

impact on the population, other forms of counter installation may still impact on the movement of 

fish and will have a hydrogeomorphic impact (Braun et al., 2016; Ioannidou and O’Hanley, 2019; 

Silva et al., 2018). Count data have been used within the literature and found to inform on river 

stock abundance at broad catchment scales, though discussion at the time of historical data 

generation was limited with regard to the effect of mixed stocks and population bisection on fish 

count data which may limit the use of historical data.  In contrast, counter data has not been 

reported as having been applied to informing abundance at the population level. Yet patterns of 

adult numbers ascending past counters in lower parts of the river system may well be conditioned 
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by differences in the return patterns of different populations within the above counter component 

of the river stock (Stewart et al. 2011).  If so, then with the use of data derived from PIT telemetry 

and genetic analysis of popualtion structure it may be possible to generate a more detailed analysis 

of historical counter data to provide information on abundance within a river at the level of within 

river component stocks or even of individual breeding populations. 

 2.4.3.6. Operational factors concerning human operator element  

There are three main stages at which human processing can affect counter operation and data 

quality: maintenance of the counter, verification of signals, and validation of count. However, the 

extent to which these are important is poorly evidenced, particularly in the primary literature.  The 

extent to which this is likely to be the case is considered here. 
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Figure 2.7. Examples of signals for verification from the Dundreggan counter on the river 

Moriston, a tributary of the river Ness. Above is the signal and photographic evidence of a count 

which is difficult to verify. Below is a count which is possible to verify.  

Maintenance 

Frequent counter maintenance is critical for provision of reliable estimates of abundance; the three 

main parts of the counter requiring maintenance are the electrodes, processor, and camera. Flumes 

should be kept clear of debris and other obstacles to the passage of fish, this also aids the clarity 

of images. Periods of downtime should be recorded to the best temporal and spatial resolution 

possible to allow managers/researchers to accurately account for periods of malfunction 

(O’Malley, P. pers. comm., 2017). 
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Complications of paired image-signal based verification 

Autonomous verification, using an algorithm on board the fish counter processor which 

determines that a signal represents a fish in passage and records direction of passage, is not 

common practice because not all sites use the Logie 2100C software (Braun et al. 2016) (Figure 

2.1). Conventional verification of signals relies on an operator examining footage of a recorded 

event to ascertain that a signal represents a fish of the target species. The relationship between 

images and signals in verification, or the differences in signals between fish of different species 

has not been assessed within the literature. Operator bias may be an issue when verifying obscured 

images if the signal is like a previously observed pattern. Dunkley and Shearer (1982) reported 

the limiting effect that poor visibility had on the verification of counts using remotely captured 

images. Verification is potentially at risk from the suspected link between signal data and the 

uncertain ability to achieve count verification to a species level. The installation of PIT sensors 

would mediate issues with visibility and the ability to identify to species level for tagged fish and 

may support the generation of derived estimates based on the known fish assemblage. 

Validation of abundance estimates 

Count validation involves the assessment of continuous footage of the counter to quantify over- 

and under-counting within the installation (Eatherley et al. 2005). This method of validation is 

subject to variability in the skills of the operator and the clarity and consistency of the footage. 

Eatherley et al. (2005) identify a lack of a standardised approach between operators when 

assessing counter accuracy using validation, thus limiting the comparability of count data between 

counter operators. No study has compared the effect of validation accuracy assessments on the 

comparability between counters, this may be a limitation in the use of a network of counters. 
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2.4.3.7. Environmental variables affecting counts relating to counter structures 

Counter function may be affected by existing and resultant environmental variables; flows 

turbidity and conductivity of the water may each alter signal recording. The overall effect will 

depend on structure of the counter and severity of the environmental conditions. 

Fish, such as anadromous salmonids, are sensitive to the flow of water during spawning migration 

(Hellawell, 1974). Hydro-power dams within the intended route of migration may delay or 

otherwise modify fish behaviours (Warren et al., 2015). The intended effect of attraction flow 

from the dam to attract fish to the pass may be obscured by generation flow which may limit the 

ability of salmon to access the fish pass (Coutant and Whitney, 2000). The obscuring of flow may 

be attributable to unforeseen implications of structural design. The flow from electrical power 

generation at hydroelectric dams tends to pass through fish screens which block fish access to 

turbines (Coutant and Whitney, 2000). Coutant and Whitney (2000) state that when attraction 

current is distinguishable from generation flow to fish passage increases. No studies were found 

in the primary literature that investigated the effect of flows interacting with other structures and 

their impact on migratory salmonids. 

Effect of turbidity 

Water turbidity may obscure the fish or object in passage through a resistivity counter (Beaumont 

et al. 1986). Counters installed in dams experience fewer faults due to turbidity due to the settling 

of sediment within slower moving water in the reservoir and the water for the fish passes being 

taken from the top of the reservoir. Impaired footage because of high turbidity water is most likely 

when the river is in spate, in the case of landslips or in counters placed on weirs (Dunkley and 

Shearer, 1982). Furthermore, validation and verification may be affected by the impaired footage.  

Effect of water height and swim depth 

Swim depth and circulation are recurring factors of fish behaviour can modify the clarity of signals 

and estimates of abundance derived from fish count data (Beaumont et al. 1986; Dunkley and 
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Shearer, 1982).  Water height fluctuations and the resultant variation in swim depth affects signal 

production in resistivity counters (Beaumont et al. 1986). In normal flows salmon tend to swim 

lower in the water column, passing closer to the electrodes, causing a stronger, more reliable signal 

(Hellawell, 1974). Counters placed in dams show greater clarity of signal, as water height is a 

controlled feature (Forbes et al. 1999a; Travade and Larinier, 2002). Contrastingly, counters 

placed within weirs and alternative installations are subject to environmental fluctuations in water 

height, reducing accuracy of signal (Beaumont et al. 1986; Rickard et al. 2003).  

Circulation, where an individual fish passes the counter multiple times in one direction, can lead 

to the over-counting of fish, thus is important to consider during validation (Figure 2.8) (Forbes 

et al. 1999a; Forbes et al. 1999b). Installations with passage restricted to counter channels (dams) 

will observe bi-directional aspects of circulation, allowing for removal of excess signals. The 

effects of circulation in non-dam systems may be mitigated statistically through observing fish 

passage in and around the counter (Dunkley & Shearer, 1982). 
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Figure 2.8. Circulation around counter is possible both where the counter does not extend across 

all passable areas, and where the fish passes downstream at a depth that is not suitable for the 

counter to sense passage. 

2.5. Factors in the use of resistivity counters in fish stock assessment   

There is no evidence to support the inter-counter accuracy of data obtained through different 

validation and verification methods. As such, the use of networked counter data is subject to 

unknown discrepancies within the data set. Indeed, Thorley et al. (2005) compared the congruence 

between a network of counters and rod catch and found varying relationships, potentially due to 

an unexamined difference in data quality between counters used. Smith et al. 2014 uses data from 

multiple counters with different installations and operating principles with no comment made on 

comparative data quality across the network. 
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2.5.1. Lack of standardisation in data gathering and processing and reporting  

To accurately compare data between sites a uniform approach must be undertaken, which accounts 

for the differences in installation and operation of resistivity counters outlined in Table 2.7.  

The setting of conservation limits in Scotland utilises counter data from resistivity counters placed 

in four different river systems, which encompass three different structures and two types of 

processor (Smith et al. 2014). Despite these differences there is no standardisation of data 

collection or processing, which may result in inaccuracies in assumptions made from this dataset 

(Smith et al. 2014). Without further investigation it remains unclear the effects and implications 

of these inaccuracies. 

2.5.2. Ability to verify and validate data  

Verification and validation of data is dependent on the quality of the image and signal type; Table 

2.8. outlines some of the major operational and placement issues arising in resistivity counters. 

Timing of still image photography may limit species identification; instances of fish not fully 

photographed may lead to identifiable features being absent (Beaumont et al, 1986). No study was 

found which assessed species identification using resistivity counters with still or video 

photography compared with alternative survey methods such as PIT telemetry, trapping or genetic 

analysis. The potential presence of non-target species within the dataset may limit the reliability 

of count data. Where verification and validation are limited, estimations to the whole data sets 

may be made. 

2.5.3.  Extent of river stock monitored by differing installation styles and locations  

Management of salmon using resistivity counters, is largely concerned with the monitoring of 

whole river stocks (NASCO, 2009). Counter location can affect monitoring of a stock, including 

what proportion of the stock, and populations within it, is monitored by each counter (van der 

Waal, 2014). 
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Counters located low in the river system, such as the East Stoke counter on the river Frome in 

England and Kilmorack dam on the river Beauly in Scotland, observe most of the returning adults 

within the river (Beaumont et al. 1991). Such placements provide broad insights on the entire river 

and are useful for the assessment of exploitation rate to set conservation limits (Smith et al.2014; 

Beaumont et al. 1991). Where a counter is located higher in a river system, like Beannachran dam 

on the river Beauly in Scotland (Figure 2.9) returning adults within a more restricted section of 

river will be observed, leading to more targeted data gathering focused on a subset within a river. 

Although a higher placed counter is not representative of the entire river, it is still possible to 

assess exploitation rate. Rod catch data for the same area should be used in conjunction with 

counter data when utilizing high placement structures (Smith et al. 2014). Smith et al. (2014) make 

no reference to the spatial selection of rod catch data in this manner for such an assessment. 

Implications of differences in installations used in assessments based on count data are 

infrequently described in the literature (Table 2.9). A population’s available spawning grounds 

which form a river network may be bisected by poor counter placement which could skew results 

for stock assessment; however, this is untested within the literature.  
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Table 2.7. Summary of possible differences in features of resistivity counter installation and 

operation. 

Features Variations on forms of installation 

Structures Dam – Borland lift; Dam – Fish ladder; Weirs; Alternative Structures 

Flumes Crump; Tube; Flat pad; Box; Riverbed 

Processors SSE; Logie; Pulsar 

Electrodes 3 or 5 

Environmental 

variables 
Water height; Flow; Background conductivity; Turbidity 

Behavioural 

variables 
Swim depth or Circulation 

Observation 

method 
Photo or Video 

Data processing Raw data; Verification only; Verification and Validation 

Purpose of 

installation 
Monitoring fish passage; Monitoring fish abundance 

 

Table 2.8. Factors causing potential issues with ability to perform verification and validation 

Factor Issue 

Image quality Obscured images may limit the effectiveness of species identification. 

Circulation Must be accounted for in the positioning of cameras to take this into 

account. 

Swim Depth High swim depth may cause a missed count which must be corrected in 

validation. 

Similar 

Species 

In the case of large anadromous salmonids this may limit the accuracy of 

abundance estimates. 

5 Electrodes Large fish can trigger all pairs of electrodes causing multiple signals for 

single counts 

Multiple fish  This issue is affected by the observation method: still photography may 

not observe all fish in passage. 
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Table 2.9. Demonstrating inconsistencies in installation of counters as described in these 

papers and the extent to which this is performed. 

Article Description of differences 

Eatherley et al. (2005) Various forms of installation are described but the potential 

effects of these on the use of counters in networks is not. 

Braun et al. (2016) Inconsistencies in installation are not described. 

Thorley et al. (2005) A range of installations were used, however the potential 

effects of installation type on the dataset were not discussed. 

 

 

Figure 2.9. Example of locations of counters at different points within a river. 

2.6. Factors relating to future use of resistivity counters and research needs  

Historical count datasets may be limited by data quality. Each counter may provide different 

quality data, and this should be accounted for. General trends in run time and abundance of salmon 

may be observed in a similar manner to Eatherley et al. (2005). Thorley et al. (2005) used data 

from several historical datasets and found varying congruence with rod catch data, implying that 

there is a potential variability in data quality. Alternatively, it may suggest that counters can 
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provide different insights into fish abundance depending on installation type. The potential for 

variability in data quality should be accounted for in the use of historical datasets. 

Ideally all counters within a network would be operated in a similar manner to deliver a dataset of 

testable and replicable methods. Smith et al. (2014) uses a network of counters but provides no 

comment on the differences in operation and installation, limiting the reliability of their 

conclusions.  

As the monitoring of fish stocks has progressed, several different approaches to fish counting have 

been developed (Table 2.10). These alternative counters will all provide an assessment of fish 

numbers in passage, however different models will perform certain alternative tasks such as 

measure and identify the fish to the species level. Other than image processing, these alternative 

counters maintain the requirement for human operators to identify most or all species. Future 

approaches to counting fish or indirectly providing abundance estimates are being developed 

(Table 2.11). The use of image processing can count, measure, and identify fish; however, this 

may not be suitable for all installation types or turbidity levels. Alternatively, genetic analysis 

whilst unable to provide conventional abundance estimates will inform on genetic diversity and 

the effective population size and identify all samples to the species level (Arnekleiv et al., 2019; 

Hagen et al., 2020; Wennevik et al., 2019). However, it will not provide a measurement of 

individual fish size or length. unless directly sampled. It appears necessary to utilise a combination 

of monitoring techniques to develop a holistic approach to assess fish stocks. 

2.7. Conclusions  

In conclusion, resistivity counters may provide useful insights for salmon stock assessments 

though this is dependent on the direct ability to identify species or attribute a proportion of the 

total count to the abundance of a species, however there are numerous factors which affect the 

accuracy of the raw count data obtained. Verification and validation are accepted as essential in 
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monitoring fish stocks, as unprocessed data cannot be guaranteed to give accurate counts 

(Eatherley et al. 2005).  

Table 2.10.  Comparison of ability of counter types to count, measure and identify fish 

Counter Type Count  Measure Identify 

Resistivity  Yes Suspected but unproven Human Operator and video 

Optical Yes With bolt-on software Human Operator 

Acoustic Yes Yes No 

Acoustic (DIDSON) Yes Yes Only Eels, otherwise with 

the aid of a human operator 

Image processing Yes Yes Yes 

 

There are various biotic and abiotic factors which affect the reliability of raw count data. It is 

widely undocumented the extent these factors influence count accuracy both within and across 

counters. There is no current uniform approach documented for verification across networks of 

counters, which would increase comparability and give greater resolution to the available data. 

The use of a combination of signal based and paired image-signal may resolve these remaining 

issues in a limited manner. A partial verification approach could verify all available paired image-

signal opportunities and thus adjustment can be made to the total signal data. Where possible such 

approaches may be applied to historical datasets, creating a consistent approach across the 

operating life of each counter. Most importantly, it is critical to have a clear, documented and 

verified understanding of all possible signal and image categories, expanding on the work of 

Dunkley & Shearer, (1982) and Beaumont et al. (1986). Only from this will it be possible to apply 

a reliable and uniform verification method across a network of counters.  

Resistivity fish counters are a useful method for monitoring adult anadromous salmonids, and 

Atlantic salmon where species can be successfully apportioned, showing general congruence with 

alternative monitoring methods such as redd counting and rod catch data (Eatherley et al. 2005; 

Dauphin et al. 2015; Thorley et al. 2005). Furthermore, the use of these fish counters has been 
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shown to provide information on the migratory patterns of a range of fish species such as river 

herring (Sheppard and Bednarski, 2015). However, various issues affect their usefulness which 

include the effect of counter location on the proportion of the river stock which is observed, the 

conductivity of the water which can distort the signal produced, and fish behaviour and 

environmental factors which can affect the quality of data output, and differences between the 

installations which can affect comparability of data between sites and operators (Table 2.7; Table 

2.8) (Braun et al., 2016; Eatherley et al., 2005). Issues affecting the data output both on a site by 

site level and regarding comparability between sites may require structure or software changes in 

future, though as regards historical data quality and comparability it may be necessary to attempt 

to calibrate between sites or determine the known gaps within the data sets. 

Resistivity counters cannot specifically monitor breeding populations, something of increasing 

importance is the focus of fish stock conservation and management shifting towards monitoring 

breeding populations to understand long term viability of stocks (Lowe and Allendorf, 2010; Pope, 

et al. 2010; Shafer et al. 2015). Count data may in future be combined with telemetry to assess 

how the monitoring of individual fish relates to the inferences of timed census data provided by 

fish counters which would provide more holistic information on migratory behaviour; in addition 

it can provide independent cross validation at the individual or species level (Barry et al., 2020; 

Gerlier and Roche, 1998). The combination of count data with genetic analyses would provide 

more extensive information on the breeding populations observed and with adequate analysis 

would inform on the natal spawning area, related-ness, and breeding population viability, whilst 

providing information on a complete river census which would enable the breeding populations 

observed by genetic analysis to be examined as a proportion of the river stock, which could provide 

useful information on the effect of population genetic structuring describing proportions of a river 

stock (Ozerov et al., 2016, Vähä et al., 2016). However, each of these approaches is costly and so 

from a resource allocation approach may be inappropriate methods for assessing fish stocks. With 

increased investment in the development of genetic analysis and telemetry methods it is likely that 
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in future the cost of these will be substantially reduced. Limited investment is being made in 

improving resistivity counter technology and operation and as such ongoing operation costs are 

unlikely to reduce at the same rate, similarly each new counter requires a structure for installation 

which will have variable cost due to site by site needs. As such it is likely that the proposed Scottish 

network will not be completed, however there will likely be a need to retain the current network 

of counters until appropriate low cost alternatives are available (Braun et al., 2016; Simpson, 

2003). 

Resistivity counters can be used for monitoring other fish species and have been successfully used 

to monitor stocks of river herring (Alosa pseudoharengus) (Sheppard and Bednarski, 2015). 

However, they are largely not able to inform on mixed stocks rivers as they cannot discriminate 

between fish species (Beaumont et al., 1986; Dunkley and Shearer 1982; Lethlean, 1953). As such 

it is unlikely that the resistivity counter would be appropriately applied in areas where multiple 

fish species could be observed by it other than where the proportions of the mixed stock which 

represents species could be used to generate a derived species count or where there is limited 

overlap between species migrations. Resistivity counters, having been commonly installed in the 

UK and RI, remain useful for informing on the migration of Atlantic salmon in this area. However, 

the fish assemblages across the UK and RI include multiple species which would be able to trigger 

a count to be recorded, as such the usefulness of resistivity counter data is dependent on either 

technology being used in conjunction with the counter such as a side facing camera allowing for 

species level identification of counted individuals or the use of PIT telemetry alongside the counter 

to deliver estimates of the relative abundance of species observed, alternatively data derived 

through alternative means relating to the assemblage within the river may be used to correct mixed 

stock counts to estimated species counts. As such resistivity counters may be a niche tool, not 

necessarily specific to Atlantic salmon, but specific to areas where the water conductivity of the 

is consistently low and stable, which would enable normal functioning of the counter, and the 

community of species present are discernible from one another by the counter. To realise the full 
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potential of resistivity counters for monitoring faunal abundance, it will first be necessary to assess 

the ongoing accuracy of the data collected and determine the extent of what can be observed by 

the current network of resistivity counters. Only when it is fully established what information 

resistivity counters on the stocks currently observed can decisions be made regarding the future 

expansions of the network. 
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CHAPTER 3 

A CROSS-COUNTER ASSESSMENT OF THE RELATIONSHIPS BETWEEN 

OBJECTS AND SIGNALS OBSERVED BY A RESISTIVITY FISH COUNTER WITHIN 

THE CONTEXT OF VERIFYING THE PASSAGE OF ANADROMOUS SALMONIDS. 

3.1. Introduction 

Assessment of the abundance of Atlantic salmon (Salmo salar L.) stocks is critical for the 

implementation of local conservation programmes and in some cases, has used data generated by 

fish counters, either independently or in conjunction with information from other sources to assess 

salmon stocks (Crozier et al., 2003; Potter et al., 2004; Thorley et al., 2005; Beaumont et al., 

1991). Resistivity counters, a type of fish counter, monitor fish passage by measuring changes in 

electrical resistance within the water above a flume, which when a fish passes generates a 

recordable signal (Dunkley & Shearer, 1982).  Such counters have been installed to monitor fish 

stocks for many decades and continue to be used in some aspects of the assessment of fish passage 

and upstream abundance (Eatherley et al. 2005; Lethlean, 1953; Braun et al., 2016; Thorley et al. 

2005).  However, inconsistencies in the approaches used to obtain count data, as well as important 

differences between the types of fish counter in use, may affect comparability between locational 

data sets (Chapter 2; Braun et al., 2016). 

3.1.1. Resistivity Counter Signals 

Resistivity counter signals represent the object in passage in respect to the pattern of change in 

resistivity: peak, trough, and irregular (Beaumont et al. 1986).  However, the objects passing 

through that can produce a signal are numerous. These include target and non-target species fish, 

other animals, debris, strong disturbances of water, and changes in water conductivity, in addition 

the signal may be influenced by the way an object passes through the counter (Beaumont et al., 

1986). Water conductivity can be affected by environmental factors such as temperature and 

dissolved minerals and as such may be assumed to vary both spatially and temporally (Light & 
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Licht, 2005).  Factors that vary on spatial and temporal scales may have different effects within 

different counter installations.  

Signals can be generated and modified by a range of factors. As such to obtain accurate and 

comparable assessments of Atlantic salmon numbers require that the cause of signal creation be 

verified and only those generated by the passage of salmon be included in the resultant count data 

set. To facilitate this verification, many counters are also fitted with side viewing cameras that 

ensure a picture may be taken during signal creation, and as such the characteristics of the signal 

compared with the object passing through. In some cases, signals are paired with images captured 

during their creation and the two are used to inform on the passage together (Beaumont et al. 

1986). In other cases, the signal is used independently, typically due to insufficient images for a 

paired approach (Dunkley & Shearer, 1982). The use of signals in verifying the object in passage 

is supported within the literature but not for distinguishing between species of a similar size 

(Beaumont et al., 1986; Sheppard & Bednarski, 2015) but a detailed assessment of the signal-

object relationship is lacking and a systematic consideration of this relationship and its 

implications for the accuracy of counter data is lacking. 

3.1.2. Limitations of Existing Verification Methods 

The assessment of resistivity signal data, to determine if the object in passage represents a fish of 

the target species, is referred to as verification (Dauphin et al. 2010; Sheppard & Bednarski, 2015; 

Simpson, 1997). This is opposed to the process of validation which involves the confirmation of 

overall data counts following verification. While in principle verification would appear an 

essential part of using counts, the activity recorded by resistivity counters and its effect on signal 

production has seen limited consideration in the literature and there is no standard method of 

verification reported.  As such this raises questions regarding the accuracy of historical and new 

count data, as well as its use in comparisons between years, operators, and with other data sets.  
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Several studies have undertaken a verification of a subset of signals per year and used the accuracy 

estimates to adjust the entire year’s counts.  Beaumont et al. (1986) and Dunkley & Shearer (1982) 

each used one counter and compared the object observed in passage with the signal created.  While 

in these studies relationships were found between the object in passage and the signal created, 

both are limited using only one counter per study as well as the restricted number of causes of 

signal creation that were investigated (Beaumont et al. 1986; Dunkley & Shearer, 1982). However, 

the effect on reliability and data accuracy of the use of subsets of signals in partial verification has 

not been established (Dunkley & Shearer, 1982; Simpson, 1997; Philip Rippon, personal 

communication, 2017; Padraic O'Malley, personal communication, 2017).  

Cross-counter comparisons of observations made by resistivity fish counters, or the frequency 

with which different observation types occur, are lacking. In addition, there has been no cross-

counter assessment of the association between signal types and image types, the fundamental 

tenant of verification. The effect of counter location and seasonality have not previously been 

discussed in the literature with regards to their effect on the ability to categorise signals and 

images. Yet comparability is likely to be improved with a uniform approach to the verification of 

signals. This is crucial for meaningful verification and validation of counts which is needed to 

establish the comparability between counter locations, operators and years of operation is essential 

to exploiting resistivity counter data in the local assessments of salmon stocks. Given a growing 

interest in the use of fish counters in salmon stock assessment and development of national 

networks in places such as Scotland, there is a crucial need to develop a standard and robust 

approach to verification of signals that can be used to exploit new, and historical, counter data to 

inform the conservation status of Atlantic salmon (Braun et al., 2016). 

3.1.3. Study Aims and Objectives 

Previous assessments of the relationship between objects in passage and signal creation have 

followed an inductivist approach, focused on personal experience, thus reducing comparability 

(Popper, 2005). This study takes a deductive approach with the aim of designing a more generally 
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applicable methodology for identifying objects in passage from signals and assessing the 

relationship between signals and objects observed by resistivity counters. To achieve this aim, its 

specific objectives were to:  

1. Systematically categorize signals and images produced by resistivity counters. 

2. Assess the frequency with which signal and image types occur. 

3. Analyse the association between signal and image categories across counters. 

4. Evaluate the effect of counter location and seasonality on the frequency of observed object 

types. 

5. Analyse the effect of seasonality and location on the correlation between the categories of 

images and signals. 

6. Determine the effect of sampling strategy on the relationship between images and signals 

and their categorisation. 

3.2. Methods 

3.2.1. Data Gathering 

Eleven resistivity counters were selected for the study. The selection was restricted to those in 

dams operated by Scottish and Southern Energy (SSE) that use SSE Mk11 processors, which are 

in flat flumes in Borland lifts. The counters used for this study are representative of counters used 

within the study area, they encompass a range of positions within the river system and are object 

to varied biotic and abiotic factors which may affect the generation of fish and non-fish signals. 

The eleven counters were: Awe, Aigas, Beannachran, Dundreggan, Invergarry, Kilmorack, 

Lochay, Luichart, Meig, Morar, and Shin (Figure 3.1). No tube flume installations, such as are 

installed in Pitlochry Dam, were included as there are few of this type used across the UK and 

Ireland, and this class of installation is not representative of the wider network. Signals and images 

were observed using the SSE fish counter processing software, a proprietary software for use with 
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the SSE Mk11 Resistivity Fish Counter Processor. The observation software used signals paired 

with a still photography image collected 0.5 seconds after the initiation of signal creation. The 

data used in this study consisted of the images and electric signals recorded by each fish counter 

during 2015. The data were grouped by week wherein week 1 represents the first week of the 

calendar year 2015. The data were provided by SSE as was a copy of their proprietary software 

for inspecting the data. The software used presented each event which triggered the counter 

separately, for this the image and corresponding signal with timestamp are presented per event, in 

addition where 5 electrodes are used there is an additional panel within the event screen which 

describes the activity which triggered the additional pairs. Using this software, it was possible to 

assess each counter event and to obscure either image or signal dependent on relevant need to 

identify independently. 

3.2.2. Categorisation of signal type and object type 

Object and signal categories were defined by the observed activity within the captured image and 

recurring characteristics of the signal produced. Images and signals were assessed to identify all 

types of possible image and signal categories. Signals and images were observed independently 

to ensure no observation bias and to establish that categorised signal types correspond to the 

appropriate image categories.  It was carried out on a subset of six counters (Awe, Aigas, Luichart, 

Meig, Dundreggan, and Lochay) which allowed for comparison between counters to establish that 

the categorisation method was generally applicable. The subset was selected based on its being 

representative of the range of images and signals identified during category definition; in addition, 

it was representative of the varying locations chosen for installation, which may affect biotic and 

abiotic influences on signal generation and the frequency of fish passage. Sites were chosen to 

represent not only counters which experienced high frequency of fish passage but also sites that 

would be exposed to irregular fish passage behaviours and a variety of activity which is not 

representative of the target species such as the passage of debris, disturbance of the water or the 

passage of trapped air, and the passage juvenile or small fish and other animals. 
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Ten weeks per counter were sampled between weeks 15-24 using 6 counters during 2015, which 

was based on the approach used by Dunkley & Shearer (1982) and deemed to be representative of 

the activity observed during the spring run of Salmon at all sites. A subset of signal data consisting 

of the first 100 signal creating events were also extracted from each of the 6 counters to provide a 

representative sample of the activity observed by all counters. This is actively biased against the 

observation of times of peak fish passage due to the need to observe the broader range of non-fish 

causes of signal creation. It was deemed unnecessary to perform this during the later seasons as 

whilst it would allow for the observation of signals generated by the passage of other large fish 

such as sea trout, ferox trout, or pike there was no evidence to support the supposition that these 

were discernible by the signal that was generated and nor would species such as sea trout be 

identifiable by the image captured due to the camera angle used. This follows the sampling 

approach currently used in counter verification (Padraic O’Malley, pers. comm., 2016). Images 

and signals from the 6 counters were observed and categorised independently of one another which 

removed a potential source of bias from this test to establish the suitability of the categorisation 

process.  
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Figure 3.1. The river systems shown display the areas where counters are currently in use by SSE within the study area. Eleven counters were selected from 

across these systems in accordance with site selection criteria for the assessment of categories. Specific locations of counters used for the independent and 

paired observations test of categorisation are indicated by the labelled points within the tiles. Included are general figures displaying all river systems 

considered and/or used with the six counters used in the analysis highlighted. The figure contents are as follows: a) Morar, b) Awe, c) Shin, d) Tummel & 

Tay, e) Conon, f) Beauly, g) Ness, h) general location of the preceding sections of the figure within Scotland. Map adapted by Evan Roderick from the 

Ordinance Survey map accessed on http://www.bikehike.co.uk/mapview.php. 

a) b) c) d)  

e)  f)  g)  h)  

http://www.bikehike.co.uk/mapview.php
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3.2.3. Assessment of distribution and association of observation types 

The independent observations approach for the analysis of the association between signal and 

object types in the data sets, to assess the effect of bias due to pairing observations, using a pairing 

of observations employed. Six counters were selected. The six used are: Awe, Aigas, Luichart, 

Meig, Dundreggan, and Lochay (Figure 3.1). Awe and Aigas are low down in the river systems 

and are likely to observe a high frequency of fish passage. Luichart and Meig are higher in the 

systems and are predicted to observe a reduced number of fish passage events compared with the 

low in system counters. Dundreggan and Lochay are the highest counters and have the lowest 

relative amount of suitable spawning area above and are expected to show lowest mean frequency 

of fish passage.  

One year, 2015, was selected for the study as it was representative of the broad range of signal 

and object categories observed in a preliminary assessment of the data.  Additionally, in this year, 

data were successfully gathered for the full duration of observation period and no issues were 

reported by the operator. The same year was selected for each method to give directly comparable 

results to determine any differences in method of verification, all sites used identical apparatus 

and were operated by the same organisation. Environmental conditions are monitored at all sites 

and no evidence was found to suggest that factors affecting operation of the counter exceeded 

acceptable limits at all sites. Seasons were sampled within the year of observation (2015) by 

observing 10-week periods starting from 9/4/2015, 18/6/2015, and 27/8/2015. The time periods 

observed simulate the seasonal runs of salmon, which is the target species observed by the selected 

counters, however it is important to note that other species may have been observed by the counters 

and this study does not aim to determine the ability to identify to the species level. This bracketing 

of seasonal observations provided a basis for assessing variance in signal and object occurrence 

over the year. Monitoring between seasons allowed for the assessment of seasonal changes in the 

frequency of biotic and abiotic causes of signal creation. 
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Two sampling strategies were used to compare verification methods. For each method objects and 

signals were paired during observation but scored separately, with images and signals scored 

according to the procedures outlined in Figure 3.2 and Figure 3.3. Method one (Alternate events) 

categorised alternate events of paired objects and signals for signal event data from each of the 

identified seasons. Sampling was carried out using every second event starting from the first event 

in each season across all six counters and all 3 seasons for the duration of 2015.  Method Two 

(First 100 events) sampled the first 100 signal events for each season of the spawning migration 

season. This led to a different sample size being obtained for each method wherein method one 

was consistently proportionate to the overall frequency of observations made per counter and 

method two was consistent between counters but inconsistently proportionate to overall frequency 

of observations. Assessment of the differences between the two methods allowed for comparison 

between approaches, with Method Two based on the approach commonly used for resistivity 

counters; Method One whilst differing between counters allows for a more proportional 

assessment of observations per counter. 

3.2.4. Statistical analyses 

The significance of differences between image recorded and signal pattern were assessed using a 

Spearman’s rank correlation analysis and carried out in respect of comparisons between different 

counters and at different points in the year. To assess the frequency of each event type, percentage 

frequencies were calculated using Microsoft Excel and plotted by counter, season, and sampling 

type. Chi-square analysis was used to assess the association of occurrence of different image and 

signal categories at each site. Associations of signal and object types were assessed between 

images and signals for all counters for all seasons for both methods using Chi-square tests.  This 

was done for all counters for all seasons using the first 100 method. Associations were analysed 

using Chi-Square between images and signals for all counters for all seasons using the alternate 

events method. To provide an overall analysis of each sampling method, and a global overview, 

heat maps were produced using collated data from all sites. The heat maps were produced using 
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GGPlot2 on R (R core team, 2017; Wickham, 2016). Each plot uses the collated number of 

significant associations between each image and signal category.  
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Figure 3.2. Image categorisation process used in the sorting of resistivity fish counter image evidence according to object in passage.  
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Figure 3.3 Signal categorisation process used in the sorting of resistivity fish counter signal evidence according to object in passage. 
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3.3. Results 

3.3.1. Signal type and object types and their association 

Fig 3.4 shows a typical signal- image pairing output from a counter.  In total, eleven signal and 

thirteen image types were found (Table 3.1) but not all signal types and object types were observed 

in all counters. For convenience in the rest of the chapter, the abbreviations shown in the table are 

used in the rest of the chapter. Illustrative examples of the main linked signal and image types are 

provided in Fig 3.5 and a more detailed set of examples given in Appendix I (Figure A3.1 to A3.9). 

Within the six counter subset used for the independent assessment of observations, not all signal 

types and object types found across the eleven counters were observed (Figure 3.6). Based on the 

independent observation of image and signal using the subset of six counters, categorisation of 

images showed a strong positive correlation with signal categorisation (rs=0.832, p=0.001).  

 

Figure 3.4. This image shows a counter event wherein a clear signal has been observed but the 

image is obscured thus limiting the usefulness of pairing the image with the signal in the 

categorisation of the event. 
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Table 3.1. Proposed signal categories with the order of defining signal characteristics 

listed. Signal characteristics- P = Peak, T = Trough, I = Irregular 

Signal category Signal characteristics (in order) 

Upstream salmonid passage P-T / P-P-T 

Downstream T-P / T-T-P 

Upstream multiple P-T-P-T 

Downstream multiple T-P-T-P 

Upstream incomplete P / P-T-P 

Downstream incomplete T / T-P-T 

Small fish / juvenile I 

Mammal I 

Wave action I 

Object I 

Other I - None of the above 
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Figure 3.5. Typical examples of different observed pairings of signal and image related to the 

upstream passage of a salmonid. 
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Figure 3.6. Percentage of observation type occurrence within an independent observations 

approach to categorisation of images and signals from six resistivity fish counters (Aigas, Awe, 

Dundreggan, Lochay, Luichart, Meig). X axis labels: refer to Table 3.1. 

 

3.3.2. Image and signal pair frequencies 

The distribution of image types is largely skewed towards upstream salmonid passage. Other less 

commonly occurring image types are downstream salmonid passage, wave, and other. Wave 

activity was less commonly observed in the alternate events method, similarly downstream 

passage was more commonly observed in this method than in the first 100 events method. The 

remaining image and signal types occurred infrequently (Figure B3.1, Figure B3.2 in Appendix 

II). Similar patterns were observed on a per counter basis (Figure 3.7) 
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Figure 3.7. Percentages of image and signal observation type occurrence within a paired 

observations approach to categorisation of images and signals from three seasons of operation 

using the first 100 events method a using resistivity fish counter data from six counters. X axis 

labels: refer to Table 3.1. 

 

3.3.3. Assessment of categorisation by counter 

In a per counter per sampling strategy, assessment of categorisation the percentage of observation 

types in a comparison between image types and signal types was consistently strongly correlated 

excluding Luichart which was subject to an error in data generation during study period 
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(Table.3.2). Further details on correlations found within and between counters for all methods and 

observation types are given in Appendix 2 (see table C3.1, table C3.2, table C3.3, table C3.4).  

 

Table 3.2. Spearman’s rank correlation between categorised images and 

signals for individual counters for two sampling strategy  

 

Counter  First 100 method Alternate events 

method 

Aigas     rs 

p 

0.995  

0.001 

0.942  

<0.001 

Awe rs 

p 

0.827 

0.002 

0.830  

0.002 

Dundreggan rs 

p 

0.932 

0.001 

0.977 

<0.001 

Lochay rs 

p 

0.840 

0.001 

0.822  

0.002 

Luichart rs 

p 

0.530 

0.094 

0.880  

<0.001 

Meig rs 

p 

0.847 

0.001 

0.931  

<0.001 

    

 

 

3.3.4. Association of signal and object types 

Observing all counters over all seasons using both methods found commonly occurring significant 

Chi-square statistics between images and signals in upstream salmonid passage, downstream 

salmonid passage multiple upstream salmonid passage, incomplete downstream salmonid passage, 

incomplete upstream salmonid passage, and wave action/electrical activity (Figure 3.8). There was 
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also a commonly occurring association between upstream and multiple upstream salmonid 

passage in both pairings of images and signals. Further information is available on the per 

sampling strategy relationship in the Appendix (Figure C3.1 and Figure C3.2). 

 

 

Figure 3.8. Heat maps of the frequency of significant Pearson’s Chi Square statistics between 

images and signals for all groupings of counters using both sampling strategies. Axis labels: refer 

to Table 3.1. 

 

3.3.5. Effect of location 

The six sites were paired by approximate river system position: low (Aigas, Awe), mid (Luichart, 

Meig), high (Lochay, Dundreggan). Each group was assessed using both the first 100 events 

method and alternate events method (see Figure 3.9). In all groups the dominant observation type 
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was upstream salmonid passage. The category “other” was more commonly observed in images 

than in signals and this trait is present in all groups. Downstream passage was observed with higher 

percentage in mid and high counters than in low counters. Incomplete passage and multiple 

passage were observed infrequently across all groups. Wave activity/electrical interference had a 

higher percentage of observation in mid and high counters than in low counters and within these 

groups was more commonly observed in signals than in images.  

In the first 100 events method spearman’s rank correlations within groups between images and 

signals were: low (rs=0.881, p<0.001), mid (rs=0.859, p=0.001), high (rs. =0.779, p=0.005). In the 

first 100 events method spearman’s rank correlations between groups within images were: low-

mid (rs=0.711, p=0.014), low-high (rs=0.871, p<0.001), mid-high (rs=0.869, p=0.001). In the first 

100 events method spearman’s rank correlations between groups within signals were: low-mid 

(rs=0.810, p=0.003), low-high (rs=0.790, p=0.004), mid-high (rs=0.905, p<0.001). 

In the alternate events method spearman’s rank correlations within groups between images and 

signals were: low (rs=0.800, p=0.003), mid (rs=0.888, p<0.001), high (rs. =0.831, p=0.002). In the 

alternate events method spearman’s rank correlations between groups within images were: low-

mid (rs=0.640, p=0.034), low-high (rs=0.720, p=0.012), mid-high (rs=0.946, p<0.001). In the 

alternate events method spearman’s rank correlations between groups within signals were: low-

mid (rs=0.751, p=0.008), low-high (rs=0.795, p=0.003), mid-high (rs=0.983, p<0.001). 
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Figure 3.9. Percentage of observation type occurrence using resistivity fish counter data from low, 

mid, and high counters from three seasons of operation using two paired observations approaches 

to categorisation of images and signals: a) using the first 100 events method, and b) alternate 

events. X axis labels: refer to Table 3.1. 

 

3.3.6. Effect of seasons on observations 

The six sites were grouped by 10 week periods of observation in 2015: SE1 – week 15-24, SE2 – 

week 25-34, SE3 – week 35-44. Each group was assessed using both the first 100 events method 

and alternate events method (see Figure 3.10). In all groups the dominant observation type was 
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upstream salmonid passage. The category “other” was more commonly observed in images than 

in signals and this trait is present in all groups. Downstream passage was observed with higher 

percentage in SE1. Incomplete passage and multiple passage were observed infrequently across 

all groups. Wave activity/electrical interference had a higher percentage of observation in SE1 and 

was more commonly observed in signals than in images.  

 

Table 3.2. Correlations between images and signals within seasons 

 Method 

Season 1 2 

1 0.822 (<0.001) 0.786 (0.004) 

2 0.916 (<0.001) 0.882 (<0.001) 

3 0.878 (<0.001) 0.893 (<0.001) 

 

 

Table 3.3. Correlations between seasons within either signals or images for all counters.  

 Method 1 Method 2 

Seasons Images Signals Images Signals 

1 – 2 0.871 (0.001) 0.895 (<0.001) 0.738 (0.010) 0.871 (0.001) 

1 – 3 0.759 (0.007) 0.886 (<0.001) 0.689 (0.019) 0.811 (0.002) 

2 – 3 0.866 (0.001) 0.952 (<0.001) 0.897 (0.001) 0.847 (0.001) 
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Figure 3.10. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals using resistivity fish counter data from three seasons (SE) of 

operation of six counters: a) based on the alternate events method, and b) the first 100 events . X 

axis labels: see Fig 3.6.   

 

3.3.7. Assessment of the effect of sampling strategy 

To compare between sampling strategies, mean percentage of observation type was assessed for 

both strategies sorted by images and signals using all six counters (see Figure 3.11). In both 

methods  for signals and images the dominant observation type was upstream salmonid passage. 
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The category “other” was more commonly observed in images than in signals and this trait is 

present in both methods. Downstream passage was observed in both methods however in the first 

100 events method it was more commonly observed in signals than in images. Incomplete passage 

and multiple passage were observed infrequently across all groups. Wave activity/electrical 

interference was observed infrequently in both images and signals in the first 100 events method 

and was infrequently observed in signals and rarely in images using the alternate events method.  

Figure 3.11. Mean percentage of observation type occurrence within a paired observations 

approach to categorisation of images and signals using both sampling using resistivity fish counter 

data from three seasons (SE) of operation of six counters. X axis labels: see Fig 3.6.  

 

Table 3.4. Correlations between images and/or signals within method 

Test Correlations 

Within method between 

images and signals 
Method 1: 0.892 (<0.001) Method 2: 0.837 (0.001) 

Within images between 

methods 
0.900 (<0.001) 

Within signals between 

methods 
0.972 (<0.001) 
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3.4.  Discussion 

3.4.1. Association Between Image and Signal Categories 

The study reported here expands on the work conducted by Dunkley & Shearer (1982) and 

Beaumont et al. (1986) and identifies thirteen distinct image and eleven signal categories. Five of 

these were previously undocumented: wave, multiple salmonid upstream and downstream 

passage, and incomplete upstream and downstream salmonid passage. Strong positive correlations 

were identified between independently recorded image and signal categories for the same event, 

suggesting consistent image-signal relationships. Furthermore, there was full agreement between 

the two independent approaches to categorisation of images and signals. This strongly suggests 

that there is no potential flaw of bias in the paired observations approach used in the assessment 

of association and supports the use of this dual procedure in the process of verification. 

Interestingly, a significant correlation was identified between the occurrence of multiple salmonid 

upstream passage images and an upstream salmonid passage signal type and vice versa. This has 

not previously been recorded and could be exploited in the verification process.  

Clear associations were found between upstream, downstream, incomplete upstream, incomplete 

downstream and multiple upstream salmonid passage signals and the corresponding images. Each 

association was supported in both the independent observations assessment of categorisation and 

the paired assessment of association. This demonstrates that they can typically be identified using 

the image and signal either paired or independently of one another.  It also supports the use of 

signals in categorisation of observations in instances where the images are not of sufficient quality 

for identification and vice versa. The robustness of the associations is supported by both the first 

100 events and alternate events sampling methods, though not each subset of each method 

supported all the overall associations found. Thus, the analysis supports the resistivity counter’s 

ability to correctly observe the passage of anadromous salmonids in these installations. However, 

the identification to species level of Atlantic salmon has not been established as possible within 

this study.  
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Location and season affected both affected the percentage of images and signals observed across 

both sampling methods. Early season times experienced a lower percentage of the dominant 

observation type, upstream salmonid passage, and instead there were an increased proportion of 

“wave” and “other” observation types. Also, mid and high counters experienced lower percentage 

of upstream salmon passage and an increase across both location types in the “other” observation, 

mid in system counters also showed a rise in the cases of wave activity on the loch. However, 

there were strong positive correlations across all locations and seasons between percentage of 

categorised images and signals. This supports the use of resistivity counters in all seasons at all 

sites and inter-seasonal correlation also supports the use of image and/or signal categorisation in 

the process of verification across all seasons of counting. 

3.4.2. Implications for verification and resistivity counter use 

Overall, the joint use of signals and images in verification is supported by strong positive 

correlations between the types of the two classes of information. This corroborates further, and in 

more detail, the single site studies of Beaumont et al. (1986) and Dunkley & Shearer (1982). 

Previous studies have used varying methods for partial verification, and this was a potential flaw 

in comparability between sites but the similarity in frequencies of associations between methods 

within this study support the use of different sampling strategies in verification (Dunkley & 

Shearer, 1992; Sheppard & Bednarski 2015). This study has not, however, assessed the effect of 

verification on data quality and so cannot determine the comparability in usefulness of partial or 

full verification. 

The dominant observation and image identified was an upstream salmonid passage, which 

supports the use of fish counters for monitoring upstream adult salmonid passage. Downstream 

passage and other salmonid observations were less frequently recorded though this is not clear 

whether this is an uncommon activity or less likely to be observed by a resistivity counter. The 

current study identified that resistivity counters recorded unclear images in less than 20% and 

unclear signals in less than 8% of observations across all counters and sampling strategies. 
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The present study supports the use of resistivity counters to estimate net upstream salmonid 

passage, however there may be benefit to image signal verification in counters with weaker 

associations. Where similar verification procedures have been used there may be an increased 

confidence in the output generated by these studies (Forbes et al. 1999). Discrepancy across 

seasons and in-river placement in association strength and occurrence suggests other causes of 

signal creation may be less easily assessed at some sites, however this may be due to decreased 

frequency of occurrence within some installations.  

Many conservation policies rely on data obtained from automated counting methods for fish and 

other fauna. However, verification is not always uniform and is subject to user bias and error. 

Although the focus of this study has been resistivity counter data, the critical role of uniform and 

accurate verification has been highlighted. Image based automated identification of species 

numbers has been used successfully in the USA to monitor land mammals, however Zion (2012) 

identifies the issues of using automated computer vision technologies to count and identify in 

aquaculture (Yu et al. 2013). The data obtained in this study suggests that an automated signal 

only verification of resistivity counter data may provide a usable estimate of anadromous salmonid 

numbers, it could be possible to programme the signal characteristics to allow automated 

verification. It is important to note that it was not possible to distinguish between salmonid species, 

the use of side facing cameras would facilitate species level identification where image clarity was 

sufficient and has been shown to be effective in alternative counter designs (Baumgartner et al., 

2010). Indistinct identification between similar species indicates a flaw in resistivity counter use 

which may be similarly present in other automated counting methods, though where side facing 

cameras caught sufficient images this was not an issue (Baumgartner et al., 2010; Van Der Waal, 

2014). 

The implementation of Government conservation policies using resistivity fish counter data 

requires verification of the data to assess stock levels reliably and accurately (Braun et al., 2016). 

Upstream and downstream salmonid passage appear to be effectively assessed with signals or 
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images due to the association between their signal types and object types. Issues may arise with 

the inaccuracies that appear to occur in the identification of the passage of multiple fish using 

either signals or images. Undercounting of salmonids by resistivity counters calls into question 

the use of raw and partially verified data in the enacting of policy as the above counter abundance 

estimate may not be accurate. 

3.4.3. Limitations of the study 

There are several limitations within this study. A single year of operation was analysed, however 

differences in returning numbers is beyond the scope of this methodological study.  Associations 

between dissimilar categories of signals and images were found in all sampling methods; however, 

these were in categories based on very few incidences. There are instances where two different 

object types can present in the same manner and instances where the same object type can present 

in different ways (see Figure 3.12). The resistivity counter cannot be proven to identify salmonids 

to the species level, this may have implications for future reporting of salmon abundance using 

this method. Object type calibration was conducted for spring only and no assessment of species 

contribution to counts was made, whilst this does not limit the assessment of the counters ability 

to observe fish it is essential that this is not inferred as a claim that resistivity counters used in this 

study could adequately identify individuals to species level. 
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Figure 3.12. A schematic showing the difference in the way that fish pass through the counter’s 

flume affects the way that signals are produced with the camera timed to take a still photo 0.5 

seconds following the start of signal creation. The fish in the left frame passed the counter in 0.56 

seconds and so the tail was photographed while the fish in the centre left frame is photographed 

early in its downstream movement during incomplete passage. In the centre right frame it shows 

that passing in a row would likely produce a peak and trough signal similar to individual fish 

passing while in the right frame, passing in a column would likely produce a peak and trough for 

each fish in passage.  

 

3.4.4. Future Work 

Resistivity counter signals provide useful information on the upstream and downstream passage 

of salmonids. The present study has confirmed that an estimate of anadromous salmonid numbers 

can successfully be established using signal only verification methods.  However full verification 

should potentially be performed as multiple upstream passage is not always accurately recorded 
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by signals. The effect of full verification on raw counts has not been described in the literature and 

this assessment should be a priority in the future use of resistivity counter data. It would be useful 

to insert side facing cameras into resistivity counter flumes to improve species identification using 

counters during verification. In addition to the installation of cameras for case by case assessment, 

it may be possible to correct abundance estimates derived from fish counters using the proportions 

of the mixed stock identified by alternative river stock assessments such as trapping. 
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CHAPTER 4 

ASSESSING DATA ACCURACY IN RESISTIVITY COUNTER OUTPUT 

4.1.  Introduction 

In Scotland, monitoring fish passage is carried out to assess that, following their construction, 

hydroelectric dams still allow free passage of migratory anadromous salmonids (Salmon and 

Freshwater Fisheries Act 1975; Salmon Act 1986). This may be achieved by resistivity counter 

data which can be used to inform on the movements of migratory fish, most commonly Atlantic 

salmon (Salmo salar) and may inform population monitoring for conservation goals (Braun et al. 

2016) and in the estimation of Atlantic salmon stock abundance (Potter et al. 2004; Crozier et al. 

2003). Resistivity fish counters observe objects which are large enough to bridge the gap between 

their electrodes causing a change in resistance between them (Lethlean, 1953). As a result of the 

electrode arrangement, it is possible for sea trout to be observed by the resistivity fish counter and 

recorded within the count, similarly due to the lack of a side facing camera in some installations 

identification to the species level is not possible in all cases. Thorley et al. (2005) and Beaumont 

et al. (1991) found a general trend of congruence between fish count and rod catch data, the latter 

also used to monitor salmon abundance. Similarly, Dauphin et al. (2015) found general agreement 

in estimations of numbers of returning adults between fish counters and redd counts. However, 

the variety of uses to which resistivity counter data are put may demand different levels of 

accuracy from the data and this may mean that the datasets created for one purpose will not 

automatically repurpose for another (Chapter 2). 

4.1.1. Verification of Fish Counts 

Verification of count data generates a reliable dataset on the movements of migratory fish around 

a stationary point (Chapter 2) and removes instances where non-target species fish or objects have 

been counted (Eatherley et al. 2005; Chapter 2; Chapter 3). Sheppard and Bednarski (2015) used 

verified count data in their assessment of river herring populations but the method of verification 
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and its effect on count data is not stated and this is common across studies which use counter data. 

A lack of uniform verification approach across the industry is an established limitation in the 

usefulness of count data (Chapter 2). The optimal verification method is a paired image-signal 

approach, which is utilised by this chapter to assess the accuracy of raw count data in several sites 

across Scotland.  

4.1.2. Aims & Objectives 

The present study aims to assess the effect of verification of raw count data on the data output 

from resistivity counters in hydroelectric dams in Scotland. The objectives are to: 

1. Use a fully described verification method to produce a fully verified count data set. 

2. Assess the similarity of the relationship between verified and raw count data across six 

counters in hydroelectric dams in Scotland. 

3. Assess the error between raw counts and verified counts.  

4. Given validation errors and data limitations, establish how the data can best be used to 

provide insight into changes in counts within counters across time periods within years, within 

counters across years, and across counters, across time periods within years, across counters for a 

given year, and across counters, across years, in a way that minimizes the error/noise in the data 

and demonstrates, seasonal, interannual and cross counter variations.  

4.2. Methods 

4.2.1. Data Gathering 

The data used in this study consisted of the images and electric signals recorded by each fish 

counter during 2015 and 2016, as well as the record of upstream and downstream passage 

generated by the counter processor during 2015 and 2016. The data were grouped by week wherein 

week 1 represents the first week of the calendar year 2015 and 2016. The data were provided by 

SSE as was a copy of their proprietary software for inspecting the data. The software used 

presented each event which triggered the counter separately, for this the image and corresponding 
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signal with timestamp are presented per event, in addition where 5 electrodes are used there is an 

additional panel within the event screen which describes the activity which triggered the additional 

pairs. Using this software, it was possible to assess each counter event and to obscure either image 

or signal dependent on relevant need to identify independently. 

The resistivity counter processor uses an algorithm which controls the recording of upstream and 

downstream passage which is determined by signal characteristics. The recorded count determined 

by the algorithm is deemed a “raw count” which requires verification and/or validation to assess 

and improve data accuracy. During operation, the resistivity counter records total upstream and 

downstream passage. On a weekly basis the upstream and downstream passage values are recorded 

as the raw count by an SSE operative. 

 

4.2.2. Counter & Year Selection 

Resistivity counters selected for this study were restricted to those in dams operated in Scotland 

by Scottish and Southern Energy (SSE) using SSE Mk11 processors, located in flat flumes in 

Borland lifts. Six counters were selected to establish raw and verified counts: Awe, Aigas, 

Invergarry, Lochay, Luichart, Meig (Figure 4.1) and are ones that are of current fisheries 

management interest (Armstrong, J. pers. comm., 2016). The counters used were selected to 

represent the locational variation that occurs in placement of counters within river system, with 

two counters from high, two from mid-way and two from low in their respective river systems. 

They were also selected to be ones with flat flume designs as these of representative of most 

resistivity counters in the study area (Chapter 2). Multiple counters were used though this would 

not address the problem that inaccuracy in counters with lower counts will have a greater effect 

on percentage error than those with larger numbers of fish passage. The years selected for this 

study were 2015 and 2016, the weeks observed were weeks 1-52 of both years. 
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4.2.3. Obtaining Raw Count Data 

A net weekly upstream raw count of fish passage was derived from the counter processor which, 

during operation, uses an algorithm to analyse signals generated by the passage of objects and is 

extracted using the bespoke SSE verification software. The weekly net raw upstream passage was 

selected from a 7 day recurring period, to create a replicable weekly period across the years 

observed, starting from 01/01/2015 and ending on 29/12/2016. 

4.2.4. Data verification 

This study uses the categorisation of images and signals in chapter 3 to produce verified counts 

building on the prior work of Dunkley and Shearer (1982) and Beaumont (1986). The signal and 

image data from each counter were processed through the SSE count verification software which 

displays each event individually. Within the screen is shown date and time, raw signal, and 

photograph, with the raw signals being the change in electrical resistance during the passage of a 

fish or object (Chapter 2 and 3). The photographs are taken during the creation of each signal and 

are subject to the risk of failure of the camera to operate (Chapter 2). 

Each signal was verified, recorded, and sorted by day according to the image and signal 

categorisation procedures described in Chapter 3. Where the image of the passage was insufficient 

to assist in verification, the signal was used separately as the sole means of verification according 

to the categorisation of signals (Chapter 3). Where an event did not represent the passage of a fish 

it was omitted from the verified count recording process as this study was focussing on relating 

verified and raw fish passage events. Signal and image types outlined in chapter three were used 

to verify and record the daily upstream and downstream passage, which was converted into a 

weekly net upstream passage in accordance with the raw count format. The weekly net verified 

upstream passage was also selected from a 7 day recurring period starting from 01/01/2015 and 

ending on 29/12/2016, which aligned with the selection made from raw counts to provide weekly 

verified counts.   
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4.2.5. Statistical analysis 

For the comparison of raw and verified counts, net weekly upstream passage was collated for each 

counter for each count type for both years. Weekly verified count data were plotted against weekly 

raw count data for each year of study and with both years combined. A y=x reference line was 

included, to show the ideal relationship between count types.  

The 1, 2, and 4 week count data groupings were tested for normality using a Shapiro Wilk test in 

SPSS (Field, 2009). A Spearman correlation coefficient test was conducted to assess the strength 

and significance of the relationship between verified and raw count data. 

A linear regression was fit between the verified and raw counts to establish if the relationship was 

linear using R and plotted using ggplot2 (R core team, 2017; Wickham, 2016). The difference 

between the linear model fitted values and the raw count was then extracted and converted to a 

percentage error per raw count, this was done for all groupings of data. A linear model was 

constructed using the same data as each counter but with the intercept set to 0 and the gradient to 

be 1. This constructed linear model was compared with each corresponding fish counter’s linear 

model using an ANOVA. The ANOVA test was performed to establish if a significant difference 

occurred between the gradient of linear models between raw and verified counts and a gradient of 

1. If no significant difference were found using the ANOVA then raw count could be assumed to 

equal verified count. Subsequently the data were filtered to find a generally applicable rule that 

allows for most count data per counter to be deemed not statistically different from y=x using the 

ANOVA test. 

4.2.5.1. Analysis of Percentage Error 

The fitted values of the regression were extracted and compared with the raw count to find their 

absolute difference. The raw count represents the estimated census count and there should be a 

verified count for every raw count. The fitted values reflect the observed pattern in counts. The 

absolute difference in counts between the raw values and the fitted values was divided by the raw 
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count values and multiplied by 100 to give percentage error. Where raw count equalled 0 the 

verified count was multiplied by 100 to create a percentage difference. This was then used to 

establish the patterns related to variation in raw count accuracy and look for similarities between 

counters. 

The equation where raw count ≠ 0 was as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

= (𝑅𝑎𝑤 𝐶𝑜𝑢𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 − 𝐹𝑖𝑡𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝐿𝑖𝑛𝑒𝑎𝑟 𝑀𝑜𝑑𝑒𝑙)

÷ 𝑅𝑎𝑤 𝐶𝑜𝑢𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 × 100 

The equation where raw count = 0 was as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑉𝑒𝑟𝑖𝑓𝑖𝑒𝑑 𝐶𝑜𝑢𝑛𝑡 × 100 
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Figure 4.1. Map of the study area displaying the systems which have SSE Mk 11 counters installed with the selected counters highlighted with an 

orange dot and the site name annotated. The figure contents are as follows: a) Awe, b) Conon, c) Beauly, d) Ness, e) Tay and Tummel, f) general 

location of the preceding sections of the figure within Scotland. Map adapted by Evan Roderick from the Ordinance Survey map accessed on 

http://www.bikehike.co.uk/mapview.php. 

http://www.bikehike.co.uk/mapview.php
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4.3. Results 

4.3.1. Relationship between Verified and Raw 

Linear regression was performed between raw and verified data per counter (Figure 4.1) which 

generally returned slopes which were consistently significant (p= <2e-16) meaning there is a 

strong linear relationship between raw and verified counts across all counters. Table 4.1. 

displays the summary details of the linear relationships found between raw and verified counts 

per counter for each of 1, 2, and 4 week groupings of data. Figures D4.1 – D4.11 provide further 

graphical representation of the relationship between raw and verified counts per counter for all 

groupings including details of the gradient of the linear model. 
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Figure 4.2. Scatter graph of raw count plotted against verified count for 1-week grouping of 

data. a: Invergarry, b. Lochay, c. Luichart, d. Meig, e. Awe, f. Aigas. Blue line is a linear 

regression. Black line is a y=x line. 

y = 0.6198x + 0.3613 y = 0.9615x + 0.0221 

y = 1.02522x + 0.01595 y = 1.01987x – 0.05487 

y = 1.0511x - 0.8323 y = 1.089x + 2.729 
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Table 4.1. Linear model summaries from the relationship between raw and verified 

counts per counter for 1, 2, and 4 week groupings of data. p-value is derived from 

an ANOVA performed between the verified and raw count per counter pairing per 

1-week, 2-weeks, and 1-weeks grouping of data. 

Counter  1-week 2-weeks 1-weeks 

Invergarry r2 

p 

0.590 

<0.001 

0.792 

<0.001 

0.779 

<0.001 

Lochay r2 

p 

0.985 

0.001683 

0.990 

0.1147 

0.995 

0.423 

Luichart r2 

p 

0.997 

<0.001 

0.998 

<0.001 

0.999 

0.002521 

Meig r2 

p 

0.998 

<0.001 

0.999 

<0.001 

0.999 

<0.001 

Awe r2 

p 

0.996 

<0.001 

0.998 

<0.001 

0.998 

<0.001 

Aigas r2 

p 

0.992 

<0.001 

0.996 

<0.001 

0.997 

<0.001 

4.3.2. Assessing Percentage Error of Counts 

The fitted values of each linear model between raw and verified count data per counter were 

used to generate a derived percentage error per count frequency per week per counter. Figure 

4.4. shows the difference between the raw count and the modelled data which describes the 

percentage error of each counter for the years observed where 0 represents 100% accuracy the 

error is frequently under 20%. More than 75% of weeks observed demonstrate less than 20% 

error, in addition more than 90% of counts observed across the entire study occur within weeks 

which register less than 20% error. Figures 4.5. shows percentage error plotted per year of 

observation. In both Figure 4.4., and 4.5. the percentage error is shown to be consistently below 

20% for most observations. 
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4.3.3.  Assessing the Effect of Time Period Observed 

Figure 4.3 shows the change in linear relationship between raw and verified counts at two 

sites, Invergarry and Aigas, which represent a high and a low in system counter. The 

summary details for the relationships may be found in Table 4.1. Figure 4.4 shows the effect 

of the 1, 2, and 1-week groupings on the percentage error found at Invergarry and Aigas 

dams. The ANOVA of linear modelling using data derived from the Lochay dam site found 

there was not a significant difference between the linear model and a gradient of 1 when the 

data were grouped into 2 or 1-weeks. The effect of grouping was negligible at all other sites. 
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count Figure 4.3. Scatter graph of percentage error plotted against raw count for 1-week 

grouping of data. a: Invergarry, b. Lochay, c. Luichart, d. Meig, e. Awe, f. Aigas. Blue 

line is a smooth curve.  
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Figure 4.4. Scatter graph of raw count plotted against verified count at Invergarry (left) 

and Aigas (right) dam. Top: 1-week grouping of count data, middle: 2-weeks grouping 

of count data, bottom: 1-weeks grouping of count data. Blue line is a linear regression. 

Black Line is a y=x line. 
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Figure 4.5. Scatter graph of percentage error plotted against raw count at Invergarry 

(right) and Aigas (left) dam. Top: 1-week grouping of count data, middle. 2-weeks 

grouping of count data, bottom: 4weeks grouping of count data. Blue line is a smooth 

curve.  
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4.3.4. Improving accuracy 

 

Count data were adjusted by filtering the data per counter to exclude raw counts which were 

up to 2 standard deviations from the maximum raw count per counter. 

𝐹𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝐷𝑎𝑡𝑎 < 𝑅𝑎𝑤 𝐶𝑜𝑢𝑛𝑡 𝐷𝑎𝑡𝑎 Max − 2 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠 

This resulted in a dataset (Table 4.2) with minimal weeks of data excluded and resulting from 

this all linear models fit between raw and verified count data per counter were deemed similar 

Figure 4.6. Scatterplots of adjusted raw counts where the higher frequency counts per 

counter have been removed which subsequently shows an approximately y=x 

relationship between raw and verified data. 1-week grouping of data. a: Invergarry, b. 

Lochay, c. Luichart, d. Meig, e. Awe, f. Aigas. Blue line is a linear regression. Black line 

is a y=x line. 
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to y=x wherein using an ANOVA of a y=x line and the linear model there were no statistically 

significant differences. Further details on the adjusted datasets are show in the appendices.  

Table 4.2. Collated linear model summaries of verified count ~ raw count in 1-week 

groupings of count data pre and post application of filtering. 

Counter (pre/post filtering) R2 ANOVA comparison p-

value 

Invergarry pre-filtering 0.5898 <0.001 

Invergarry post filtering 0.9172 0.1573 

Lochay pre-filtering 0.9845 0.001683 

Lochay post-filtering 0.9792 0.6634 

Luichart pre-filtering 0.9972 <0.001 

Luichart post-filtering 0.9943 0.5008 

Meig pre-filtering 0.9978 <0.001 

Meig post-filtering 0.9969 0.257 

Awe pre-filtering 0.9955 <0.001 

Awe post-filtering 0.9981 0.8768 

Aigas pre-filtering 0.9915 <0.001 

Aigas post filtering 0.9745 0.2124 

4.4.  Discussion 

4.4.1. Association between raw and verified counts 

Counters which are high in the river system and thus showing lowest count frequency, have 

the greatest error between raw and verified count. The variability at the lower frequencies of 

counts is more likely due to the manner of calculation and its interaction with small values. 

Assessment of counter accuracy may benefit from a different methodological approach for 

counters with low numbers, the method suggested by this study is to group data into longer 

periods of observation per data point. Across all counters the percentage error is consistently 
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below 20% suggesting that once a counter has been assessed, assumptions may be made on 

their general accuracy with minimal exploration of the records.  

4.4.2. Implications for verification 

Verification is the process of determining that a counter event represents the passage of a fish. 

Within the present study the term “verification” was used rather than validation, which is often 

used for assessments of accuracy. Validation is performed infrequently on count data based on 

a review of the literature (Forbes et al. 1999a; Forbes et al. 1999b). Given the weekly variation 

in accuracy observed in some years it may be that large sections of count data have been 

incorrectly adjusted based on the use of a short period for validation. 

The implications for the assessments of counter accuracy are that the less frequently that you 

assess counter accuracy the more likely that inaccuracy will go unnoticed. In some years, 

inaccuracies led to over-counting and under-counting between weeks. Whilst this may level 

out in annual assessments of counter accuracy, it remains an issue for the monitoring of salmon 

movements over shorter time intervals. With the potential for large sections of count data to 

have been incorrectly adjusted there are limited choices remaining for the use of historical 

datasets. The adjusted data may be varying in accuracy. The raw data may have unknown 

degrees of error. Unless the original records are still held and verification is an option, the most 

suitable option would be to not look for precise measures of abundance but instead to look for 

general trends in the rise and fall of counts. In addition to generate accurate counts at the species 

level it will be necessary to install additional means to obtain clearer images from suitable 

angles to discern between different salmonid species present within the river. 

The current study shows the importance of regular verification of counts. In the years that did 

not fit in a linear model the only means of delivering reliable data from the raw count was to 

fully verify each count. Using verification, the data may be cleaned to the point that it will 
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likely deliver accurate assessments of the above counter stock. Given the variation between 

years and sites and the differences between the patterns observed it is likely that, where 

continuous high resolution data are required, verification will remain an important part of 

counter operation until the reasons for the differences in count data are resolved. Furthermore, 

for high resolution studies full verification is the optimal data handling.  

Following filtering all datasets to exclude events where raw count was equal to or less than 2 

standard deviations from the maximum count there resulted a dataset which showed that raw 

count can be deemed to have no statistically significant differences from verified count. This 

may enable a methodology of verification wherein relevant data are gathered at all times of 

operation, but it is only necessary to carry out full verification on the smaller number of 

observations which exceed the 2 standard deviations threshold. In most cases minimal weeks 

of data needed removing across the two years observed. However, in Aigas an increased 

number of high fish count weeks required removing to enable raw count to not be significantly 

different from verified. The issue at Aigas is likely to be due to high frequency of fish passage 

which appears to cause fish behaviour to increase multiple fish passage counts (Chapter 3; 

Forbes et al. 1999a; Forbes et al. 1999b). The effect of multiple fish passage counts may be 

exacerbated by the high frequency of fish passage, and in this instance is likely to be easily 

resolved through comparison between fish count data generated at Aigas and the closely 

located Kilmorack dam fish counter. 

4.4.3. Implications for resistivity counter data 

Overall, this chapter has found that verification has a varying effect on count data. Given the 

consistently low percentage error for most counts across 6 counters it appears that raw count 

may have a broadly predictable degree of error. Whilst it remains essential to assess counter 
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accuracy for testing counter function it may be possible to use count data and particularly 

historical count data with confidence in the limited error which may be found in the data.  

The use of resistivity counter data for assessment of adult salmonid stocks is subject to growing 

support (Braun et al. 2016). The present study concludes that the raw count data could be used 

to describe general trends of run time and abundance both across several years and over 

different locations. It remains an issue that resistivity counters do not identify the species of 

fish in passage, whilst installing a side facing camera may improve the ability to identify 

species during the verification process this would not resolve the issue within historical data. 

A clearer understanding of returning Atlantic Salmon stocks would be highly beneficial in 

understanding fisheries management and efficient policy enactment. For instance, 

understanding the relative abundance of different species within mixed stock rivers may assist 

in generating a factor by which to correct total fish count per counter. The trends which may 

be described by counters have not been fully described within the literature for all installations.  

This study demonstrates the need to specify the resolution of data gathered. All groupings of 

observations (1, 2, and 1-weeks) showed high significance, and 5 of the six counters observed 

displayed strong positive linear relationships across all groupings. However, all linear 

relationships between raw and verified counts increased in strength when grouped into 2 or 4 

weeks of observations, with the 1-week grouping providing 3 of the strongest relationships per 

counter and 2 equally strong as the 2-week groupings. However, only in the Lochay count data 

did the grouping of count data into 2 and 1-week groups lead to the gradient being deemed 

insignificantly different from a y=x gradient all other sites showed negligible change as a result 

of this method (Table 4.1). Given the limitations of grouping of data which greatly reduces the 

resolution of the data it may be necessary to determine the use of grouping or filtering of data 

based on the specific questions asked per investigation. When analysing counter data there is a 
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need to be specific about the period of observation and to understand the implications that it 

may have for analysis. 

4.4.4. Limitations of the study 

Within the present study there are several limitations; the study used both paired image-signal 

verification and signal only verification due to the obscured or missing images in some signals. 

The mixed approach may have impacted accuracy of the verification within the chapter. Other 

sources of inaccuracy of resistivity count data are not accounted for within this study. Abiotic 

factors may affect the accuracy of the resistivity counter; wave action, debris and other non-

salmon animals may all be recorded as a raw count (Chapter 3; Dunkley and Shearer, 1982; 

Beaumont 1986). The abiotic factors are variable, inconsistent, and undocumented so cannot 

be removed from the data set. A further limitation may be operator error during installation, 

leading to inaccurate count data, anecdotal evidence suggests that the manner in which the 

processor is connected to the electrodes may potentially invert the signal that is recorded during 

object passage leading to fish passage being recorded in the wrong direction though this may 

be resolved during the verification or validation process (Stephen. A., pers. comm., 2017). 

4.4.5. Conclusions 

An error of below 20% occurs variably in more than 75% of weeks of raw count data. Errors 

in the data are consistently present where fewer counts are observed per week. Thus, to use 

resistivity count data for high resolution and accurate stock assessments full verification should 

be performed, especially in counters high in the system which have a low frequency of counts; 

though this will only provide an adequate assessment of species abundance if the only species 

present in the river system which can trigger a count is the target species or if a side view 

camera can be used to accurately identify individuals to the species level. However, the 

implications of the findings of this study are that not all count data are equal in accuracy, both 
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within and between years and within and between counters. As such, the assessment of fish 

stock status using resistivity fish counter data requires acknowledgment or adjustment of data 

due to the variable nature of counter accuracy. Additionally, the use of many historic datasets 

for high resolution studies is questionable as counter accuracy is unknown, though it may be 

possible to use raw count data to assess general trends in salmonid passage both within river 

systems and across Scotland.  

4.4.6. Future work 

Future innovations may aid the development of alternative means of verification. Automated 

image processing will likely be appropriate for some counters (Yu et al. 2013; Zion, 2012). 

Machine learning for the analysis of signal characteristics may support signal-based 

verification, Chou et al. (2018) have successfully used a machine learning approach for 

analysis of signals in water quality management, it may be possible in the future to adapt a 

similar system for use in resistivity counter data. Automated verification development would 

improve the reliability of the dataset as it would not be dependent on individual operator 

expertise and ensure accurate count data.  
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CHAPTER 5 

USING RESISTIVITY COUNTER DATA TO TRACK SALMON (Salmo salar) 

PASSAGE THROUGH RIVER SYSTEMS. 

5.1. Introduction 

Atlantic salmon (Salmo salar) typically migrate to their natal spawning grounds though fidelity 

is variable between individuals and this appears to be a trait which whilst generally present 

across the species has varying impacts on behaviour, as a result straying will occur with varying 

proportions of stocks moving between rivers or between breeding populations within a 

structured population (Keefer and Caudill, 2014; McDowall, 2001; Stewart et al., 2011; Waples 

and Gaggiotti, 2006). The migration within a single year tends to consist of one or more runs 

of salmon per river system, these salmon may return to a range of spawning areas within each 

river system (Hansen and Jonsson, 1991). Salmon “runs” represent the differently timed returns 

of sections of the river stock which can combine or create either temporally or spatially separate 

populations. Natal homing indicates that salmon within an area of spawning habitat may be 

described as a local population (Waples and Gaggioti, 2006). The distribution or timing of 

arrival of migrating adults within a system may not be known where telemetry information is 

not available (Hansen and Jonsson, 1991; Stewart et al., 2011; Vähä et al., 2017; Wennevik et 

al., 2019). There is limited information available on the precise likelihood of salmon straying 

from natal spawning habitat, whilst numerous studies have been performed there is limited 

agreement between them which suggests that separate populations may have different 

probabilities to stray (Keefer and Caudill, 2014; McDowall, 2001; Ueda et al., 2016). In the 

case of spawning salmon, the local population may also be temporally defined as salmon in the 

spring run are unlikely to breed with salmon in the summer run. Spatial and temporal 

definitions of breeding populations suggest that monitoring data on timed returns past a fixed 
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point within a river system may inform on the movements of populations as a part of a river 

stock.  

5.1.1. Generation of resistivity fish counter census data 

Census data are commonly used in the assessment of Atlantic salmon stocks across their range 

and typically involves the use of one or more monitoring methods (Eatherly et al. 2005; Ford 

and Myers, 2008). Contrastingly, telemetry informs on the migration behaviour of salmon 

within a river system at various life cycle stages and may provide insight into mortality rates 

at different stages of the life-cycle stage (Chaput et al., 2019; Gerlier and Roche, 1998; Hinch 

et al., 2018; Kennedy et al., 2018). In contrast, census data provides broader information on 

river stock abundance, and if gathered at various life cycle stages can inform on mortality and 

the stage at which it is occurring, and can be used in the setting of conservation limits (Bacon 

and Youngson, 2007; Eatherly et al., 2005; MacLean, 2007). 

Fish passage can be affected by manmade barriers such as hydroelectric dams, but the fish 

passes that are equipped with fish counters can accurately monitor passing salmonids (Chapter 

2; Chapter 3; Chapter 4).Census data can also inform on the overall ability of fish passes to 

allow upstream movement of fish, as can individual telemetry data, though the use of telemetry 

also allows for the assessment of fish pass effectiveness and may be used to observe fish 

behaviour provided that the application of telemetry equipment does not negatively impact on 

fish survival (Gowans et al., 1999; Silva et al., 2018). The ability to allow passage of migratory 

salmonids in regulated rivers, such as those fitted with dams, is strictly enforced by 

environmental regulators (Salmon Act, 1986). Due to policy enactment, fish passage must be 

facilitated through barriers to migration (Salmon Act, 1986). In the case of hydroelectric dams, 

fish passes are used to allow movement past the structure (Chapter 2). Fish passes are often 

equipped with fish counters to establish that movement past the structure is possible (Chapter 
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2). As such fish counters in hydroelectric dams may provide information on the movement of 

anadromous salmonids through barriers within a regulated river system (Gowans et al. 1999). 

SSE operates a large number of hydroelectric dams across Scotland, in cases where the salmon 

passage is possible fish counters are typically installed (Simpson, 2003). The ideal location for 

fish counters to monitor whole river stocks, is as close as possible to the mouth of the river 

(Braun et al. 2016). However, hydroelectric dams are infrequently sited in such positions, 

which limits their use for censusing river stocks, though whether the data gathered can still be 

useful to a different extent is as yet unknown (Chapter 2).  

5.1.2. Potential uses of the Scottish resistivity fish counter network 

In Scotland there are often multiple hydroelectric dams with fish counters within a hydro 

altered river system (Simpson, 2003). Where this is the case each counter may be able to 

provide information not only on passage at that site but also on stock abundance and movement 

within the river system. As such, in these situations they may provide information in a similar 

way to telemetry where telemetry arrays are present within a system. However, with fish 

counters the data provided would be general census data rather than information on the 

movements of individuals (Gilbey et al., 2018). 

Resistivity counters have gained increasing focus as a source of information as regards the 

implementation of conservation policy related to setting conservation limits sue to their ability 

to inform on stock abundance (Braun et al. 2016). However, there are currently a limited 

number of counters in operation which meet the described ideal situation for monitoring whole 

river stocks (Braun et al. 2016). Further to this, the usefulness of count data to inform on stocks 

is uncertain and may vary between counter installations and specifications of operation 

(Chapter 2). The large proportion of currently installed fish counters in Scotland are sited 
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higher in-river systems and it is unclear the extent to which they would usefully inform on 

changes in the abundance and run timing of river stocks (Chapter 2). 

Time stamped census data may also be used to monitor the movement behaviour of 

anadromous salmonids within a river system, particularly where there are multiple counters per 

system, though the extent to which they can be usefully applied to this function is not clear. 

Fish count data would not be able to identify individuals nor could they identify the species in 

passage but may be used to assess what proportions of a mixed river stock pass through each 

counter, though it is likely that the data would inform on the movements and distribution of 

anadromous salmonids in systems with multiple counters installed. However, analyses 

designed to examine this would have to account for the extent of the time delay in the passage 

of anadromous salmonids from lower to higher counters in a system, and also to account for 

loss of numbers due to salmon homing to areas not observed by the second counter.  

5.1.3. Aims & Objectives 

The overall aim of this study is to assess if insights can be gained into the movement behaviour 

of anadromous salmonid stocks within river systems which have multiple fish counters 

installed. To fulfil this aim the specific objectives of the study are to:  

1. Analyse the relationship in weekly count data between counters within a system. 

2. Establish the proportion of fish counted in one counter which were counted in another 

linked counter within a system. 

3. Determine the relative proportions of fish counted in independent counters in a river 

system which do not have the same stocks of fish pass through them. 

5.2. Methods 
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5.2.1. Data Gathering 

The data used within this study was the raw count. The resistivity counter processor uses an 

algorithm which controls the recording of upstream and downstream passage which is 

determined by signal characteristics. The recorded count determined by the algorithm is 

deemed a “raw count” which requires verification and/or validation to assess and improve data 

accuracy. During operation, the resistivity counter records total upstream and downstream 

passage. On a weekly basis the upstream and downstream passage values are recorded as the 

raw count by an SSE operative. The data were grouped by week wherein week 1 represents the 

first week of the first calendar year during the period observed. The counters have been 

constructed to limit their likelihood to be triggered by species other than Atlantic salmon, 

though this does not guarantee that only Atlantic salmon have been counted the data were taken 

to be representative of the movements of the Atlantic salmon stock whilst describing more 

broadly the mixed river stock of anadromous salmonids. 

  

5.2.3. Counter selection 

Counter selection for this study was restricted to SSE series counters installed in SSE 

operated dams across Scotland. Of the counters for which data were available ten were 

selected for inclusion which had multiple counters within single river systems (Table 5.1; 

Figure 5.1). These counters were installed in either Borland lifts or fish ladders with either 

flat or tube flumes (Chapter 2; Braun et al. 2016; Simpson 2003). Borland lifts consist of a 

vertical chamber with gates at either end to control water level and flow (Chapter 2; Stephen, 

A. Pers. comm., 2017; Travade and Larinier, 2002). Fish ladders consist of a series of stepped 

pools through which the water flows creating an attraction current at the base (Gowans et al. 

1999). Flat flumes used in all Borland lift counters used in this study are flat electrically 

insulated bases upon which the electrodes are based and the current passes through the water 
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column between them (Braun et al. 2016). Tube flumes installed in all fish ladder counters 

used in this study are tubular electrically insulated passages through which fish pass, 

electrodes are mounted across the full interior circumference of the tube (Braun et al. 2016).
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Figure 5.1. A map of SSE dam locations in the study area. Counters used in this study are highlighted with an annotated orange mark. River 

systems shown in this Figure: a) Conon, b) Beauly, c) Ness, d) Tay and Tummel e) map to show locations of map tiles within Scotland. Map 

adapted by Evan Roderick from the Ordinance Survey map accessed on http://www.bikehike.co.uk/mapview.php. 

http://www.bikehike.co.uk/mapview.php
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Table 5.1. Counters selected and the corresponding river system. 

River System Counters selected 

Beauly Kilmorack, Aigas, Beannachran 

Ness Dundreggan, Invergarry 

Tummel Pitlochry, Clunie 

Conon Torr Achilty, Luichart, Meig 

 

 

Table 5.2. Counter pairs selected to give information on location and fish passage. 

Pair Characteristics Counter Pair 

Counters with located a short distance from 

one another in series. 

 

Kilmorack & Aigas 

Pitlochry & Clunie 

One counter low in system in the main stem & 

one high in system in tributary. 

 

Aigas & Beannachran 

Kilmorack & Beannachran 

Counter low in system counter paired with one 

high in system from major river above. 

 

Torr Achilty & Luichart 

Torr Achilty & Meig 

Independent counters within a system, 

theoretically unlikely to have same fish. 

Dundreggan & Invergarry 

Luichart & Meig 

5.2.4. Obtaining Raw Count Data 

Each counter processor uses an algorithm to analyse signals generated by object passage, which 

is extracted by an SSE operative (Chapter 2). The use of raw count is sufficient to assess broad 

trends in count data as raw count was found to have a consistently low degree of error (Chapter 

4). An error of below 20% occurs variably in more than 75% of weeks of raw count data 

(Chapter 4).  

The weekly net raw upstream passage was determined for a seven-day recurring time period 

starting from 01/01/2005 and ending on 31/12/2008 and resuming on 01/01/2010 and ending 
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on 31/12/2016. Data for 2009 was excluded as a large proportion of the data were missing due 

to data recording issues, making comprehensive analysis unreliable and unfeasible. 

The net weekly upstream passage is calculated from this data using the following:  

𝑁𝑒𝑡 𝑊𝑒𝑒𝑘𝑙𝑦 𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑃𝑎𝑠𝑠𝑎𝑔𝑒

= 𝑇𝑜𝑡𝑎𝑙 𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑃𝑎𝑠𝑠𝑎𝑔𝑒 − 𝑇𝑜𝑡𝑎𝑙 𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑃𝑎𝑠𝑠𝑎𝑔𝑒 

In most instances upstream passage was either equal to or more than downstream passage. 

During peak upstream passage periods there are consistently low numbers of downstream 

passage. However, the calculation can output negative net weekly upstream passage. Weekly 

count was collated for all counters per year and for all years combined.  

To assess the relationship between counter pairs, counts for high in system counters were 

subjected to one-week time lags. The relationship between lagged data and low in system count 

data were investigated to assess consistency of time taken to ascend the river system. 

5.2.5. Statistical analysis 

The statistical analysis focuses on the quantification of the relationship between fish count data 

gathered at different points within each of the river systems. Its objective is to identify trends 

in the timing of returns which might indicate duration of passage between counter locations. 

To assess these relationships, the correlation of data sets between counters will be assessed for 

varying time lags. The hypothesis is that stronger, significant correlations will be found where 

salmon passing through a lower counter ascend to the location of a higher in system counter. 

Additionally, the time lags which give strongest correlation will most closely reflect the 

average duration of passage between counters. 
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The data were tested for normality using Shapiro-Wilk test in SPSS to establish if the data were 

non-normally distributed. Spearman’s rank correlation was calculated and tested for all 

selected pairs of counters within each system and for all time lags. Correlation coefficients 

were then plotted in heat maps using R ggplot2 for all pairs of counters per year and for all 

years showing relationships for all time lags (Wickham, 2009). 

Using R base code, the net weekly passage was plotted for each counter (R core team, 2017). 

The data were subsequently also plotted for each pairing of counters per river system using 

ggplot 2 (Wickham, 2009). Following the correlations, the use of time lags was discontinued, 

and time series of count data were created for each individual counter. These time series were 

then decomposed to examine seasonality and plotted using base R (R core team, 2017). 

Subsequently time series linear regression modelling was applied to each pairing of count data 

(R core team, 2017). Time series regression was performed to assess the direct linear 

relationship between counts observed at different sites within systems and allows for the 

accommodation of the features of this time series. The forecast package was used to generate 

time series regression (Hyndman et al., 2020). Time lags of 0 to 5 weeks were considered in 

this analysis. The regression equation is as follows where m represents the gradient and c is the 

y intercept: 

𝐻𝑖𝑔ℎ 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = 𝑚 𝐿𝑜𝑤 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 + 𝑐 

5.3. Results 

5.3.1. Weekly count data for paired counters per year observed 

Weekly count data were plotted per system per counter (Figure 5.2, Figure F5.1 – F5.3).  

Kilmorack and Aigas, and Pitlochry and Clunie, which are pairs of counters with minimal 

distance and a minor tributary between them appear to show similar relationships within pairs 



123 

 

and between years but differ between pairs. Aigas and Kilmorack data appears to share similar 

patterns in weekly counts for all years. Clunie and Pitlochry share a similar geographic 

relationship as do Aigas and Kilmorack. Between Clunie and Pitlochry there is a decrease in 

salmon numbers between counters. The alignment of the patterns of count data between Aigas 

and Kilmorack was consistently high across all years for a 0 week time lag, though it had the 

greatest correlation in 2007 when Aigas had a 1-week time lag applied. No lag or lags longer 

than one week, even where counters are close together show poor alignment of count data. 

Torr Achilty and Luichart, and Torr Achilty and Meig, where the pairings consisted of a main 

stem counter below a branch in the river system with a counter on each of the major tributaries, 

follow similar trends within each of the two paired counters between years.  However, Torr 

Achilty and Luichart (I5.3) experience greater reduction of salmon numbers between counters 

than Torr Achilty and Meig (Figure I5.4). Time lag also influences the degree of alignment of 

patterns of number and this is most apparent in Torr Achilty and Meig with the best match 

found with a 3-week time lag. 

Aigas and Beannachran, and Kilmorack and Beannachran, show that a consistent but small 

proportion, approximately 8-10% of whole Beauly system stock measured at Kilmorack, 

migrate to the river Farrar, mostly during the spring run (Figure 5.5). However, in the peak 

years of 2010 and 2012, this proportion increased to 10-13%. This proportion is low as there 

is large loss of salmon within the system between Aigas and Beannachran, and Kilmorack and 

Beannachran which is likely to weaken the relationship between the counters. However, it is 

known there is a commonly occurring spring run of salmon through Beannachran which aligns 

with a proportion of the lower in system counts at Aigas or Kilmorack (Figure 5.5).  

The analysis of Dundreggan and Invergarry dams show that there can be alignments in count 

data within system between largely independent river sections which are unlikely to observe 



124 

 

the same individuals (Figure I5.2). This can also be seen in Luichart and Meig where time lag 

appears to influence the strength of the association.  However, rather than representing an 

alignment in the proportion of individuals observed by each counter it represents an alignment 

in proportions of the same run of a river stock. There are fewer commonly occurring trends 

between counters which are unlikely to observe the same individuals.  
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Figure 5.2. Time series raw fish count data plotted per counter within the Beauly system. 

Counters shown are as follows: top row – Kilmorack, middle row – Aigas, bottom row – 

Beannachran. 
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5.3.2. Correlations between the counts of paired resistivity counters 

In the Beauly system the highest correlation coefficients for counts at Aigas and Beannachran 

(Figure 5.3) were frequently within the 1-week time lag and similar relationships were found 

between Kilmorack and Beannachran (Figure 5.3). In the Beauly system between Aigas and 

Kilmorack (Figure 5.3) the highest correlation coefficients were frequently within the 0-week 

time lag, contrastingly the similar pairing of Pitlochry and Clunie (Figure G5.1) in the Tummel 

system showed more frequently high correlation coefficients for the 2-week time lag. In the 

Conon system between Torr Achilty and Luichart (Figure G5.2) the higher correlation 

coefficients were more frequently for the 3-week time lag and were more frequently for the 1-

week time lag between Torr Achilty and Meig (Figure G5.3). In the Conon system between 

Luichart and Meig (Figure G5.4) the higher correlation coefficients were more frequently for 

the 0-week time lag in the Meig Count, and for Meig and Luichart (Figure G5.5) there were 

higher correlation coefficients more frequently for the 1-week time lag in the Luichart count. 

In the Ness system there were more frequently high correlation coefficients between 

Dundreggan and Invergarry (Figure G5.6) for the 0-week time lag in the Invergarry count, and 

for Invergarry and Dundreggan (Figure G5.7) there were more frequently high correlation 

coefficients for 1-week time lag in the Dundreggan count. In the Ness system the counts are 

consistent between years and there appears to be a seasonal pattern to the counts from 

Dundreggan with a larger early running component, though there appears to be limited 

seasonality in the counts from Invergarry. 
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Figure 5.3. Heatmap of correlations in weekly count between pairs of counters within the 

Beauly system, correlations are shown for all years and 0-5 week time lags. Top row – Aigas 

and Beannachran, middle row Kilmorack and Beannachran, bottom row - Kilmorack and 

Aigas. 
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5.3.3. Time series regression of counts per counter pair per system 

Time series for all count data show recurring seasonal trends in returning stocks of salmonids. 

Plots for all Beauly system decomposed time series and pairings of time series are shown below 

(Figure 5.4, Figure 5.5). plots for all other systems decomposed time series are found in 

Appendix 5.3 (Figure H5.1 – Figure H5.7).  

There is a consistent seasonal trend in salmonid migration within the Beauly system. A 

commonly occurring proportion of the stock that was observed at Kilmorack and Aigas was 

found at Beannachran. The Beannachran trends also show that a smaller second peak is 

consistently observed which is not apparent in the Aigas and Kilmorack data, but it is likely a 

smaller proportion of the later running salmon which are present in higher numbers elsewhere 

within the system above Aigas. The weekly count at each site can be seen as a proportion of 

the other sites in Figure 5.5 which shows the consistent seasonality in count data within the 

system and demonstrates how the lower counters explain more of the variance between them 

than when in comparison with the high Beannachran counter. Relationships with significant p-

values were found between all pairings of counters in all systems using time series regression 

though R2 values were variable between pairings, the pairings with R2 which demonstrate that 

more than 50% of the variance was explained are Aigas and Beannachran, Kilmorack and 

Aigas, and Torr Achilty and Meig, which can be seen in Table 5.3. 
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Figure 5.4. Decomposed time series of counts from sites within the Beauly system. Top row – 

Kilmorack, middle row – Aigas, bottom row – Beannachran. Each counter’s plot displays the 

observed counts (top row per plot), the trend through time (second from top row per plot), the 

seasonality of the data (second from bottom row per plot), and the random effects (bottom row 

per plot). 
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Table 5.3. Collated time series regression equations and R2 per counter pair per system. 

Highlighted boxes of the table are to draw attention to the pairings which exceeded 50% of 

the variance explained by the time series regression. 

System 

High 

Counter Low Counter R2% p-value Equation 

Ness Invergarry  Dundreggan 3.339 <0.001 y = 0.05769 + 0.94178 

Kyle of 

Sutherland 
Duchally  Shin 14.38 <0.001 y = 0.4907x + 2.4939 

Tummel Clunie Pitlochry 18.43 <0.001 y = 0.06057x + 4.38824 

Conon 

Luichart  Torr Achilty 19.08 <0.001 y = 0.08443x + 1.45102 

Luichart  Meig 22.55 <0.001 y = 0.2538x + 1.4924 

Meig  Torr Achilty 55.56 <0.001 y = 0.2696x + 1.0048 

Beauly 

Beannachran Kilmorack 47.85 <0.001 y = 0.05637x + 0.91296 

Beannachran  Aigas 53.37 <0.001 y = 0.06728x + 0.48998 

Aigas  Kilmorack 77.31 <0.001 y = 0.778x + 10.68 
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Figure 5.5. Time series plot of counters in the Beauly firth with pairs of counters plotted per 

row. Top row – Aigas and Kilmorack, middle row – Beannachran and Kilmorack, bottom row 

– Aigas and Beannachran. X axis is the progression of time from 2005 to 2016. Y axis is the 

net upstream count per week per counter. Red line and blue line are labelled per plot. 
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5.4.  Discussion 

5.4.1. Weekly count data for paired counters per year observed 

There were consistent seasonal trends in salmonid numbers observed per year during the 

study period. Weekly numbers of salmonids remained consistent between years however 

there was some variation in timing which was likely due to environmental factors affecting 

timing of migration. Between Kilmorack and Aigas there is minimal distance to travel and 

limited spawning area available but there is a large decrease, more than 200 in some years, in 

maximum count per week. Based on the findings of previous studies this is likely due to fish 

behaviour and the design of the installation which has led to increased undercounting of fish, 

in particularly there appears to be a prevalence at the Aigas site for multiple fish passage 

counting events (Chapter 2; Chapter 3; Chapter 4).  

There is a large decrease in numbers of salmonids in passage between Pitlochry and Clunie 

which is likely due to the river branching between the two sites. The unmonitored tributary, 

the river Garry, appears from this comparison to receive more than 200 salmonids per week 

during peak times. An improvement to salmonid monitoring in this system could be to assess 

the relationship between weekly rod catch data within the areas observed by each counter and 

the fish count data generated and as such develop a proxy monitoring statistic for the area not 

observed directly by a fish counter to understand the passage of salmonids to this section of 

the river system. 

Torr Achilty receives more than 250 salmonids per week during peak times, the branching 

above this site means that salmon predominantly have the choice of ascending to either Meig 

or Luichart. The low numbers found at Luichart may be indicative of the extensive barriers to 

migration. In addition, there may be a stalling effect on migration due to a congregation of 

salmonids in the difficult to pass area below the counter, which could cause lower maximum 

counts across a greater number of weeks. 
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5.4.2. Correlations between the counts of paired resistivity counters 

There were strong positive correlations between counters within all pairs, and this varied with 

time lag, which indicates that there are predictable migrations of salmonids to all observed 

sections of the river systems, this was supported by consistently significant relationships 

between counters within systems. The relationship between counters within pairs appears to 

be erratic in some cases, which is likely due to losses of salmonids within the system between 

counters. However, where counters are located closer together as in the case of Aigas and 

Kilmorack there is a strong relationship between counts and the proportion of salmonids 

passing through the second counter, whilst fluctuating between weeks, is consistently high 

across all years. Where counters are situated like Torr Achilty, Meig and Luichart it may be 

possible to observe the passage of a river stock as observed on the main stem separating into 

localised groups within major tributaries. There were also relationships found between 

counters within a system which were not likely to have observed the same individuals which 

indicates that all counters may in some cases provide insights on the activity of the river 

stock. This may be of use for calibrating alternative monitoring methods or for supporting 

assessments and decision making regarding other sections of the river stock where limited 

data are available. 

In the Conon system the counters have reliable degrees of error, in addition a predictable 

proportion of salmonids pass from Torr Achilty to either the Luichart or Meig counters 

(Chapter 4). Meig counter has recorded an increasing number of returning adults over recent 

years. In recent years Luichart has experienced an increase in the summer run which indicates 

that the recently concluded stocking program has generated a naturally spawning stock 

(Gowans et al., 2003; McKenzie, 2016). The time delay was not consistent between years, both 

between Torr Achilty and Luichart and Torr Achilty and Meig, suggesting that there are likely 

environmental factors affecting the duration of migration.  
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In the Beauly system the counters have reliable degrees of error and that a frequently high 

proportion of salmonids pass from Kilmorack to Aigas and a smaller subset then pass to 

Beannachran. There is a minimal time delay between passage through Kilmorack and Aigas. 

Correlations suggest that One week passes between passage through Kilmorack and Aigas to 

Beannachran.  However, this may be an artefact of the data being affected by unknown losses 

of salmonids per week within the system between the counters. This could arise from either 

miscounting caused by fish behaviour during passage through counters, or migration through 

the system causing similarly timed peaks in activity at different points within the system due 

to unrelated sections of the river stock. A higher proportion of the early running salmonids 

passing through Aigas ascend to Beannachran than the later run. The pattern in movement 

within the system is broadly consistent between years.  

A smaller proportion of the fish counted at Pitlochry are counted at Clunie compared with the 

similar pairing of Aigas and Kilmorack, which is likely due to the present of the productive 

River Garry tributary branching off between the two counters on the River Tummel. However, 

there is also a 2-week time lag between passage through Pitlochry and Clunie that is consistent 

with the findings of Gowans et al. (1999) who found that the time spent within Loch Faskally 

which is found between these two counters prior to ascension of Clunie dam ranged from 0.16 

– 67.42 days.  

Time lag associated with the strongest correlations show clearly that fish are moving 

upstream from one dam to the next, as expected and that the data are subject to a lag to allow 

for the duration of passage. However, more interestingly, the time lag was found to vary 

between years within pairs, suggesting that it will be possible to draw insights on the duration 

of passage between counters and how this may be affected by environmental and seasonal 

factors. As the systems studied are regulated rivers, it will be possible to explore the effect of 
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dams on variation in environment conditions as well as other environmental factors, on 

salmonids migration timing and behaviour. Though in most cases the basic barrier effect of 

dams on upstream migration has been mitigated there is the potential for more subtle, 

unknown effects on movement timing and success from dam induced environmental 

alterations. 

Counters which were located with minimal distance and minor tributaries between them 

consistently had the highest correlation with 0-week lag time.  In these instances, it may be 

possible to exploit daily count data for management purposes, or to explore behaviour, as it 

would provide higher resolution information on the movements of salmonids between 

counters. However, counter pairs which were located with one counter on the main stem and 

another on a high tributary frequently also had strong correlations if data were time lagged to 

account for time required for salmonids to move upstream to the next counter.  This was 

generally in the order of 1 week, but the exact amount and pattern of lags differed between 

pairs. In contrast, counters which were not likely to observe the same individuals were 

consistently correlated within pairs per year per time lag but differed between pairs. Given 

that Rivinoja et al., (2006) found that salmon ascending regulated rivers in Sweden equipped 

with PIT tags and radio tags took between 38 and 49 days on average to travel more than 30 

km, with the increased water temperatures, shown to influence migration speed (Gowans et 

al., 1999), and shorter distances between fish counters – Aigas and Kilmorack are less than 

17 km distant by river – it is clear that the observations of this study concur with what has 

been found elsewhere.  

5.4.3. Time series regression of counts per counter pair per system 

The time lag was removed from the data set for use in time series regression as the analysis 

found that the correlations were little affected by their use.  This is also consistent with 

findings in the literature that show the duration of passage between counters was typically 
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within a one week time period (Rivinoja et al., 2001; Lundqvist et al., 2008). Kilmorack is 

low in the Beauly system and close to Aigas, with limited spawning area between them and 

minimal loss from predation, which would explain the high positive time series regression 

coefficient of correlation of 0.778 and R2 value found in the regression. Pitlochry and Clunie 

share a similar distance between the two sites as Aigas and Kilmorack but there is a major 

tributary to the Tummel between them, the River Garry, which leads to a high loss of 

substantial numbers of salmonids between the two counters and explains the considerably 

lower time series regression coefficient of 0.06057 and R2 value, which demonstrates the 

larger decrease in numbers in passage between this pairing. In contrast, a higher significant 

R2 value and time series regression coefficient of 0.2696 was observed between Meig and 

Torr Achilty, where there are two major tributaries upstream of the Torr Achilty dam, each of 

which have a fish counter in place at Luichart and Meig, However, it appears the majority of 

salmonids ascend to Meig, possibly due to the major barriers to migration found on the 

tributary on which Luichart Dam is located. Regardless, the substantial loss of numbers 

between Luichart and Torr Achilty and the potential irregularity of delay caused by barriers, 

make it unsurprising that the time series regression coefficient and the R2 value for this pair 

of dams are low though the relationships are significant.  

The significant time series regression coefficient of 0.4907 but low R2 value in the Duchally 

and Shin pair suggests some correlated seasonality of returning salmonids between these 

systems which are local to one another. However, the low R2 value indicates that the correlation 

is weak and that there will likely be various within system influences which affect the timing 

of ascension such as fish behaviour and environmental variables. The low R2 between 

Invergarry and Dundreggan can be explained by low numbers of returning adults and different 

timing of returns to each of the tributaries of the ness system in which these counters are 

located. As the Ness system counters will be accessed by separate sections of the river stock a 
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low R2 was expected, though the value was also likely depressed by the very low stock numbers 

which are found at Invergarry which caused a small time series regression coefficient of 

0.05769. 

The R2 values indicate that the analyses used in this study are particularly useful for the 

Beauly system but less so for the other counters on other systems observed, excluding the 

Meig and Torr Achility on the Conon. The reasons behind this are most likely the natural loss 

of salmonid numbers between the lower and higher counters, and the effect of barriers to 

migration disrupting the trends in the time series. However, it is worth noting that each of 

the counter pairs in the Beauly, Conon, and Tummel systems generated higher R2 values 

than either the Dundreggan and Invergarry pairing, or the Duchally and Shin pairing. Thus, 

the pairings on the Ness and the Kyle of Sutherland systems demonstrate that where 

counters are unlikely to observe the same fish as the other counter in the pair that minimal 

relationships will be found. Using unrelated counters demonstrates that relationships are 

unlikely to be found within such pairs whether they are on separate systems in similar 

geographic areas or within the same system on separate tributaries. In the case of the poor 

R2 values observed on the Tummel system it would require monitoring to be installed on the 

River Garry tributary between Pitlochry and Clunie to assess the proportion of the stock 

which either passes into that river or is lost between counters.  

5.4.4. Ability to observe trends in migrating adult salmonids 

The data used for the analysis was raw count which has limited accuracy in comparison to fully 

verified and/or validated data (Chapter 2; Chapter 3; Chapter 4; Eatherley et al. 2005). 

However, the analysis presented in Chapter 4 indicates that the error rate in raw count is low 

across counters though the variations in the accuracy of raw data between counters may have 
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affected the analysis. Additionally, there is an unknown but demonstrably variable degree of 

loss of salmonids between each pair of counters, a further factor that may limit the general 

insights derivable from a given counter pair. However, by combining the insights from the 

different counter pairs, a general aspect of the patterns of counts can be gleaned, particularly 

by exploiting weekly rather than daily count data.  

Considering the limitations of the data, this study strongly suggests that raw count can provide 

useful insights on the movements and duration of movements of salmonids within a river 

system. The analysis found consistent relationships in numbers of returning salmonids between 

counters which mean that broad trends in returning adult salmonids may be resolved using this 

approach. As such it is likely that the approach used here could be exploited in other systems 

with multiple counters and facilitate the use of historical data sets for stock assessment where 

in most cases counter accuracy may not be known. 

5.4.5. Implications for monitoring salmonids 

Monitoring stocks is an essential part to Atlantic salmon conservation management (NASCO, 

2009; Chapter 2). This typically involves assessing the river stock abundance using rod catch 

which is subsequently calibrated against counter data. In contrast, telemetry is more commonly 

used to inform on the movements of individuals, from which inferences can be made regarding 

the movements of stocks or populations but is labour intensive in the preparation of equipment, 

and the gathering and processing of data. The use of count data, where there are multiple 

counters in a system, has the potential to be used alongside conventional methods of telemetry 

or independently to observe the movement of stocks through a river system (Gauld et al., 2016; 

Malcolm et al., 2010; Schwinn et al., 2018). Fish counters, whilst not informing on the 

movements of individuals and in some cases not describing the species to which they belong, 

provide a less labour intense method for informing on the movements of stocks (Baumgartner 
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et al., 2010; Braun et al., 2016; Ulvan et al., 2018). However, salmon runs as observed by 

counters may be assumed to represent one, or more, breeding populations providing that an 

assessment of breeding population distribution has been completed including ensuring that the 

counter location does not bisect a breeding population’s river network(Hansen et al., 2007; 

Jordan et al., 2007; King et al., 2007). Counters will almost certainly have only limited use in 

monitoring abundance and movement at the breeding population level. However, in the case 

of the Beauly system the counter network could potentially be used to describe the movements 

of the stock through the system using this approach as there is a consistently occurring 

proportion of the stock passing from one counter to the next. The method does have its 

limitations as in the Tummel system there is a substantial loss of numbers between counters 

due to an unmonitored productive tributary. In addition, in the Conon system, where there is 

branching above the lowest counter and both tributaries are monitored, a commonly occurring 

proportion of the stock can be observed passing from Torr Achilty to Meig whereas due to 

extensive barriers to migration the proportion of the stock ascending there cannot be observed 

as clearly using this method. The combination of telemetry with fish counters wherein a range 

of species including the target species of the fish counter design were tagged would allow for 

an assessment of the effectiveness of the fish counter in monitoring only target species. This 

process would also enable the two methods to be benchmarked against each other which whilst 

costly may improve fisheries management decisions in the future. 

5.4.6. Implications for fish counter operation 

The implications of the study findings for the operation of fish counters are that raw count data 

can inform on the movement of salmonids within a river system and provides broad 

information on the river stock. This study shows the value of census data in fisheries 

management, though due to the limitations observed in the relationships found it encourages 

the broader use of a range of collected data types in the monitoring of salmon which might 
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enable more variance between monitoring stations to be explained, this would likely benefit if 

monitoring were increased not only for the spawning migration but potentially in all freshwater 

based lifecycle stages. Monitoring Atlantic salmon may be improved with the use of this 

study’s method as it allows for the broad assessment of the movement of a stock within a river. 

Furthermore, this method may be applicable alternative census data types to produce similar 

insights where counters are not installed.  

The findings, however, make it clear that the location of monitoring points is a key factor in 

the value of census data.  For example, the presence of alternative end destinations between 

monitoring points even where they are located close together like Clunie and Pitlochry can 

involve the loss of large numbers of salmon from the data comparison which limits the 

applicability and usefulness of this paired analysis approach in many situations. This analytical 

approach may be more widely applicable to other monitoring methods, species, and 

environments where the sites used monitor proportions of a stock moving through a migratory 

route.   This study may improve the use of historical data where census data has been gathered 

at multiple points within a river system or more broadly in the migratory path of a subset of a 

species. This may also improve the design of a future counter network as proposed for Scotland 

(Braun et al., 2016). 

5.4.7. Future study 

A large proportion of variance in the data remains unexplained by the analysis method used 

and it is possible that observed passage through the systems is subject to further environmental 

influences or genetic variables. Thus, it would be useful and potentially informative to test for 

the effect of other factors on salmon passage and to understand the effect of regulation of water 

flow by dams on the movement of salmon through a regulated river using counter data. Future 

research should seek to establish a more complete spatial account of the movements of stocks 
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based on the analysis of data from fish counters.  This could best be realised by integrating 

counter data with data obtained by telemetry networks and through a comprehensive genetic 

analysis of ascending salmon both at the counter site and at spawning sites. The use of genetic 

information would be able to indicate whether conventional census data such as fish counts 

could inform on structuring within populations and also provide indications of the sizes of 

breeding populations (King et al., 2007; Stewart et al., 2011; Vähä et al., 2017). Furthermore, 

if a relationship were found between fish count patterns and genetic structuring, this could 

potentially be used to extract extensive information from historical count datasets on 

structuring prior to the development of sufficient genetic analysis methods. 

5.4.8. Conclusions 

In conclusion, the analysis points to there being predictable proportions of a river stock passing 

through counter pairs in the river systems observed. Furthermore, the analysis not only 

indicates that fish counters may be exploited to inform on the movement of salmon within a 

river system, from one counter to the next, but also to study differences in the behaviour of 

different river stock components where counters are on different tributaries. Using subsets of 

count data such as the Kilmorack fish counter which are known to be descriptive of the numbers 

and timing of spawning migration observed across the river system could inform more broadly 

on the river stock, through which approach historical datasets of ecological census data which 

could provide new insights to wildlife managers.  
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CHAPTER 6 

THE RESPONSE OF ATLANTIC SALMON (Salmo salar) TO POINT SOURCE 

WATER RELEASES IN A REGULATED RIVER 

6.1. Introduction 

6.1.1. Background 

Atlantic salmon (Salmo salar) are a typically anadromous species, as such they undergo 

migrations between the freshwater and marine environment (Klemetsen et al., 2003). During 

the spawning migration they pass from the marine to the freshwater environment (Klemetsen 

et al., 2003). The timing of their spawning migration is thought to be influenced by both genetic 

and environmental factors (Hansen and Jonsson, 1991; Klemetsen et al., 2003; Stewart et al., 

2011). One of the environmental factors is water flow such that it is likely that patterns of water 

flow regulation associated with hydroelectric dam water management have the potential to 

affect patterns of movement and migration. There are some studies in the literature on the 

impacts of dams on fish passage, and thus movement and migration relating to the extent to 

which it is an obstacle (Dufour et al., 2008; Gowans et al., 1999). Thus, while there is the 

potential for the release of water from structures in a regulated river to affect the timing of 

salmon movement within a river, this has not been widely explored in the literature.  

A link between water flows and Atlantic salmon movement has been found across their range, 

with salmon typically attracted to flows during their spawning migration(Salinger and 

Anderson, 2006). This attraction has been exploited to encourage the passage of fish through 

structures such as dams (Gowans et al., 1999). There have been studies on the passage of 

salmon through structures within a regulated river exploiting fish counter data (Gowans et al., 

1999). However, there is an ongoing management need to understand the effect of water 

releases from dams on the movements of salmon within a river system. Dam water release 
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schedules can be site specific as they are designed to accommodate the design of the fish pass 

and the river features which may affect passage (Alastair Stephen, pers. comm., 2020). As such 

their effects on salmon movements may be site or system specific, meaning that the decisions 

to release water from dams may be based on case specific findings which may not apply 

universally to Atlantic salmon migration. Given this, it is possible that fisheries management 

might benefit from a broader study of the effects of water releases on salmon movement as this 

may enable the generation of new procedures where necessary to encourage passage through 

these barriers. Yet, there have been limited studies of dam water releases and their effect on 

not only the successful passage of salmon but the timing of passage.  

Most studies of the movement of salmon through regulated rivers focus on either the site or 

river system level. As such there is little comparison between river systems within studies and 

no examples of a study or review of the effects of environmental flows across a range of 

systems was found. However there is substantial evidence on a case by case basis for the effect 

of water releases from reservoirs on the migration of Atlantic salmon due to the attraction of 

Atlantic salmon to high flows during the spawning migration (Archer, 2008; Gibbins et al., 

2001; Sundt-Hansen et al., 2018). The release of water from reservoirs commonly occurs for 

the following purposes: safety valve releases, hydro releases, spill, compensation flow. Baker 

et al., (2020) show that environmental flows can have significant impacts on fish migration, 

and that this effect can be exacerbated by variation in other factors which affect flows such as 

rainfall. Given the findings of Baker et al., (2020) site specific measures applied to 

environmental flows are essential, however these should allow for inter and intra-annual 

variation in flows to simulate natural flows. Given these river system specific applications of 

environmental flows it is unclear given the limited literature available the effect that these have 

on the passage of Atlantic salmon through barriers to migration such as dams within regulated 

rivers, or the extent to which their impact differs between systems. There is a clear need for a 
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multiple site and multiple system analysis of salmon movements in response to environmental 

flows. 

Multiple fish counters at differing sites are located within multiple river systems in Scotland 

(Simpson, 2003). The use of fish counters in hydroelectric dams has been shown to provide 

useful information on stock assessment and monitoring practices (Eatherly et al., 2005; Thorley 

et al., 2005). There has been shown to be a relationship between the fish counts at different 

counters within a system and this suggests a consistent duration of passage between sites 

(Chapter 5). The relationship between fish counts within system may be due to either 

environmental or genetic influences on salmon migration (Hansen and Jonsson, 1991; Salinger 

and Anderson, 2006; Stewart et al., 2011) 

Fish counters provide time stamped counts on the movement of salmon through a river system 

(Chapter 2). In addition, the release of water from dams is monitored with time stamped data. 

The combination of these data types would allow for the collation of extensive information on 

the movement of salmon within a regulated river in relation to known point source water 

releases. There is a demonstrated relationship  between the passage of salmon through a river 

system and the flow of water within that system, however in few studies including those using 

regulated rivers are the point sources of water flows known or quantified (Gowans et al., 1999). 

6.1.2 Aims & Objectives 

The general aim of this study is to determine how water flows affect the movement of salmon 

through a regulated river. Its specific objectives are to:  

1. Analyse the relationship between fish counts and water flow data at individual dams.  

2. Assess the effect of time lags on this relationship. 
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3. Determine the implications of the findings for our understanding of the effect that water 

flows have on the movement of salmon and on the patterns of fish counts in counters and on 

general fish migration and movement in regulated rivers. 

 

6.2. Methods 

6.2.1. Data Gathering 

This study used the raw count derived from the counters used. The resistivity counter processor 

uses an algorithm which controls the recording of upstream and downstream passage which is 

determined by signal characteristics. The recorded count determined by the algorithm is 

deemed a “raw count” which requires verification and/or validation to assess and improve data 

accuracy. During operation, the resistivity counter records total upstream and downstream 

passage. On a weekly basis the upstream and downstream passage values are recorded as the 

raw count by an SSE operative. This study also used the weekly water release data which are 

recorded at each dam within the systems studied. The water flow data were recorded in cumecs 

(cubic metre per second) and incorporated both generation flows and freshet flows. Both the 

raw count and water flow data were grouped by week wherein week 1 represents the first week 

of the first calendar year during the period observed. The counters have been constructed to 

limit their likelihood to be triggered by species other than Atlantic salmon, though this does 

not guarantee that only Atlantic salmon have been counted the data were taken to be 

representative of the movements of the Atlantic salmon stock whilst describing more broadly 

the mixed river stock of anadromous salmonids. 

6.2.2. Site selection 

The selection of counters for the study was restricted to those installed in SSE operated dams 

across Scotland. Of the available counters, ten were selected for inclusion in this study based 
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on the presence of multiple counters within the river system (Table 6.1, Figure 6.1). The 

counters were installed in either Borland lifts or fish ladders and had either flat or tube flumes. 

Observations were collected between 2012 and 2016.  

Table 6.1. A table of sites used and their corresponding river systems.  

River System Site 

Beauly 

Aigas 

Beannachran 

Kilmorack 

Conon 

Luichart 

Meig 

Torr Achilty 

Kyle of Sutherland 
Duchally 

Shin 

Ness 
Dundreggan 

Invergarry 
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Figure 6.1. A map of SSE dam locations in the study area. Counters used in this study are highlighted with an annotated orange mark. River 

systems shown in this figure: a) Kyle of Sutherland, b) Conon, c) Beauly, d) Ness, e) map to show locations of map tiles within Scotland. Map 

adapted by Evan Roderick from the Ordinance Survey map accessed on http://www.bikehike.co.uk/mapview.php. 

http://www.bikehike.co.uk/mapview.php
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6.2.3. Data 

For the analysis, the weekly net raw upstream passage was calculated for sequential seven-day 

recurring periods starting from 01/01/2012 and ending on 31/12/2016. Each counter processor 

uses an algorithm to analyse signals generated by object passage, which is extracted by an SSE 

operative (Chapter 2). The net weekly upstream passage is calculated from this data using the 

following: 

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑒𝑘𝑙𝑦 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑝𝑎𝑠𝑠𝑎𝑔𝑒 − 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑒𝑘𝑙𝑦 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑝𝑎𝑠𝑠𝑎𝑔𝑒

= 𝑁𝑒𝑡 𝑤𝑒𝑒𝑘𝑙𝑦 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑝𝑎𝑠𝑠𝑎𝑔𝑒 

The use of raw count is sufficient as raw count was found to have a consistently low degree of 

error across a subset of the SSE network (Chapter 4). Weekly count was collated for all 

counters per year and for all years combined.  Parallel seven-day data on dam water releases 

(cumulative total cumecs of water per day) due to generation of hydro-power, freshets, and 

overspill, were provided by SSE. Following this the data were collated as a time series of all 

weekly data from 01/01/2012 to 31/12/2016. Subsequently data were sorted into individual 

years and only weeks where salmon were likely to be passing through the dam during the 

spawning migration were included, the filtered weeks observed were from the 9th week to the 

50th week of each year, this enabled the analysis of the relationship between environmental 

flows and salmon runs whilst removing the periods where no relationship would be expected 

or observable. 

6.2.4. Statistical Analyses 

Statistical analysis was carried out to establish the relationship between the weekly fish count 

and release data from all dams in the selected river systems and determine the effect of point 

source water releases on the numbers and timing of returning adult salmon passing through 

counters. Spearman’s rank correlation between dam water releases and fish counts were 
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calculated for all pairings used dam water releases and fish counts within each system and were 

paired both within and between sites. Pairings shown in Table 6.2. As the data were normally 

distributed spearman’s rank correlation was found using SPSS between each counter and the 

corresponding flow data from each dam within the system. Correlation coefficients were then 

plotted in R using ggplot2 as heat maps for all counters and flow data per year and for all years 

showing relationships for all time lags (Wickham, 2009).  

Table 6.2. All possible pairings of dam water releases and fish counts were analysed. 

Pairings were made within each river system and applied both within and between sites. As 

such each counter could be paired with the water release data at both its own site and any 

other listed site within the system 

River system Fish counter site Dam water release site 

Beauly 

Kilmorack 

Aigas 

Beannachran 

Kilmorack 

Aigas 

Beannachran 

Conon 

Torr Achilty 

Luichart 

Meig 

Torr Achilty 

Luichart 

Meig 

Ness 

Dundreggan 

Invergarry 

Dundreggan 

Invergarry 

Kyle of Sutherland 
Duchally 

Shin 

Duchally 

Shin 

 

Following the correlations, the use of time lags was discontinued, and time series were created 

for the both the count data and plotted for all of dam water releases and fish counter data (R 

core team, 2017). These time series were then decomposed to examine seasonality and plotted 

using base R (R core team, 2017). The time series were collated per river system and time 

series regression was performed using the forecast package on all pairings of count and dam 



150 

 

water release data (Table 6.2) (Hyndman et al., 2020). Time series regression was performed 

to assess the direct linear relationship between counts observed at sites within each system in 

response to water releases within those systems, this model accommodates the features of these 

time series. The equation for the time series regression was as follows: 

𝐶𝑜𝑢𝑛𝑡𝑠 = 𝑚𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 + 𝑐 

6.3. Results 

6.3.1. Correlation of fish counts with water flow 

In the Beauly system are Aigas, Beannachran and Kilmorack counters. Aigas shows a strong 

negative correlation with total dam water releases at Aigas associated with varying time lags 

between years excluding 2013 which showed weak negative correlations (Figure 6.2), typically 

weak positive correlations  with water releases at Beannachran except for 2014 and 2015 which 

showed strong positive correlations for varying time lags (Figure 6.3), and strong negative 

correlations with water releases at Kilmorack more commonly associated with longer time lags 

excluding 2013 which showed weak negative correlations (Figure 6.4). Beannachran appears 

to have strong negative correlations with dam water releases at Aigas in 2012 and 2014 for 

varying time lags and weak negative correlations for other years with 2013 being the weakest 

correlated year (Figure 6.5), moderate positive correlations with water releases at Beannachran 

excluding 2012 and 2016 which showed very weak positive correlations (Figure 6.6), and 

strong negative correlations in 2012 and 2014 for longer time lags with water releases at 

Kilmorack, moderate negative correlations in 2013 and 2015 for shorter time lags and weak 

negative correlations in 2016 (Figure 6.7). Kilmorack appears to have strong negative 

correlations with dam water releases at Aigas excluding 2013 (Figure 6.8), weak positive 

correlations with water releases at Beannachran (Figure 6.9), and strong negative correlations 

with water releases at Kilmorack excluding 2013 (Figure 6.10). More broadly the relationships 
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between fish counts and water flows were variable between years and counters, though 2013 

was consistently different to the patterns observed in other years across all combinations. 2013 

was known to be a drought year across the study area (Figure J6.1 – Figure J6.17) 

 

 

Figure 6.2. A heatmap of correlations between dam water release flows at Aigas and fish 

counts at Aigas 

 

Figure 6.3. A heatmap of correlations between dam water release flows at Beannachran and 

fish counts at Aigas 
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Figure 6.4. A heatmap of correlations between dam water release flows at Kilmorack and fish 

counts at Aigas 

Figure 6.5. A heatmap of correlations between dam water release flows at Aigas and fish 

counts at Beannachran 



153 

 

Figure 6.6. A heatmap of correlations between dam water release flows at Beannachran and 

fish counts at Beannachran 

Figure 6.7. A heatmap of correlations between dam water release flows at Kilmorack and fish 

counts at Beannachran 
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Figure 6.8. A heatmap of correlations between dam water release flows at Aigas and fish 

counts at Kilmorack 

 

 

Figure 6.9. A heatmap of correlations between dam water release flows at Beannachran and 

fish counts at Kilmorack 
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Figure 6.10. A heatmap of correlations between dam water release flows at Kilmorack and fish 

counts at Kilmorack 

6.3.2. Assessing seasonality in fish count data and dam water releases 

Decomposed time series plots were created for all time series of fish count and water release 

data for all sites and all systems. The Beauly system showed consistent patterns in seasonality 

of fish counts across all sites but only showed consistent patterns in water release between 

Aigas and Kilmorack (Figure 6.2). The Conon system showed similar patterns in water 

releases between Torr Achilty and Meig (Figure K6.5 – Figure K6.6). No similarities were 

observed between water releases or fish counts within the Ness system (Figure 6.2.3 – Figure 

6.2.4) or the Kyle of Sutherland (Figure K6.1 – Figure K6.2).  



156 

 

 

 

 

Figure 6.11. Decomposed time series plots of dam water releases within the Beauly system. 

These plots show consistent seasonal patterns between Aigas and Kilmorack, however 

Beannachran water releases follow a different pattern. The counters shown are as follows: 

Kilmorack (top), Aigas (middle), Beannachran (bottom). 
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Figure 6.12. Decomposed time series plots of fish count within the Beauly system. These plots 

show consistent seasonal patterns between sites. The counters shown are as follows: Kilmorack 

(top), Aigas (middle), Beannachran (bottom). 
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6.3.3. Relationship between dam water release and fish counts 

Shin, Meig, Dundreggan, Duchally, and Beannachran all showed no significant relationships 

between dam water release and fish counts with each dam when all 5 years of observations 

were analysed using time series regression prior to filtering (Figure 6.13, Figure L6.1 – 

Figure L6.3). Kilmorack, Aigas, Torr Achilty, Luichart, and Invergarry all showed significant 

relationships between dam water release and fish counts per counter when all 5 years of 

observations were analysed using time series regression prior to filtering (Figure L6.1 – 

Figure L6.3). 

Subsequently the time series were filtered to run from week 9 to week 50 of each year as 

these were the weeks where the passage of salmonids was expected it was inappropriate to 

measure the effect of water flows on weeks where no migration were to be expected, these 

filtered data sets were then sorted by year of observation and a time series regression was 

applied to each of the pairings described in Table 6.2. The Beauly system showed a higher 

frequency of significant relationships (p <0.05) (Table 6.3), the Conon system showed a 

smaller number of significant relationships (Table 6.4), and the Ness system and Kyle of 

Sutherland showed few significant relationships between fish counts and water releases 

(Table 6.5; Table 6.6). 

Invergarry water releases explained 11-20% of the variance in 3 out of 5 years of counts at 

Dundreggan, and 15-23% in 2 years of counts at Invergarry. Dundreggan water releases 

explained 13-21.25% of the variance in 2 years of counts at Invergarry. This increase in the 

frequency of significant relationships and the amount of variance explained indicates that 

where dams are accessed by different sub stocks but are within the same river system, they may 

have an increased impact on each other in comparison with separate systems as shown by the 

Kyle of Sutherland.  Torr Achilty water releases explained 18-24% of the variance in 3 out of 
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5 years of Torr Achilty counts, and 18-19% of the variance in 2 out of 5 years of Luichart 

counts. Meig water flows explained 9-24.6% of the variance in 3 out of 5 years of Torr Achilty 

counts, and 19-20% in 2 of 5 years at Luichart. Luichart water flows explained 16-24% of 2 

years of Luichart counts. This demonstrates that where several counters observe different 

proportions of the same stock in the Conon style layout consistently occurring relationships 

may be observed between water flows and fish counts. However, no water flows described the 

count data at Meig dam which may be an artifact of long term restocking of the upper conon 

system from a source outside of this section of the Conon, as such that would potentially 

obscure the run timing of the sub stock and may cause fish behaviour to deviate from expected 

in response to barriers to migration (Gowans et al., 2003). Kilmorack water releases explained 

18-25.55% of the variance in 3 out of 5 years of count data at Kilmorack, 10-22.4% of variance 

in 3 years of counts at Aigas, and 9-21.5% in 4 year of counts at Beannachran. Aigas water 

releases explained 19-22.5% of the variance in 3 of 5 years of counts at Kilmorack, 9-22% of 

variance in 4 years at Aigas, and 12-17.6% of variance in 3 years of counts at Beannachran. 

Beannachran water releases explained 20-19.6% of variance in 2 of 5 years of counts at 

Kilmorack, 16-27% of variance in 2 years at Aigas, and 9-21.55% of variance in 3 counting 

years at Beannachran. The number of significant relationships found greatly increased at 

Beauly system, this was likely due to Aigas and Kilmorack being situated close to each other, 

and particularly the consistent seasonal trends observed between all sites in count data and 

between Aigas and Kilmorack in water release data. 
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Figure 6.13. Time series plot of dam water release plotted against fish count data from 

01/01/2012 – 31/12/2016 at: (top) Kilmorack, (middle) Aigas, (bottom) Beannachran. 
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Table 6.3. Collated r2 and p-values for linear models for fish count and dam water release data. All 

combinations of fish counter sites and dam water release sites within the Beauly system are shown in 

this table. Shaded areas of the table indicate years and combinations of fish count data and dam 

water release data for which there was a significant (p < 0.05) relationship. 

Beauly 

Counter 

Water 

release 

 2012 2013 2014 2015 2016 

Kilmorack Kilmorack r2 

p-value 

0.1972 

0.00322 

0.2555 

<0.001 

0.1891 

0.004 

0.07437 

0.08058 

0.005763 

0.633 

Kilmorack  Aigas r2 

p-value 

0.1934 

0.00356 

0.2249 

0.00151 

0.1923 

0.00367 

0.08947 

0.5432 

0.004375 

0.6773 

Kilmorack Beannachran r2 

p-value 

0.01255 

0.480 

0.04868 

0.160 

0.1027 

0.0385 

0.196 

0.00333 

0.06349 

0.107459 

Aigas Kilmorack r2 

p-value 

0.2239 

0.00155 

0.1255 

0.021350 

0.1017 

0.039524 

0.043288 

0.09821 

0.01628 

0.899 

Aigas Aigas r2 

p-value 

0.2183 

0.00181 

0.09687 

0.04482 

0.09337 

0.04908 

0.1256 

0.021293 

0.0004073 

0.899 

Aigas Beannachran r2 

p-value 

0.01419 

0.452 

0.1626 

0.0081 

0.0876 

0.057 

0.2668 

<0.001 

0.07061 

0.089 

Beannachran Kilmorack r2 

p-value 

0.1281 

0.019967 

0.215 

0.00198 

0.1482 

0.0118 

0.09935 

0.0420 

0.01171 

0.495 

Beannachran Aigas r2 

p-value 

0.1246 

0.021857 

0.1757 

0.00573 

0.1596 

0.00877 

0.1254 

0.021413 

0.01448 

0.448 

Beannachran Beannachran r2 

p-value 

0.01987 

0.373 

0.09685 

0.0448 

0.1227 

0.023 

0.2155 

0.00196 

0.05886 

0.121619 
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Table 6.4. Collated r2 and p-values for linear models for fish count and dam water release data. 

All combinations of fish counter sites and dam water release sites within the Conon system are 

shown in this table. Shaded areas of the table indicate years and combinations of fish count data 

and dam water release data for which there was a significant (p < 0.05) relationship. 

Conon 

Counter 

Water 

release 

 2012 2013 2014 2015 2016 

Torr 

Achilty 

Torr 

Achilty 

r2 

p-value 

0.2408 

<0.001 

0.2251 

0.0015 

0.1804 

0.00505 

0.0723 

0.085097 

0.01769 

0.401 

Torr 

Achilty 

Meig r2 

p-value 

0.009205 

0.5456 

0.0123 

0.4845 

0.01755 

0.402983 

0.03922 

0.208675 

0.0124 

0.4827 

Torr 

Achilty 

Luichart r2 

p-value 

n/a 0.1837 

0.00463 

0.07002 

0.0904 

0.01599 

0.4249 

0.1998 

0.003 

Meig Torr 

Achilty 

r2 

p-value 

0.2363 

0.0011 

0.2462 

<0.001 

0.1151 

0.027985 

0.09419 

0.04805 

0.01455 

0.447 

Meig  Meig r2 

p-value 

0.02505 

0.3167 

0.01302 

0.4719 

0.006441 

0.61339 

0.03044 

0.26912 

0.01102 

0.5083 

Meig Luichart r2 

p-value 

n/a 0.2003 

0.00296 

0.05896 

0.121 

0.02004 

0.371 

0.1972 

0.00322 

Luichart Torr 

Achilty 

r2 

p-value 

0.08391 

0.06278 

0.001137 

0.832 

0.04738 

0.1661 

0.03525 

0.2338 

0.01638 

0.419 

Luichart Meig r2 

p-value 

0.03542 

0.233 

0.004197 

0.684 

0.02961 

0.2759 

0.02862 

0.2841 

0.00631 

0.617 

Luichart Luichart r2 

p-value 

n/a 0.24 

<0.001 

<0.001 

0.968 

0.007085 

0.596 

0.1676 

0.00711 
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Table 6.5. Collated r2 and p-values for linear models for fish count and dam water release data. All 

combinations of fish counter sites and dam water release sites within the Ness system are shown in 

this table. Shaded areas of the table indicate years and combinations of fish count data and dam water 

release data for which there was a significant (p < 0.05) relationship. 

Ness 

Counter 

Water release  2012 2013 2014 2015 2016 

Dundreggan Dundreggan r2 

P=value 

0.06177 

0.11249 

0.06417 

0.106 

0.003046 

0.956261 

0.0385 

0.213 

0.00399 

0.6911 

Dundreggan  Invergarry r2 

p-value 

0.1912 

0.00378 

0.116 

0.0273 

0.08806 

0.0564 

<0.001 

0.956 

0.1462 

0.0125 

Invergarry Dundreggan r2 

p-value 

0.002786 

0.73990 

0.1318 

0.0181 

0.003042 

0.72863 

0.005342 

0.6455 

0.2125 

0.00213 

Invergarry Invergarry r2 

p-value 

0.6873 

0.412 

0.08913 

0.0548 

0.01277 

0.476 

0.1533 

0.0103 

0.2299 

0.00131 
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Table 6.6. Collated r2 and p-values for linear models for fish count and dam water release data. 

All combinations of fish counter sites and dam water release sites within the Kyle of 

Sutherland area are shown in this table. Shaded areas of the table indicate years and 

combinations of fish count data and dam water release data for which there was a significant (p 

< 0.05) relationship. 

Kyle of 

Sutherland 

Counter 

Water 

release 

 2012 2013 2014 2015 2016 

Duchally Duchally r2 

p-value 

0.02288 

0.339 

0.04613 

0.172 

0.008904 

0.925 

0.009175 

0.546 

0.006846 

0.602 

Duchally Shin r2 

p-value 

0.008518 

0.561 

0.06011 

0.11759 

0.02757 

0.293 

0.05884 

0.122 

0.07821 

0.071 

Shin Duchally r2 

p-value 

0.0252 

0.315 

0.1834 

0.00466 

0.004752 

0.6644 

0.04136 

0.1964 

0.005959 

0.627 

Shin  Shin r2 

p-value 

0.007726 

0.580 

0.000475 

0.891 

0.1672 

0.00718 

0.01149 

0.499 

0.004801 

0.663 
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6.4. Discussion 

6.4.1. Correlations between the count and water release paired datasets 

The effect of large point source water releases on salmonid movements within a system does not 

appear to have been extensively studied and the current study advances understanding 

significantly. There was a general indication from the correlations that dam water releases affect 

the timing and numbers of salmonids passing through counters. The relationship between dam 

water releases and fish passage varies depending on the location of both the fish counter and the 

point source water release. Counters low in system were typically negatively correlated with water 

releases low in system but positively correlated with high in system water releases. Counters on 

rivers which are separate from the source of water release are typically less correlated, however 

some years showed weak to moderate correlations. Correlations appear in some cases to be 

affected by year of observation; this may be linked to major weather events such as widespread 

low rainfall which would affect diffuse water releases into the river system. However, the 

correlations typically explain at most only a moderate amount of the variance in count data in any 

of the pairs examined.  

6.4.2. Time series regression of count and dam water release per pair per system 

The time lag was removed from the data set for use in time series regression, this follows 

indications from the correlations that there was minimal benefit in their use, and from the reports 

within the literature that support that the duration of passage between counters was typically within 

a one week time period (Chapter 5; Rivinoja et al., 2001; Lundqvist et al., 2008). In the Beauly 

system the maximum R2 between low in system water flows and fish counts was 64%, and between 

high in system water flows and fish counts was 36%. In the Conon system the maximum R2 

between high in system water releases and fish counts was 49% and in low in system it was 36%. 

In the Ness and Kyle of Sutherland systems the maximum R2 between unrelated fish counters was 

36% 
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Within the study the location of point source water releases within a system appears to have a 

significant effect on the timing of fish passage. This association is likely due to the attraction flow 

that it creates at different points within the system. Significant relationships were more common 

where low in system dam water releases were observed, including between high in system fish 

counts and low in system water releases. The observation that dam water releases can influence 

fish counts observed higher than the water release point is a result of the data being grouped weekly 

which can cause low in system dam water releases made earlier in a week to be related to higher 

in system fish counts made later in the week. Low in system water releases were consistently 

negatively related to fish counts throughout the system. As the study sites used represent an array 

of positions within a system to both release water and monitor fish passage, this study may form a 

representative sample and analysis of the effect of water releases on the movements of salmonids 

within a regulated river.  

There were varying levels of correlation between fish counts and dam releases, and this was also 

seen for different time lags. In the time series regression of the relationships between fish counts 

and water flows within the system the amount of variance explained by dam water releases alone 

was frequently low. In the Kyle of Sutherland Shin Dam water releases explained 18-19% of the 

variance in fish counts in 2013 and in 2014, Duchally water releases explained 16-17% of Shin 

fish counts. However, these were understandably infrequently found to be significant relationships 

given that these two sites are on separate river systems in a similar geographic area and so were 

unlikely to influence salmonid migration.  

6.4.3. Implications for dam management 

The study found limited evidence to support freshets as the primary cause for Atlantic salmon to 

move upstream. However, they may have benefits for the stock which were not observed, such 

as moving food within the watercourse and releasing fine sediment from spawning gravels beds, 

as well as increasing invertebrate communities (Gibbins et al., 2007; Lagarrigue et al., 2002; 

McKinney et al., 2001; Petticrew et al., 2007). As demonstrated by the decreased frequency of 



167 

 

occurrence of significant regression results in 2016 and the variability in occurrence between 

locations and river systems, the findings suggest that the effect of dam water releases have 

irregular effects on salmonid migration between locations, river systems, and years. Regardless, 

understanding the natural flow regime is necessary to determine appropriate environmental flows 

(Poff, 2017).  

The aim of this study was to investigate the influence of dam water releases on upstream 

salmonid migration. Atlantic salmon movements are temporally variable, such that each years’ 

returning salmonids consisting in most cases of multiple runs of salmonids, but movements 

performed during periods when freshets were not being released were not investigated as part of 

the time series regression analysis (Vaha et al., 2010). Although the time series was filtered to 

include only periods where salmonids were migrating at the study sites used during the years 

observed, the findings are transferable to other regulated rivers as the period observed per year is 

generally applicable to the commonly occurring timing of migrations across the range of Atlantic 

salmon. However, further investigation into the spawning migration of Atlantic salmon should 

be performed in regulated rivers as several instances of case specific relationships and 

insignificant relationships were found which may limit the applicability. However, the study may 

help to inform the use of fish counters for the monitoring of salmonid spawning migrations. 

Count data has infrequently been compared with information on dam water releases. The 

implications of this study for the use of fish counters are that there may need to be more 

extensive use of environmental data in collaboration with fish counts to provide a more useful 

assessment of stocks.  

The results of the study also clearly indicate caution in the use of fish counts for censusing 

salmonids. Given that water flows within a system are clearly shown to affect the timing of 

salmonid movements, the use of count data independent of environmental data provides a data set 

of uncertain informativeness and may be misleading. In addition, the variability of correlations 
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and regressions between years and time lags demonstrates that there may not be a consistent factor 

by which data can be adjusted. 

6.4.4. Implications for a fish counter network 

Fish counters such as those based on signals created by changes in resistivity when a fish passes 

upstream over a device are the focus of growing political interest in the monitoring of Atlantic 

salmon within Scotland (Braun et al., 2016). This study provides evidence that fish counters can 

provide useful information on the passage of salmonids but for them to do so it is important to 

consider that environmental water flows within regulated rivers have varying effects on fish 

passage (Baker et al., 2020). As there are numerous hydro-electric dams in Scotland, the present 

a clear opportunity to contribute to the monitoring of the abundance and movement of salmonid 

stocks. However, given that relationships have been found in fish counts between counter sites 

there is a subsequent need to determine the factors which influence ascension between monitoring 

stations (Baker et al. 2020; Chapter 5). This study demonstrates that insight into this question can 

be gained from fish counters on the study sites which provide a platform to gain insight into the 

extent and usefulness of information on Atlantic salmon abundance and run timing.  

6.4.5. Implications for fisheries management 

There are two major implications for fisheries management from this study: the importance of the 

location and intensity of point source water releases, and the annual variation in the correlation 

between fish counts and dam water releases (Baker et al. 2020; Braun et al., 2016; Chapter 5). 

Kilmorack, Aigas, and Torr Achilty all showed moderate to strong negative correlations with dam 

water releases from low in system dams. This indicates that there may be a future need to modify 

dam water releases in response to ongoing assessments to allow for the improved movement of 

salmonids through each system. In addition, many correlations, particularly between low in system 

counts and low in system water releases, were commonly different from the demonstrated norm 

within certain years such as 2013. It is possible, given that 2013 was an intense drought year, that 
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where diffuse water releases into a system differ from commonly occurring levels the intensity of 

the effect of dam water releases may change. 

6.4.6. Limitations of the study 

A large amount of variance in all pairings in correlation levels and time lags is not explained by 

dam water release data. Thus, there are almost certainly other factors beyond regulated water flows 

which influence salmonid movements within the river systems studied. There are both other 

environmental influences of salmonids such as water temperature and pressure, light levels, and 

rainfall which were not explored as well as evidence which shows there to be a genetic influence 

on upstream salmonid migration which may account for the unexplained variance (Klemetsen et 

al., 2003; Vaha et al., 2010; Vaha et al., 2017). There may be a future need to determine the effect 

of different environmental variables and genetic influences on run timing of salmonids. 

6.4.7. Future study 

Whilst the main cause of water releases from hydroelectric dams is to generate energy, there are 

further causes of water releases such as for the maintenance of water levels downstream within the 

system which can support fishing and recreation. Environmentally sensitive water releases may 

skew the intensity of the effect of water releases on salmonid movements. The dam water release 

data analysed here was total water releases for all purposes and, as such, it is not possible using 

this data to isolate which form of water release had the greatest impact. However, it was beyond 

the scope of the study to address this more specific. Yet doing so might it be insightful as regards 

the effect of different types of changes in water release or flow on fish passage. Additionally, to 

do this it is likely to be necessary to conduct an in depth assessment of the effect of the schedule 

of environmental flows and their impact on salmonid numbers and timing. This could be done by 

exploiting methods such as those of Baker et al., (2020) on the historical data gathered on numbers 

and timing of passage and timed releases to inform more precisely on its effect with a higher 

resolution data set. Likely causes of the differing amount of variance explained by the models 
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include fish behaviours and genetic and physiological causes along with environmental influences 

such as other barriers to migration, water temperature and pressures, and flows elsewhere in the 

system which can affect the run timing and numbers of salmonids migrating (Archer, 2008; 

Rivinoja et al., 2006; Salinger and Anderson, 2006; Stewart et al., 2011). Further study is needed 

to identify the effect of these other causes in building a holistic understanding of the influences on 

the Atlantic salmon spawning migration.  

6.4.8. Conclusions 

In conclusion, the study points to a clear need to account for the flow of water within a system 

when interpreting salmonid census data. It is well established that salmonids are influenced by the 

flow of water within a system and this study demonstrates the importance of understanding the 

effect of environmental data on run timing and abundance. The differing level of variance 

explained by the time series regression also clearly indicate that factors other than dam water 

releases are affecting the numbers ascending each week. The results indicate that the effect of 

water releases on the salmonid migration differs between years and sites, there is a clear need for 

a dynamic model which determines appropriate dam water releases. In addition, there is a clear 

need to understand the extent of influences on upstream salmonid migration and how individuals 

interact with them based on their physiological and genetic differences. 
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CHAPTER 7:  

GENERAL DISCUSSION 

7.1. Introduction 

This thesis has established good practice guidance for fish count data quality assurance and its use 

in tracking migrating salmon through a river system and their responses to point source water 

releases. It is key to note that this study has focused on the passage of salmonids through a range 

of regulated rivers across Scotland, and whilst the study area may be limited to only dams operated 

by SSE with SSE fish counters installed the outcomes of the studies may have broader applications, 

such as providing information on the effects of natural barriers on patterns in in-river migration 

resulting from features such as Conon falls which lies between Luichart and Torr Achilty dams 

greatly reducing the relationship between the two whilst the counter on the adjacent branch of the 

river at Meig has a substantially stronger relationship with the patterns observed at Torr Achilty.  

Having reviewed current and historical use of resistivity fish counters in monitoring Atlantic 

salmon (Salmo salar) it was determined during this study that there is a large concentration of their 

use in the UK and Ireland. This likely results from their widespread installation across the SSE 

network following development by and in house engineer, and subsequent uptake across the UK 

and Ireland as a response to the legal need to prove the effectiveness of fish passes in man-made 

barriers to fish migration as part of statutory compliance (Lethlean, 1953). In addition, it was found 

that whilst there were varied potential applications of the datasets derived from resistivity counters, 

and despite numerous studies using fish count data whilst acknowledging that limitations existed 

with regards to data accuracy there was a need to accurately determine the quality of count data 

(Chapter 2; Eatherley et al., 2005; Thorley et al., 2005). 

Several studies have defined measures to improve the collection of resistivity fish counter data and 

the development of data quality assurance measures, however the data streams collected deviated 

in image generation approach from the SSE network and the known causes of signal generation 
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did not describe all observations made across this network (Beaumont et al., 1986; Chapter 2; 

Chapter 3; Chapter 4; Dunkley and Shearer, 1982; Lethlean, 1953; Forbes et al. 1999). As such, 

an appropriate verification method was developed for assessing the quality of resistivity fish 

counter data using still image collection which would extend the range of observation categories 

known to the literature (Chapter 3). The new verification approach aims to provide a method which 

could be used across all resistivity counter installations, although the difference in image quality 

that is anecdotally reported between operators may limit the general applicability of the method. 

The provision of an appropriate verification method has the potential to enhance comparability of 

data sets between counters and operators, doing this would greatly improve one of the perceived 

limitations of unclear verification methods perceived by this study in numerous studies which used 

resistivity counter data (Chapter 2). 

The quality of fish count data from operational resistivity counters was assessed using an explicitly 

described verification method which was previously not available in the literature (Chapter 4). 

Further to this, two different methods were used to improve data quality following verification, 

the aim of this improvement of the data quality was to make a linear model of the modified data 

statistically insignificantly different from an equivalent y = x line with y intercept = 0 when 

compared using an ANOVA, following this analysis the modified data would leave a dataset where 

there was a verified count for every raw count. Method one grouped data into longer time periods 

which failed in making the gradient of the data indistinguishable from y = x. Method two filtered 

the data and found that the exclusion of irregularly high raw count value weeks left a filtered data 

set with a gradient that was successfully indistinguishable from y=x, as such a remaining removed 

data set was left for which less effort was invested in verification.  The data quality assessment 

was used to establish the appropriate use of fish count data to inform on salmon abundance, and 

the generally consistent reliability in fish count data meant that raw fish count data could be used 

to provide reliable broad insights into the numbers and movements of salmon (Chapter 4). 
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Salmon movement through barriers on a regulated river was described using data from operational 

resistivity counters across Scotland, Gowans et al. (1999) has previously shown the time taken to 

travel between Pitlochry and Clunie dam using tagged individuals, though the use of an extended 

range of fish counters in barriers using census data provides an extension of earlier studies. 

Consistent relationships in timing and numbers of fish passage were found between counters 

within the same system and where multiple fish counters are in the same river system, they may 

be used to track the movements of river stocks through the system, potentially describing 

movement of proportions of specific runs of salmon into certain tributaries. 

Salmonid responses to point source water releases within a regulated river during their spawning 

migration were evaluated using resistivity counter and dam water release data. Commonly 

occurring trends were found between water release from dams and the movement of salmon, which 

is an extension of previous studies which showed anadromous salmonid responses to 

environmental flows whilst demonstrating the effect to which the layout of installations and river 

features can influence the relationship between flows and movement of salmon and furthered the 

understanding of the effect of location of point source water release (Baker et al., 2020). It is 

generally supported by this thesis that in regulated rivers water release may have either direct or 

inverse influences on the passage of salmon through the system. 

7.1.1. Improving the verification method including further objects observed by counters 

Chapter 3 aimed to determine the relationship between signals and objects observed by a resistivity 

fish counter. The chapter also tests the effect of counter location in a river system on the objects 

and signals observed and the relationships between their occurrences. In addition, the chapter 

aimed to test the effect of sampling strategy on the relationships found. In chapter 3 associations 

were found between the occurrence of object types in passage and a corresponding signal was 

commonly found in these instances. The relationships between images and signals were consistent 

between the sampling strategies used. 
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Correlations were found between the number of instances of occurrence of image and signal types 

and as such the use of signals either as a standalone approach or paired with images is supported 

in verification of signals. The consistency of relationships found between sampling strategies 

supports the use of subsets of count data in verification which may generate a percentage error 

which can be applied to the entirety of the dataset. 

Previous studies have found relationships between the passage of objects and the signals 

generated; however, the range of object types has not been exhaustive in the present literature. 

Chapter 3 describes an extended range of object types and corresponding signal types. The effect 

of counter location in a river system on the objects observed and the ability to verify has not 

previously been tested as previous studies have focused on single counters, the use of multiple 

counters provides more extensive clarity on the comparability of counters across systems and 

positioning in rivers. The comparability of count data were highlighted as an issue in the review, 

however with the methods outlined in chapter 3 this issue is reduced. 

There is an ongoing issue in that policy and fisheries management remains species focused, 

whereas fish counters do not accurately describe species abundance and are more suited to a 

description of a mixed river stock. There is an ongoing need to describe the abundance of species 

of conservation concern, which must be supported through alternative means. However, having 

obtained an accurate description of the relative abundance of species within river it would be 

possible to apply a correction to the fish count data to create a derived estimate of species 

abundance. 

7.1.2. Establishing the effect of verification on data quality 

Chapter 4 aimed to test the effect of verification on count data and as such determine the suitable 

processes to follow in its use. A low degree of error was found between raw and verified error 

across two years of fully verified count data. The error was consistently low within all counters 

and within and between counters paired based on similar location within a river system.  
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The low percentage error found in raw data from resistivity counters supports its ongoing but 

previously untested use in raw form for fish stock assessment. In addition, the ability to filter the 

dataset to remove inaccurate observations allows for target verification with the ability to greatly 

reduce the demand on operator effort to create comprehensive accurate datasets. The comparable 

low degree of error within and between pairs of counters suggests that counter accuracy is not 

regionally specific, however it may be specific to installation type as all counters used were in flat 

flumes in Borland lifts situated within hydro-electric dams.  

There has been an increase in interest in the use of resistivity fish counters for monitoring 

salmon numbers and movements. The risk of inaccuracies in count data has been listed as a 

concern for their use in a nationwide network of counters in Scotland. This assessment of count 

data accuracy feeds into the growing interest in both assessing fish stocks and in assessing the 

effect of barriers to migration on anadromous fish species. The location of these counters in 

hydro-electric dams suggests that there is potential for the use of an extensive longitudinal 

dataset on fish movements in relation to barriers in Scotland. 

7.1.3. Describing the movements of salmon through a regulated river system 

Chapter 5 aimed to assess the trends in the movements of salmon within a river system using 

systems with multiple fish counters in situ. Commonly occurring trends were found between fish 

counters within systems which related to a consistent proportion of salmon observed at the lowest 

counter in a system being observed in the higher counters. In addition, counters which were not 

directly related, in so far as fish which passed through one were unlikely to pass through the other, 

but those which shared a similar location were found to be related and may have each observed a 

commonly occurring proportion of what had passed through the lower main stem of the river 

system.  

This suggests a potential new use for censusing devices in so far as they may be used to monitor 

broad trends in the movements of river stocks, not only in observing their passage into the system 
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but also in assessing the proportions and timing of the stock passing into each monitored river 

section. This may also be useful in establishing probable exploitation rate for the setting of 

conservation limits where rivers in a system have counters installed but no means of assessing rod 

catch. Further to this they provide the potential to analyse an historical data set which can inform 

on future management of barriers to migration (Buddendorf et al., 2019). An example of an insight 

into the effect of barriers to migration is the difference in relationship between Luichart and Torr 

Achilty, and Meig and Torr Achilty, which clearly shows the effect of the natural barrier of Conon 

falls which lies between Luichart and Torr Achilty in greatly reducing the number of ascending 

adults and distorting the patterns in the timing of their migration. 

The effect of river features was clear in relation to the passage of salmon observed. Where 

extensive barriers to migration were found the signals in migration were less clearly defined and 

the amount of variance that could be explained decreased. Similarly, where counters were similarly 

close such as the Kilmorack and Aigas, and Pitlochry and Clunie pairs the effect of a major 

tributary in between the counters locations was clearly shown in the difference between the pairs’ 

relationships. It was clear that where counters will not observe the same populations of fish that 

minimal relationships will be found between them, and this was clear whether it was within or 

between systems. Groups of salmon that ascend together may be migrating to similar spawning 

areas, as such with the introduction of advanced modelling and additional apparatus it may be 

possible to determine the passage of specific populations.  

Currently the literature has focussed on the use of telemetry to monitor a subset of a stock in 

passage through a river system to provide insight on not only the life history of that individual but 

also the broader movements of the stocks (Barry et al., 2020; Brownscombe et al., 2019; Chaput 

et al., 2019; Koster and Crook, 2017; Schwinn et al., 2018). However, the use of fish counters as 

an in-system network of monitoring stations may provide useful census data on the movements of 

stocks with less active intrusion and subsequent monitoring and investment solely on individual 

subjects (Glover et al., 2018; Habit et al., 2019; Isaak et al., 2017). 
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7.2.4. Describing the movement of salmon in response to dam water releases 

Chapter 6 aimed to find the relationship between the release of water from dams and the 

movements of salmon. It was found that salmon movement can be positively or negatively 

correlated to dam water release and that this was often specific to the location of the dam. 

Typically, low in system dams had different impacts on fish movement to high in system dams. In 

addition, the relationship was not specific to river systems but appeared broadly similar within 

similarly positioned dams between systems. 

The influences of water flow on salmon movement have been widely discussed in the literature. 

Of note are studies on the movements of salmon and other anadromous fish species within river 

systems which have not accounted for point source water release at dams (García-Vega et al., 

2017; Nyqvist et al., 2017). In addition, there is a potential link to physiological studies which 

suggest the olfactory senses of salmon imprint the scent of natal spawning grounds and as such the 

increased ascension of salmon in response to higher in system water releases suggests a potential 

new avenue of study (Ueda et al., 2016). 

The release of environmental flows was found to have an impact on the passage of Atlantic salmon 

within regulated rivers. Environmental flows were used as a proxy for several environmental 

factors affecting water flows within the river which are known to affect Atlantic salmon migration, 

though they have been shown independently to have substantial effects on the movement of 

salmonids within the freshwater environment (Baker et al., 2020). It may be useful in future 

research to include an increased spectrum of influences which may develop a comprehensive 

model which can fully explain the ascension of salmon through river systems. To do this with 

regards to the influences of water flows it would be beneficial to map the locations and inputs of 

point source water releases and map the topographical nature of the catchment which would 

influence the distribution of diffuse water releases, the use of these two approaches may aid in 

discerning the impact of water flows and source on natal homing due to olfactory senses. 
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7.3. Limitations of the study.  

This study uses data from resistivity counters which whilst widely used are not the full extent of 

fish counters used in the study area (Simpson, 2003). Other counters used in the area include Vaki 

and acoustic counters, these inform on the passage of fish in broadly similar manners. However, 

they are used in other forms of installation and risk introducing too many variables if tested 

alongside the resistivity counter data set (Martignac et al. 2015). The SSE counter was used; 

however, the Logie was excluded from the generation of data, due to low representation within the 

network studied (Simpson, 2003). There are several differences between the SSE and Logie 

models which may impact on the information derived from resistivity counters (Braun et al. 2016). 

Only resistivity counters in hydroelectric dams were used in the generation of data. Dams are 

known to impact the behaviour of fish during passage and affect the information derived by 

resistivity fish counters (Gowans et al. 1999). The study has used SSE counters situated in SSE 

hydro-electric dams, whilst this is unlikely to limit the data quality it is important to note that there 

are differences in installation types between operators. In addition, the SSE installations typically 

provide very clear images for verification which may not always be available in other installations 

and may limit the applicability of some of the approaches outlined in chapter 3. Counters used in 

the generation of data were exclusively located in Scotland, there are further resistivity counters 

located throughout the UK and the Republic of Ireland which are exposed to different 

environmental conditions which may impact the functioning of the resistivity counter (Gregory 

and Gough, 2003; Lethlean, 1953). However, even with the inclusion of alternative fish counter 

designs to compare between models and methods there remains limited ability to identify species 

across all designs which would not provide precise species abundance estimates. The use of 

alternative methods to identify individuals to the species level is clearly required to ascertain 

accurate relative abundance per system. 
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7.4. Future work 

The present study has identified the need for consistent approaches to verification and validation 

of data collected from resistivity counters. To increase the useful output of this data, it would be 

prudent to design a machine learning approach, which could be used across the industry to perform 

full, automated validation and verification. This would provide real-time information of the 

passage of salmonids, within the network.  

Furthermore, the high resolution and time-stamp of the existing data, could be used to design a 

predictive model for salmonid returns on a year by year basis. Time series analysis of fish count 

data has shown recurrent seasonal patterns at several sites, indicating inter-annual patterns in 

numbers and timing of returning adults. Given the success of using fish count data as a time series 

for regression analysis, there is considerable potential for the use of fish count time series data to 

provide predictive modelling which could infer the probable timing and numbers of returning 

salmon. The ability to accurately predict returning stock number on a year to year basis would be 

critical to the effective future management of fisheries.  

7.5. Final conclusions 

This thesis found that data quality was an ongoing issue in fish counter use and that it had 

potentially severe impacts on the comparability of data sets between counters and operators due to 

the fact that no substantial analysis had been carried out across a broad enough time period or 

number of sites. A successful verification method was developed and subsequently tested on fish 

count data from a network of counters. Having determined the quality of the dataset it was then 

found that fish counters could reliably inform on patterns in the movements of salmon within a 

system and the destinations of proportions of stocks in the spawning migration. In additions fish 

counters can inform on the effect that the dams in which they were situated have on the spawning 

migration through freshet and other water releases. 
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There is clearly a need for the expanded use of fish counters or other censusing programs in the 

ongoing assessment of salmon stocks. It is essential as in this case to properly ascertain the quality 

of the dataset. The use of fish counters in this case has provided extensive information on the 

movements of salmon and responses to environmental stimuli and this should be considered in not 

only the operation of the current sites and dams but also in the planning of a new expanded network 

of counters. 

Currently there is no comprehensive review of resistivity fish counter use in the assessment of 

salmonid stocks, this thesis has demonstrated that there is a need to fully understand data quality 

and comparability between counters and operators prior to its use in stock assessment. Previous 

studies using fish count data had demonstrated a limited range of the objects observed by counters 

and few studies had fully described their method of data quality assurance. Chapters 3 and 4 have 

laid out a universally applicable approach to verification and fully tested its application in data 

quality assurance. Chapters 5 and 6 tested the ability of fish counters to monitor patterns in salmon 

movement which have not previously been tested using resistivity fish counter devices and found 

previously unknown patterns in salmonid movements as observed by these devices in hydroelectric 

dams. 

Broad trends have been observed in the movements of salmon in relation to hydro-dams (Gowans 

et al., 1999). Investment in statistical modelling of salmon stock movements may provide 

invaluable insights into the activity of anadromous fish in general in relation to barriers to 

migration, in particular as there is an extensive historic data set on salmon numbers, timing, and 

locations across their range they provide an invaluable basis for decision making regarding current 

barriers management prior to high investment of resources (Buddendorf et al., 2019; Newton et 

al., 2017). The consistently occurring trends in count data between years suggest that statistical 

approaches such as time-series forecasting could provide predictive analytics on the returning 

salmon and may even provide accurate estimates of future weekly numbers in passage. In 

collaboration with the insights gained on the effect of point source water releases on movements, 
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this could revolutionise the conservation of anadromous fish stocks. Although statistical modelling 

could be used independently there is potential for collaboration with genetic insights which would 

potentially allow for the long term assessment of breeding population viability. 

It is essential to note that fish counters whilst less labour intensive to operate are substantially high 

in financial cost of installation and operation. Additionally, where the installation leads to poor 

accuracy it is likely that increased operator commitment to manually resolving accuracy issues 

will be required until sufficient advancements have been made to automate the process, Chapter 4 

shows a method which can be applied using clear still images’ however, where video surveillance 

is used as shown by Dunkley and Shearer (1982) and Forbes et al. (1999a) where there is increased 

footage to assess and where visibility can be obscured, sometimes unexpectedly, the demand on 

operator effort can be substantially increased. As regards the topic of fish counters in general rather 

than solely in hydroelectric power stations the issue of data accuracy remains largely unanswered 

within the literature and where methods have been described they remain largely untested (Chapter 

2).  

It is possible to obtain high accuracy high resolution census data on the passage of Atlantic salmon 

using fish counters, which may be used to determine factors in the ongoing sustainability of the 

stocks such as the long term mortality rate and long term patterns in stock abundance (Chaput, 

2012; E. Potter et al., 2004). However, fish counter census data will not inform on the causes or 

timing of mortality at an individual level such as telemetry (Gerlier and Roche, 1998), nor can it 

inform on the number of successful spawners such as Redd counting can (Dauphin et al. 2015),  it 

will not inform on the sex of the fish that are passing, and nor will it inform on the diversity of the 

stock that passes, nor the destination of each fish, or the ongoing success and decline of specific 

groups of previous generations of spawners as can be achieved by the use of genetic analysis 

(Gilbey et al., 2018). Fish counters count fish, and as such they are in many cases excellently 

designed for this purpose, but they are not a sufficient response to the need to monitor and conserve 
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Atlantic salmon stocks without the addition of further monitoring and conservation practices all of 

which require investment of resources to deliver the conservation of a species. 
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Appendix A 

Further examples of image and signal pairings are given in this section. 

  

 

   

Figure A3.1 Representative signals created in the upstream passage of individual salmonids: a) 

salmonid has passed over the first pair then receded then passed again over the first pair then 

passed over the second pair, b) partially visually obscured salmonid passed in 1.232 seconds 

upstream, c) clearly visible salmonid in passage. d) No image collected of upstream passage. e) 

Image collected with insufficient light during upstream salmonid passage. f) Camera not working 

during upstream passage. Top row: Aigas, Awe, Beannachran. Bottom row: Duchally, Lochay, 

Meig.  

  

a) b) c) 

d) e) f) 
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Figure A3.2. Signals collated as a representation of downstream passage of individual salmonids: 

a) salmonid passing downstream facing upstream, b) salmonid passing downstream facing 

downstream, c) salmonid passing downstream facing downstream, d) salmonid passage obscured 

by water glare, e) no image captured of salmonid passage, and f) image captured in insufficient 

light for visual identification of downstream salmonid passage. 

  

f) e) d) 

c) b) a) 
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Figure A3.3. Signals collated as a representation of the upstream passage of multiple salmonids: 

a) partially obscured image of single fish in passage second fish only observable in signal, b) 

passage obscured by glare, c) single fish observed in image in multiple fish passage signal, d) no 

image gathered of multiple fish passage, and e) multiple fish passage obscured by glare. 

 

 

 

  

a) b) c) 

d) e) 
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Figure A3.4. Signals collated as a representation of the typical downstream passage of multiple 

salmonids: a) partially obscured image of salmonids passing downstream, b) single salmonid 

visible passing downstream facing upstream, and c) partially obscured image of single salmonid 

in multiple salmonid signal passing downstream facing downstream. 

 

 

 

 

 

 

 

 

a) b) c) 
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Figure A3.5. Signals collated as a representation of the typical incomplete upstream passage of 

salmonids: a) no image collected of incomplete passage, b) salmonid turning around over the first 

pair of electrodes, c) salmonid passes partially over first pair of electrodes, d) salmonid passes 

partially over first pair of electrodes in presence of electrical interference, e) no image captured 

and f) image obscured. 

  

a) b) c) 

d) e) f) 
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Figure A3.6. Signals collated as a representation of the typical incomplete downstream salmonid 

passage: a) no salmonid visible in image, b) image obscured by glare, c) image too dark, d) 

salmonid passes over the second pair of electrodes turns around over the first and then again passes 

over the second pair, e) salmonid partially passes over the second pair of electrodes facing 

upstream then returns upstream, and f) image collected with insufficient light. 

  

a) 
b) c) 

d) e) f) 
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Figure A3.7. Signals collated as a representation of the irregular signals caused by the passage of 

small fish and juveniles. Multiple juveniles passing a) together, presents like incomplete passage 

in the signal, b) in a line presents like multiple fish passage, c) in a line presents in an irregular 

fashion. 

 

   

Figure A3.8. Signals collated as a representation of the irregular signals caused by the passage of 

mammals – in this case: otters a) facing downstream. b) passing downstream. c) passing upstream. 

 

a) 

a) 

b) 

b) c) 

c) 
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Figure A3.9. Signals collated as a representation of the irregular signals caused by action of waves 

and other electrical interference: a) no image collected, b) wave action observed, c) insufficient 

light, d) no image collected, e) electrical interference, limited wave action observed. 

  

c) b) a) 

d) e) 
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Appendix B 

Figure B3.1. Percentage of image observation type occurrence using a paired observations 

approach to categorisation of images and signals from three seasons of operation for the alternate 

events method a using resistivity fish counter data from six counters: X axis labels: see Table 3.1.  

 

Figure B3.2. Percentage of signal observation type occurrence within a paired observations 

approach to categorisation of images and signals from 3 seasons of operation using the alternate 

events method a using resistivity fish counter data from 6 counters. X axis labels: refer to Table 

3.1. 
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Figure B3.3. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Aigas counter: for 

abbreviations see Figure 3.6.  

 

Figure B3.4. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Awe counter: X axis 

labels: refer to Table 3.1. 
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Figure B3.5. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Meig counter: X axis 

labels: refer to Table 3.1. 

 

Figure B3.6. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Luichart counter: X 

axis labels: refer to Table 3.1. 

0

10

20

30

40

50

60

70

80

90

U
p

D
w

n

N
u

p

N
D

w
n

M
u

lU
P

M
u

lD
w

n

Sm
lFsh

N
FA

n

N
FO

W
ave

O
th

e
r

%
 o

f 
to

ta
l c

o
u

n
ts

Observation Type

Meig 1st IMG

Meig 1st

Meig Alt IMG

Meig Alt

0

10

20

30

40

50

60

70

U
p

D
w

n

N
u

p

N
D

w
n

M
u

lU
P

M
u

lD
w

n

Sm
lFsh

N
FA

n

N
FO

W
ave

O
th

e
r

%
 o

f 
to

ta
l c

o
u

n
ts

Observation Type

Luichart 1st IMG

Luichart 1st

Lucihart Alt IMG

Lucihart Alt



209 

 

 

Figure B3.7. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Dundreggan counter: 

X axis labels: refer to Table 3.1. 

 

Figure B3.8. Percentage of observation type occurrence within a paired observations approach to 

categorisation of images and signals from 3 seasons of operation using the first 100 events method 

and the alternate events method using resistivity fish counter data from the Lochay counter. X axis 

labels: refer to Table 3.1. 
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Appendix C 

Table C3.1. Spearman’s rank correlation between counters for the percentage of observation of 

signals for the alternate events method 

 
Awe Meig Luichart Lochay Dundreggan 

Meig rs 0.898     

p <0.001     

Luichart rs 0.714 0.848    

p 0.020 0.002    

Lochay rs 0.886 0.910 0.714   

p 0.001 <0.001 0.020   

Dundreggan rs 0.652 0.826 0.944 0.664  

p 0.041 0.003 <0.001 0.036  

Aigas rs 0.943 0.900 0.742 0.847 0.622 

p <0.001 <0.001 0.014 0.002 0.055 

 

 

Table C3.2. Spearman’s rank correlation between counters for the percentage of observation 

of signals within the first 100 events method 

 
Awe Meig Luichart Lochay  Dundreggan 

Meig rs 0.909      

p <0.001      

Luichart rs 0.568 0.627     

p 0.087 0.052     

Lochay rs 0.831 0.807 0.586    

p 0.003 0.005 0.075    

Dundreggan rs 0.692 0.857 0.837 0.664   

p 0.027 0.002 0.003 0.036   

Aigas rs 0.854 0.743 0.561 0.976  0.594 

p 0.002 0.014 0.092 <0.001  0.070 
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Table C3.3. Spearman’s rank correlation between counters for the percentage of 

observation of images within the alternate events method 

 
Awe Meig Luichart Lochay Dundreggan 

Meig rs 0.634     

p 0.049     

Luichart rs 0.591 0.838    

p 0.072 0.002    

Lochay rs 0.722 0.838 0.779   

p 0.018 0.002 0.008   

Dundreggan rs 0.524 0.735 0.976 0.671  

p 0.120 0.016 <0.001 0.034  

Aigas rs 0.901 0.692 0.681 0.629 0.631 

p <0.001 0.027 0.030 0.051 0.050 

 

 

Table C3.4. Spearman’s rank correlation between counters for the percentage of observation 

of images within the first 100 events method. 

 

 
Awe Meig Luichart Lochay Dundreggan 

Meig rs 0.626     

p 0.053     

Luichart rs 0.578 0.947    

p 0.080 <0.001    

Lochay rs 0.775 0.638 0.462   

p 0.009 0.047 0.179   

Dundreggan rs 0.478 0.849 0.664 0.699  

p 0.163 0.002 0.036 0.025  

Aigas rs 0.694 0.500 0.332 0.702 0.702 

p 0.026 0.141 0.349 0.023 0.024 
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Counter description of observed image-signal pair frequencies 

The distribution of both signal and image types is skewed largely towards upstream salmonid 

passage, which is to be expected given the specification of the counters. Aigas (Figure B3.3) and 

Awe (Figure B3.4) counters are low in their river systems; they experience high numbers of 

returning adult salmonids. At the low in system counters downstream passage is largely 

uncommon in percentage. Other fish behaviours exhibited by salmonid at these sites are 

incomplete passage and the passage of multiple salmonids. Non-fish signals and images occur 

rarely at these sites. Meig (Figure B3.5) and Luichart (Figure B3.6) are midway in their river 

system and experience a lower percentage of upstream salmonid passage signals and images than 

the low in system counters. Non-fish signals and images occur more frequently at these sites. 

Dundreggan (Figure A-3.7) and Lochay (Figure B3.8) are high in their systems; Dundreggan 

experiences a higher percentage of upstream salmonid passage than Lochay. There are higher 

percentage frequencies of downstream and incomplete passage and unidentifiable observations at 

Lochay. 

The data shows variable percentage of observations of downstream salmonid passage, which more 

commonly at Lochay and Luichart. Incomplete passage occurs with low percentage at all sites; 

however, the passage of multiple salmonids in a single event occur at only Awe, Aigas, and Meig. 

The wave observation type represents wave activity and other sources of electrical interference; 

these are inconsistently found between counters and may indicate differences between sites. One 

issue was found at Luichart that represented a design flaw where the signals were inverted so that 

upstream passage as observed in images presented as downstream passage in signals. Rare image 

and signal types are multiple downstream passage, small fish or juveniles, non-fish animals and 

non-fish objects, these categories were infrequently observed which suggests that their occurrence 

is rare.  
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Figure C3.1. Heat maps of the frequency of significant Pearson’s Chi Square statistics between 

images and signals for all groupings of counters using the first 100 sampling strategy. X axis labels: 

refer to Table 3.1. 

 

Number of 

Significant 

Association
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Figure C3.2 Heat maps of the frequency of significant Pearson’s Chi Square statistics between 

images and signals for all groupings of counters using the alternate events sampling strategy. X 

axis labels: refer to Table 3.1. 

Observing all counters over all seasons using first 100 sampling strategy found significant Chi-

square statistics between images and signals in upstream salmonid passage, downstream salmonid 

passage multiple upstream salmonid passage, incomplete downstream salmonid passage, 

incomplete upstream salmonid passage, and wave action/electrical activity (Figure C3.1). There 

was also a commonly occurring association between upstream images and multiple upstream 

signals. Similarly, using the alternate events sampling strategy found commonly occurring 

significant Chi-square statistics between images and signals in upstream salmonid passage, 

downstream salmonid passage multiple upstream salmonid passage, incomplete downstream 

salmonid passage, incomplete upstream salmonid passage, and wave action/electrical activity 

Number of 

Significant 

Association

s 
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(Figure C3.2). There was also a commonly occurring association between upstream and multiple 

upstream salmonid passage in both pairings of images and signals. 
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Appendix D 

 
Figure D4.1.  Scatter graph of verified count plotted against raw count and sorted per year for 1, 

2, and 4 week groupings of count data. The counter used to generate this data is Awe counter. 

Blue line is a linear regression. Black line is a y=x.   
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Figure D4.2.  Scatter graph of verified count plotted against raw count and sorted per year for 1, 

2, and 4 week groupings of count data. The counter used to generate this data is Aigas counter. 

Blue line is a linear regression. Black line is a y=x.   
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Figure D4.3.  Scatter graph of verified count plotted against raw count and sorted per year for 1, 

2, and 4 week groupings of count data. The counter used to generate this data is Meig counter. 

Blue line is a linear regression. Black line is a y=x. 
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Figure D4.4.  Scatter graph of verified count plotted against raw count and sorted per year for 1, 

2, and 4 week groupings of count data. The counter used to generate this data is Luichart counter. 

Blue line is a linear regression. Black line is a y=x.  



220 

 

 

 

Figure D4.5.  Scatter graph of verified count plotted against raw count and sorted per year for 1, 

2, and 4 week groupings of count data. The counter used to generate this data is Lochay counter. 

Blue line is a linear regression. Black line is a y=x.  
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Figure D4.6.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Awe counter. Blue line is a 

linear regression. Black line is a y=x.   

y = 1.0511x – 0.8323 

y = 1.045x – 1.381 

y = 1.047x – 2.992 
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Figure D4.7.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Aigas counter. Blue line is a 

linear regression. Black line is a y=x. 

y = 1.089x – 2.729 

y = 1.087x – 5.221 

y = 1.082x – 8.906 
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Figure D4.8.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Meig counter. Blue line is a 

linear regression. Black line is a y=x. 

y = 1.01987x – 0.05487 

y = 1.0184x – 0.08447 

y = 1.0239x – 0.3572 
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Figure D4.9.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Luichart counter. Blue line is a 

linear regression. Black line is a y=x. 

y = 1.02522x + 0.01595 

y = 1.02604x + 0.02355 

y = 1.0217x + 0.1359 
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Figure D4.10.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Lochay counter. Blue line is a 

linear regression. Black line is a y=x.  

y = 0.9615x + 0.0221 

y = 0.9773x – 0.08455 

y = 0.9878x – 0.3393 
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Figure D4.11.  Scatter graph of verified count plotted against raw count for 1, 2, and 4 week 

groupings of count data. The counter used to generate this data is Invergarry counter. Blue line is 

a linear regression. Black line is a y=x.  

y = 0.6198x + 0.3613 

y = 0.7196x + 0.3712 

y = 0.7872x + 0.2669 
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Appendix E 

 
Figure E4.1. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Invergarry. Blue line is a smooth curve.  
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Figure E4.2. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Lochay. Blue line is a smooth curve.  
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Figure E4.3. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Luichart. Blue line is a smooth curve.  
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Figure E4.4. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Meig. Blue line is a smooth curve.  
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Figure E4.5. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Awe. Blue line is a smooth curve.  
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Figure E4.6. Scatterplot of percentage error against raw count for 1, 2, and 4 week groupings of 

count data. The counter used to generate this data is Aigas. Blue line is a smooth curve.  
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Figure E4.7. Scatterplot of percentage error against raw count and sorted per year for 1, 2, and 4 

week groupings of count data. The counter used to generate this data is Lochay. Blue line is a 

smooth curve.  
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Figure E4.8. Scatterplot of percentage error against raw count and sorted per year for 1, 2, and 4 

week groupings of count data. The counter used to generate this data is Luichart. Blue line is a 

smooth curve.   
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Figure E4.9. Scatterplot of percentage error against raw count and sorted per year for 1, 2, and 4 

week groupings of count data. The counter used to generate this data is Meig. Blue line is a 

smooth curve. 
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Figure E4.10. Scatterplot of percentage error against raw count and sorted per year for 1, 2, and 

4 week groupings of count data. The counter used to generate this data is Awe. Blue line is a 

smooth curve.   
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Figure E4.11. Scatterplot of percentage error against raw count and sorted per year for 1, 2, and 

4 week groupings of count data. The counter used to generate this data is Aigas. Blue line is a 

smooth curve. 
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Appendix F  

 

 

Figure F5.1. Time series raw fish count data plotted per counter within the Tummel system. 

Counters shown are as follows: top row – Pitlochry, bottom row - Clunie 
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Figure F5.2. Time series raw fish count data plotted per counter within the Ness system. Counters 

shown are as follows: top row – Dundreggan, bottom row – Invergarry. 
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Figure F5.3. Time series raw fish count data plotted per counter within the Conon system. 

Counters shown are as follows: top row – Torr Achilty, middle row – Luichart, bottom row – Meig. 
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Appendix G 

 

Figure G5.1. Heatmap of correlations in weekly count between Pitlochry and Clunie shown for 

all years and 0-5-week time lags. 

 

 

Figure G5.2. Heatmap of correlations in weekly count between Torr Achilty and Luichart shown 

for all years and 0-5-week time lags. 

 

Correlation 

Coefficient 

0 week     1 week        2 week         3 week       4 week         5 week 

All 

2016 

2015 

2014 

2013 

2012 

2011 

2010 

2008 

2007 

2006 

2005 

Cluni

e 

P
it

lo
ch

ry
 

 

Correlation 

Coefficient 

0 week     1 week        2 week         3 week       4 week         5 week 

All 

2016 

2015 

2014 

2013 

2012 

2011 

2010 

2008 

2007 

2006 

2005 

Luichar

t 

T
o
rr

 A
ch

il
ty

 



242 

 

Figure G5.3. Heatmap of correlations in weekly count between Torr Achilty and Meig shown for 

all years and 0-5-week time lags. 

 

Figure G5.4. Heatmap of correlations in weekly count between Luichart and Meig shown for all 

years and 0-5-week time lags. 

 

Figure G5.5. Heatmap of correlations in weekly count between Meig and Luichart shown for all 

years and 0-5-week time lags. 
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Figure G5.6. Heatmap of correlations in weekly count between Dundreggan and Invergarry shown 

for all years and 0-5-week time lags. 

 

Figure G5.7. Heatmap of correlations in weekly count between Invergarry and Dundreggan shown 

for all years and 0-5-week time lags. 

 

  

 

Correlation 

Coefficient 

0 week     1 week        2 week         3 week       4 week         5 week 

All 

2016 

2015 

2014 

2013 

2012 

2011 

2010 

2008 

2007 

2006 

2005 

Invergarr

y 

D
u

n
d

re
g

g
an

 

 

Correlation 

Coefficient 

0 week     1 week        2 week         3 week       4 week         5 week 

All 

2016 

2015 

2014 

2013 

2012 

2011 

2010 

2008 

2007 

2006 

2005 

Dundreggan 

In
v
er

g
ar

ry
 



244 

 

Appendix H 

 

Figure H5.1. Decomposed plot of the Clunie time series of fish counts. 

 

Figure H5.2. Decomposed plot of the Dundreggan time series of fish counts. 
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Figure H5.3. Decomposed plot of the Luichart time series of fish counts. 

 

Figure H5.4. Decomposed plot of the Meig time series of fish counts. 
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Figure H5.5. Decomposed plot of the Pitlochry time series of fish counts. 

Figure H5.6. Decomposed plot of the Torr Achilty time series of fish counts. 
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Figure H5.7. Decomposed plot of the Invergarry time series of fish counts. 
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Appendix I 

 

Figure I5.1. Time series plot of Clunie and Pitlochry. X axis is the progression of time from 2005 

to 2016. Y axis is the net upstream count per week per counter. Red line is Clunie, blue line is 

Pitlochry. 
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Figure I5.2. Time series plot of Dundreggan and Invergarry. X axis is the progression of time 

from 2005 to 2016. Y axis is the net upstream count per week per counter. Red line is Dundreggan, 

blue line is Invergarry. 
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Figure I5.3. Time series plot of Luichart and Torr Achilty. X axis is the progression of time from 

2005 to 2016. Y axis is the net upstream count per week per counter. Red line is Luichart, blue 

line is Torr Achilty. 
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Figure I5.4. Time series plot of Meig and Torr Achilty. X axis is the progression of time from 

2005 to 2016. Y axis is the net upstream count per week per counter. Red line is Meig, blue line is 

Torr Achilty. 
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Figure I5.5. Time series plot of Luichart and Meig. X axis is the progression of time from 2005 

to 2016. Y axis is the net upstream count per week per counter. Red line is Luichart, blue line is 

Meig. 
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Appendix J 

 

Figure J6.1. A heatmap of correlations between dam water release flows at Luichart and fish 

counts at Luichart 

 

Figure J6.2. A heatmap of correlations between dam water release flows at Meig and fish counts 

at Luichart 
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Figure J6.3. A heatmap of correlations between dam water release flows at Torr Achilty and fish 

counts at Luichart 

 

Figure J6.4. A heatmap of correlations between dam water release flows at Luichart and fish 

counts at Meig 
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Figure J6.5. A heatmap of correlations between dam water release flows at Meig and fish counts 

at Meig 

 

 

Figure J6.6. A heatmap of correlations between dam water release flows at Torr Achilty and fish 

counts at Meig. 
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Figure J6.7. A heatmap of correlations between dam water release flows at Luichart and fish 

counts at Torr Achilty. 

 

 

Figure J6.8. A heatmap of correlations between dam water release flows at Meig and fish counts 

at Torr Achilty. 
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Figure J6.9. A heatmap of correlations between dam water release flows at Torr Achilty and fish 

counts at Torr Achilty. 

 

Figure J6.10. A heatmap of correlations between dam water release flows at Dundreggan and fish 

counts at Dundreggan. 
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Figure J6.11. A heatmap of correlations between dam water release flows at Invergarry and fish 

counts at Dundreggan. 

 

Figure J6.12. A heatmap of correlations between dam water release flows at Dundreggan and fish 

counts at Invergarry. 
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Figure J6.13. A heatmap of correlations between dam water release flows at Invergarry and fish 

counts at Invergarry. 

 

Figure J6.14. A heatmap of correlations between dam water release flows at Duchally and fish 

counts at Duchally. 
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Figure J6.15. A heatmap of correlations between dam water release flows at Shin and fish counts 

at Duchally. 

 

Figure J6.16. A heatmap of correlations between dam water release flows at Duchally and fish 

counts at Shin. 
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Figure J6.17. A heatmap of correlations between dam water release flows at Shin and fish counts 

at Shin. 
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Appendix K 

 

 

Figure K6.1. Decomposed time series plots of dam water releases within the Kyle of Sutherland. 

These plots show consistent seasonal patterns between Duchally and Shin. The counters shown 

are as follows: Shin (top), Duchally (bottom). 
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Figure K6.2. Decomposed time series plots of counts within the Kyle of Sutherland. These plots 

show differing seasonal patterns between Duchally and Shin. The counters shown are as follows: 

Shin (top), Duchally (bottom). 
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Figure K6.3. Decomposed time series plots of dam water releases within the Ness system. These 

plots show differing seasonal patterns between Invergarry and Dundreggan. The counters shown 

are as follows: Invergarry (top), Dundreggan (bottom). 
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Figure K6.4. Decomposed time series plots of fish counts within the Ness system. These plots 

show differing seasonal patterns between Invergarry and Dundreggan. The counters shown are as 

follows: Invergarry (top), Dundreggan (bottom). 
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Figure K6.5. Decomposed time series plots of dam water releases within the Conon system. These 

plots show consistent seasonal patterns between Luichart and Torr Achilty, but they are different 

to the pattern at Meig. The counters shown are as follows: Torr Achilty (top), Meig (middle), 

Luichart (bottom). 
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Figure K6.6. Decomposed time series plots of dam water releases within the Conon system. These 

plots show somewhat similar seasonal patterns between Luichart and Torr Achilty, but they are 

different to the pattern at Meig. The counters shown are as follows: Torr Achilty (top), Meig 

(middle), Luichart (bottom). 
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Appendix L 

 

 

 

Figure L6.1. Time series plot of dam water release plotted against fish count data in the Conon 

system, sites are as follows: Torr Achilty (top), Meig (middle), Luichart (bottom). 
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Figure L6.2. Time series plot of dam water release plotted against fish count data in the Ness 

system, sites as follows: Invergarry (top), Dundreggan (bottom) 
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Figure L6.3. Time series plot of dam water release plotted against fish count data in the Kyle of 

Sutherland, sites as follows: Shin (top), Duchally (bottom) 

 


