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Executive summary

An opportunity to improve understanding of the potential impacts of low head
hydropower schemes on migratory salmonids arose on a scheme proposed by the
North York Moors National Park (NYMNP) in association with the Esk Valley Energy
Group (EVEG) at Ruswarp weir on the River Esk in North Yorkshire. This installation
consists of a single Archimedean screw turbine (diameter = 2.9 m) adjacent to fish
pass on the right hand bank. The intake for the screw is located just upstream of the
fish pass exit and the outflow located adjacent to the fish pass entrance. The micro-
behaviour of upstream migrating salmonids in relation to hydrodynamic and
environmental cues that attract and guide fish at fish passes was investigated (11
October 2011 7 12 January 2012 and 20 August i 12 December 2013) using an
acoustic tag tracking system.

Over the two years 14 salmon and 48 sea trout were tagged (13 of the salmon were
tagged in 2012 following a disproportionate sampling effort to catch them). Twenty-
three (17 sea trout and 6 salmon) of the 62 tagged fish were detected (35% of sea trout
and 43% of salmon) in the hydrophone array positioned downstream of the fish pass
entrance. Three of the tagged salmon passed the weir within one day of release, with
one passing within 6 hours. The remainder both passed within three days. Eight of the
sea trout passed within one day of release with a further four passing within two days.
However, five sea trout took considerably longer (over 14 days) to ascend the weir
after tagging. The average time from release to ascent for salmon was 3.37 + 5.67
days (Mean + SD) and was 7.87 + 13.25 for sea trout (compared to 6.3 + 6.1 in 2011
alone and 4.4 + 5.2 in 2010). All but one fish (one salmon in 2012) detected in the array
successfully ascended the weir. In 2011 the majority of the detected fish (75%)
ascended the weir via the fish pass, but some fish ascended via the side of the fish
pass during elevated river levels. In 2012 all the detected fish known to have passed
their weir moved via the fish pass. No tagged fish were observed to use the baulk route
to ascend the weir in 2011 or 2012, compared to 4 out of 9 ascents (44%) in 2010.
Despite all fish passing through the fish pass being detected on hydrophone H8, it is
unclear whether this was performing adequately under all flow conditions to detect
ascents via the baulk pass. Four of the salmon made between 3 and 5 visits to the
array before ascending the fish pass, with the other two detected fish making 12 and
23 visits. Eight of the sea trout ascended the weir during the first visit to the array, with
another five ascending within five visits. One sea trout in 2011 made 14 visits to the
array over a period of five days and in 2012 one sea trout made 40 visits to the array
over a period of thirteen days prior to ascent. The majority of sea trout passed the weir
within one hour of their first detection in the array although two fish passed the weir 114
and 301 hours after their first detection. Excluding these two outliers the average time
from first detection to ascent by sea trout was 0.51 + 0.62 hours. The average time
from first detection to ascent by salmon was 5.48 £ 7.57 hours.

A grid based approach (0.5 x 0.5 m cells; track count and residence time), proximity
analysis (frequency of tag echoes) and approach analysis (2 m buffer; count and time)
was used in this study to quantify, visualise and standardise micro-scale behaviours of
fish below the fish pass and to enable comparison with future scenarios. The sum of all
time intervals in each grid cell revealed that sea trout spend large periods of time at the
entrance to the fish pass, although time was also spent throughout the pool. In
passage and non-passage runs the concentration of high time values was focussed
directly at the entrance of the fish pass with little time spent elsewhere. Sea trout tracks
from most groups (i.e. passage, non-passage, day, night, ebbing tide and
ebbing/flooding tide) were generally found in close proximity to the fish pass (frequency
of tag echoes and residence time). The average residence time and the number of
approaches within a 2-m radius of the pass entrance for sea trout was not statistically
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different between groups (i.e. passage vs. non passage, day vs. night and ebbing vs.
ebbing/flooding vs. flooding tides), and sea trout tracks can be pooled in future
analyses (giving 87.3 + 43.0 seconds per fish track, and 7.8 + 5.6 per fish track
respectively). When all tracks from salmon (2011 and 2012) were overlaid in the
current study, most cells within the grid were intersected by at least one track and the
area within the array was well covered by multiple tracks. No favoured route or
preference for one side of the array was apparent from this grid. The low numbers of
salmon (and hence salmon tracks) available limited the analysis and interpretation of
these data. However, the proximity analysis of echo locations during different phases of
the tide did indicate potential bimodality in distribution and also differences in relation to
high and low water slack conditions. It is unclear whether this pattern is accurate or an
artefact of the low number of salmon available to study.

Recommendations for future study, and analysis of the post-implementation data
against the baseline, include the continuation and development of the grid based
micro-scale behaviour analysis, widening the study to incorporate the behaviour of
downstream moving fish (using acoustics tags), including smolts, and an overarching
assessment of the fish migration and recruitment in the River Esk catchment. Given the
low numbers of salmon available to this study, and the disproportionately high effort
required to get a statistically valid sample size, it is recommended that sea trout should
be the focus of the assessment and that data for salmon are used as a supplement to
the main study to provide an insight into fish behaviour around the turbine and fish
pass.
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1 Introduction

1.1 Background

Rivers provide an array of ecosystem services, including provision of biodiversity,
attenuation of flood waters, abstraction, recreation, production of power, food and other
marketable goods (Millennium Ecosystem Assessment, 2005; Cowx et al., 2011). As a
consequence, rivers have been widely altered by a suite of interacting activities,
including effluent discharge, dam building, habitat alteration and water abstraction
(Baron et al., 2002; Nilsson et al., 2005).

With concerns over climate change, rivers worldwide are becoming increasingly
exploited for hydropower (Jansson, 2002; Murchie et al., 2008). Although the
harnessing of energy from water discharge and conversion to electrical power did not
begin until the mid 19th Century (Poff & Hart, 2002), it is now considered the most
important renewable electricity source worldwide (Bratrich et al., 2004), accounting for
19% of t he rwty(Phigth®8602)eThi®ocagdture of energy from rivers is in line
with regional policy objectives (e.g. EU Renewable Energy Directive 2001/77/EF) and
hydropower is considered to be the most reliable and cost effective renewable energy
source (Bruno, 2008) and often presented as a cl
energy source with no negative impacts on the environment (Bratrich et al., 2004).

In the past few years there has been a resurgence of interest in hydropower as a direct
consequence of th e UK Government 6s commit ment
associated financial incentives. The majority of new schemes are run-of-river, which
have no significant storage of water, the turbine only making use of the available flow
at the site. These generally require an impounding structure and the passing the water
through a turbine, sometimes involving the diversion of water through a secondary
channel or pipeline and returning it to the main river downstream of the weir. The view
that hydropower has no negative impacts on the environment, has been challenged by
numerous authors who consider the impacts on fisheries and biota as significant.
Unfortunately, research on the impacts of hydropower schemes on fish populations is
mainly restricted to larger schemes, and little work has been carried out to investigate
the impact of small-scale schemes on fisheries or river ecosystems.

An opportunity to improve understanding of the potential impacts of low head
hydropower schemes on migratory salmonids arose on a scheme proposed by the
North York Moors National Park (NYMNP) in association with the Esk Valley Energy
Group (EVEG) at Ruswarp weir on the River Esk in North Yorkshire. This installation,
completed in 2012, consists of a single Archimedean screw turbine (diameter = 2.9 m)
adjacent to fish pass on the right hand bank. The turbine would draw up to 4 m3s™ and
generate approximately 50 kW of electricity. The operating head varies considerably
from 1.6 m to 2 m depending on the state of the tide below the weir. The intake for the
screw is located just upstream of the fish pass exit and the outflow located adjacent to
the fish pass entrance. This is in accordance with the Environment Agency (EA)
guidelines relating to hydropower schemes. The pool-traverse fish pass was replaced
by a new Larinier fish pass as the old pass was believed to be suboptimal (the pass
was over-energised at high flows (Kibel & Coe, 2009).
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1.2 Aims

The overall aim of this study is to investigate the behaviour of upstream migrating
salmonids at a hydropower scheme that includes a fish passage facility to help address
oneofthefevi dence g¢gaps dabout migritoryobeHawodrgfeadult upstream
migrating salmonids. The work will used to help formulate and underpin guidance
documents such as the Hydropower Good Practice Guidelines (GPG).

A secondary aim is to investigate fish micro-behaviour in relation to hydrodynamic,
hydraulic and environmental cues that attract and guide fish at fish passes to improve
best practice guidance on fish pass design by optimising fish attraction to the entrance
of fish passes and improving fish passage rates.

1.3 Objectives

The objective of this report is to provide baseline information on the behaviour of
migratory salmonids in the River Esk around Ruswarp weir, including the timing of their
movements and their interaction with the weir and fish pass(es) to ensure appropriate
mitigation measures are installed with the hydropower scheme to maintain or improve
passage efficiency in the future. Specifically the objectives are:

1  To establish a baseline for fish micro-behaviour around the existing fish
passage facilities so that any adverse effects the hydropower scheme may
have can be mitigated effectively and ensure that fish passage is optimised.
Passage success/failure analysis will be used to assess the efficacy of the
current fish pass.

i To investigate the timing of fish movements and ascents in relation to
hydrodynamic and environmental cues.

This report presents the extended baseline dataset for sea trout and provides an
analysis of the limited salmon tracking combining data collected in 2012 and 2013. The
report extends and refines the material presented in Walton (2012).
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2 Materials and methods

2.1 Study site

The Yorkshire River Esk flows approximately 45 km from its source upstream of
Westerdale on the North York Moors to its mouth on the North Sea coast in the harbour
town of Whitby. The Esk supports important migratory salmonid populations, especially
sea trout (Salmo trutta) and Atlantic salmon (Salmo salar), although catches of the
latter have declined in the last 40 years whilst those of sea trout have progressively
increased (Figure 1). The river also supports a population of freshwater pearl mussel
(Margaritifera margaritifera), a species that is highly dependent on a healthy population
of salmonids to complete its lifecycle. The upstream migration of adult salmonids is
impeded by a humber of weirs constructed to divert water through mills.
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Figurel. Trends in sea trout and salmon tzhes in the River Esk, North Yorkshifgata for 2012 are provisional
and the sea trout catches are included in the total for salmon for the period 1-8882 (I Dolben pers. comm.).

The tidally influenced reach of the Esk extends from Whitby to the weir at Ruswarp
(NGR NZ 804053; weir length: 270 m and width: 10 m). There are no significant
barriers to fish movement below Ruswarp weir, although movement may be restricted
at low tide because of insufficient water depths over gravel bars. There are two fish
passes that facilitate upstream migration; a pool and traverse pass on the southern
bank (replaced by a Larinier pass in 2012) and a diagonal baulk in the centre of the
weir (Figure 2). The former represents the study site in this investigation. An array of 8
hydrophones was installed to monitor the progress of upstream migrating salmonids
(2012 Figure 3 and 2011 Figure 4). The configuration of the array was changed in 2012
to reposition one of the hydrophones (H1) within a pool above the baffles in the new
Larinier fish pass to confirm fish movement through the pass.

The catchment generally consists of sparsely populated, open moorland with little
pressure from industrial or urban development (Figure 7b). The moorland streams that
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feed the Esk are affected by natural "flushes" of acidity, as well as iron run-off from
natural ironstone strata and old mineral workings, making some of these becks an
ochreous-orange colour after periods of rainfall. The geology of the catchment is
dominated by rocks from the Jurassic period, mostly lower oolite and lias with low
permeability (Figure 7c).

The original pool-traverse fish pass was replaced with a Larinier baffle pass during
summer 2012 at the same time as the hydropower turbine was installed and
commissioned. Therefore, the 2012 data collected reflected both conditions for a new
design of fish pass and the potential effects of construction. Additionally, an elver pass
was installed alongside the fish pass, although this was eventually removed later in the
year (end of November/early December 2012) (see Appendix 2 for time line).

Figure2. Aerial photograph showing the location of the fish pass@s¢ pool traverse pas$2011) / Larinier pass
(2012) B¢ baulk pass)in relation to the weir (kayakers upstream of the weir give an indication of scale). The
green circlemarksthe location of thenew hydroelectric turbineand the focus of this study
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Figure3. Diagram of the study site showing the positions of 8lhydrophonesused in the array for 2012Section
2.3).

Figure4. View of the old pool-traverse fish pass entrance and hydrophonemrray showing the approximate
positions of all 8 hydrophones 2011
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Figure5. View of thenew Larinierfish pass entrancegutfall of the new turbine andhydrophones arrayin 2012

S

L

FigL‘l‘reB. View of tﬁ‘.e‘ outfall of the new turbine and hydrophones array in 2012.
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2.2 Tagging

Fish were captured downstream of Ruswarp Weir on 11, 12, 24 and 25 October 2011
and 20/21 August, 18/19 September and 27/28 September 2012 (Appendix 1) using
pulsed DC (50 Hz) electric fishing equipment from a boat (Electracatch control box, 6 V
single anode with Honda 7.5 kVA generator or EasyFisher control box with fully
adjustable settings). Prior to tagging in the field, fish were anaesthetised using MS222
(40 mg L™). Species, sex and fork length (nearest mm) were recorded.

Fish were placed ventral side up in a clean V-shaped foam support. Tags were
activated (pulse rate ranged from 2514-2794 ms in 2011 and 2500-2654 ms in 2012),
tested with a hand held detector (Model 492 Acoustic Tag Detector, Hydroacoustic
Technology Inc, Seattle, USA) to verify the tag was successfully transmitting, sterilised
with alcohol and rinsed with distilled water prior to use. Model 795LG acoustic tags (46-
mm long x 14-mm diameter, 4.5-g weight in air, expected life of 90 days, 307 kHz,
Hydroacoustic Technology Inc, Seattle, USA) were inserted into the body cavity of fish
deemed fit to tag through a 30-mm long, ventro-lateral incision made with a scalpel,
anterior to the muscle bed of the pelvic fins. In 2011 a model 795LX acoustic tag (66-
mm long x 14-mm diameter, 13.0 g weight in air, expected life of 180 days, 307 kHz,
Hydroacoustic Technology Inc, Seattle, USA) was inserted into the largest sea trout
(70-cm) in a similar way, through a 50-mm long ventro-lateral incision. The incision was
closed with an absorbable suture and treated with a skin adhesive powder (Orahesive,
ConvaTec Limited, Deeside, UK). The procedure lasted approximately 5 minutes. In all
cases tag weight did not exceed 2 % of the fish body mass (Winter, 1996). Fish were
held in a well-aerated observation tank until they regained balance and were actively
swimming, before returning them to the river, at a suitable site for release (NZ 896 096,
approximately 1 km downstream). All fish were treated in compliance with the UK
Animals (Scientific Procedures) Act 1986 Home Office licence number PPL 80/2411.
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Figure 7. Plan form maps of catchment characteristics (elevatioland cover geology and rainfall(lmm)) for the Esk catchmenthitp://data.ecn.ac.uk/sites/ecnsites.asp?site=R0OP
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2.3 Acoustic tracking system

Fish tracking was performed using an acoustic tag tracking system (model 290
acoustic tag receiver, Hydroacoustic Technology Inc, Seattle, USA), 11 October 2011 i
12 January 2012 and 20 August 2012 - 12 December 2012. In 2012 six hydrophones
(H2-H7) were arranged as an array downstream of the fish pass, a single hydrophone
(H1) was positioned within the fish pass and a single hydrophone (H8) upstream of the
fish pass (Figure 3 and Figure 4). Construction work during 2012 also meant that the
hydrophone array was positioned differently than in 2011 meaning that it had a slightly
different footprint in each year. The relative position of each hydrophone in the array
was determined by measuring the pair-wise distance to two locations with known grid
references (walls of fish pass entrance). The sub-metre 2D position of fish within the
array was triangulated using the arrival times of tag pulses at each hydrophone using
Hydroacoustic Technologies Inc. proprietary software. In 2012 H1 was also used to
indicate when a tagged fish had actually traversed the weir through the fish pass and
H8 was used to indicate when a fish had ascended, but neitherc oul d i ndi

position. Tag detection data (identity, date, time and location) were recorded using HTI
Acoustic Tag software (Hydroacoustic Technology Inc, Seattle, USA) and stored on a
portable laptop computer. In 2012 two mobile data loggers were also installed
downstream of Ruswarp to attempt to ascertain behaviour of fish that were not
detected on the weir. Unfortunately, neither of these was functional due to
developmental issues that could not be addressed by the manufacturer. Throughout
the study, the effectiveness of the array and H1/H8 (detection range = full river width)
were periodically tested using a Model 795LG tag drawn through the river to reflect all
possible routes and behaviours of fish. The test tag also verified that battery life
spanned the duration of the experiment. The array was visited frequently to inspect for
damage (extreme spates and the construction work posed a constant threat to the
array) and remove debris (minimal). In 2011 the array was not operating between 25 -
26 November and 31 December - 2 January because of power outages, but this was
not considered critical as all fish recorded had passed the array before this time. In
2012 the array had a number of short periods where it was not operating due to power
outages but again this was not considered critical.

2.4 Output processing and data analysis

The proportion of fish that successfully ascend a fish pass is a simple but effective
measure of fish pass performance (Roscoe & Hinch, 2010). The number of fish that
ascended the weir as a proportion of the total number observed in the array was used
to quantify the permeability of the weir to fish.

Time-stamped location data for each fish recorded in the array were separated into
individual tracks (separate behavioural events in the array) on the basis of time
between records. A minimum gap of 2 minutes was used to determine separation of
tracks, although in general the gaps were longer than this. The tracks observed over
the period were broadly classified into passage and non-passage tracks, where
passage tracks were defined as tracks that start when a fish enters the array and
terminate when the array is exited via an upstream route (Figure 8 left). Non-passage
tracks were defined as tracks that start when the array is entered and terminate when
the fish leaves the array via a downstream route (Figure 8 right). Time in the array was
defined as the time between the first position plot detection and the last position plot
detection on hydrophones 2 to 7.
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Figure8. Exampls of a pasage track (left) and a nepassage track (right) in the array (yellow polygon).

In 2011 passage routes were divided into ffish passo and fside of fish passo routes
(Figure 9 and Figure 10) based on a combination of the location of the terminal point of
the fish track (nearest to the fish pass or side of fish pass), the time the fish took to
ascend (<1-min = fish pass or side of fish pass; >1-min = fish pass) and the flow over
the weir at the time of passage (<3 m3s™ = fish pass, >3 m®s™ = fish pass or side of fish
pass). In two cases it was not possible to determine which route was taken as both
routes were feasible; these were classified as "pass proximity". In 2012 the relocation
of H1 into a pool above the Larinier baffles enabled the confirmation of use of the fish

pass on all detected ascents of the weir.

Figure9. OId fish pass and side of fish pass ascent routes in low flows (1.%71mlooking downstream. Arrows

represent direction of fish passage (photo taken 31/10/2011 17:42).
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Fish pass

Figure10. Old fish pass and side of fish pass ascent routes in high flows (3§s§mlooking upstream. Arrows
represent direction of fish passage (photo taken 3/1/2012 12:00).

Fish tracks were analysed to investigate the following:

1 delay between release and fish passage (see Section 3.1);

T number of times the array was entered (see Section 3.1);

I  duration of array visits T passage/non-passage (see Section 3.1);
1

total time taken from entering array to leaving fish pass/side of fish pass
(detection on H8) (see Section 3.1);

1 the proportion of fish ascending via the fish pass, side of the fish pass or the
baulk fish pass (see Section 3.2);

diel timing of movements (see Section 3.3);
the influence of fish size on movement (see Section 3.4); and

the duration and timing of array visits related to the following environmental
variables (discharge, tide state and temperature) (see Section 3.5).

2.5 Statistical analysis

Raw and log,o transformed data were tested for normality using the Kolmogorov
Smirnov test. In samples that conformed to a normal distribution, means were
compared using independent samples t-tests. Where data failed to meet assumptions
of normality Mann-Whitney U-tests were performed. Relationships between variables
were assessed using Pearson& correlations. All statistics were carried out in IBM
SPSS Statistics (version 19.0) withasi gni fi cance | evel U =

Science Report i Investigating Fish Passage: Acoustic Fish Tracking Project i Yorkshire Esk, Ruswarp 11
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2.6 Micro-scale behaviour analysis

2.6.1 Initial processing

Triangulated positions of tag pulses/echoes produced by the HTI software were plotted
as points in ArcGIS (ESRI ArcMAP version 10). Point location data were connected in
chronological order using ArcMAP tracking tools to produce a continuous fish track
made up of i ndi vi dual p drFlgyrd 11n @he fesgth gdistarce Hetween
consecutive points; m) and bearing (azimuth) of each step was extracted, as well as
the total track length (sum of all step lengths; m) and the average speed of each fish
track (total track length divided by total time of the track; ms™). The groups below were
used in all micro-scale analyses (excluding array entry (section 2.6.5) wh e r all
trackso were analysed)

1 all tracks;

1  passage versus non-passage;

i  day versus night; and

i  ebbing tide versus ebbing/flooding tide versus flooding tide
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2.6.2 Time grids

To enable direct quantitative comparison of time distribution between tracks within the
array, a polygon grid of 0.5 x 0.5 m cells (750) that covered the entire array was
plotted. Residence time (tp) for each cell was calculated using:

o= (@ x 1) /s

w h e r tas thee change in time between points (the time of each step (seconds)), |, is
the length of track in each cell and Is is the total length of each step. The residence time
in each cell was assumed to be proportional to the length of track in each cell, i.e. the
fish had constant speed between points. The residence time in each grid cell was
assigned a colour ranging from white to red with increasing time (see Figure 12 (left)
for example). The colour spectrum was standardised between grids to allow visual

onl

comparison. The number of fish to pass through each cell and the average time spent

by fish in each cell were pooled for the groups outlined in Section 2.6.1.
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2.6.3 Proximity analysis

The proximity of tag echoes (plotted as points) to the entrance of the fish pass (plotted
as a polyline) was calculated in ArcGIS, using the near function, which calculates the
shortest distance between a point and a polyline (see Figure 12 (right) for example).
The near distances of points in tracks were pooled into groups (see section 2.6.1)
standardised by the number of tracks in each group and plotted as histograms in MS
ExcelE .

2.6.4 Fish pass approaches

A fish movement to within a 2 m distance from the fish pass was considered indicative
of an approach towards the fish pass. The number of times a fish approached the fish
pass was calculated by drawing a buffer the width of the fish pass (2.25 m) 2 m from
the entrance. The total number of times a fish track intersected this buffer was
determined in ArcGIS (Figure 13) and the number of approaches this represented in
passage runs was calculated by:

nNA=(nl+1)/2
and for non-passage runs by;
nA=nl/2

where nA is the number of approaches and nl is the total number of buffer intersects.
The total number of approaches was calculated for each group (see section 2.6.1) and
standardised by the number of fish tracks in each group. The amount of time fish spent
within this 2-m buffer for each group (as above) was calculated by summing the
residence time values of the grid cells that lie within it; these values were standardised
by the number of fish tracks within each group.
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2.6.5 Array entry

The movements of all fish tracks into the array were classified into 3 groups (A, B, C)
according to the location of the first recorded echo(s). This was determined by entry
points between hydrophones. Although specific hydrophone positions were different
between 2011 and 2012 the classes of entry point were consistent. Entry was classified
as (A) from a position towards the left hand bank (between H6 and H5 in 2011 and
2012), (B) from downstream (between H5 and H3 in 2011 and between H6 and H7 in
2012) and (C) from a position towards the right hand bank (between H3 and H2 in 2011
and between H7 and H4 in 2012. In cases where it was not possible to determine the
point of entry accurately, tracks were classified as "indeterminate”.

2.7 Environmental data

Flow (m*® s™) was measured at 15-min intervals at the Briggswath gauging weir (NZ
866 081). Water temperature was recorded from 31 October 2011 to 16 January 2012
and 31%' August 2012 to 30" November 2012 at 15-min intervals using a 2 tg-4100
logger (Tinytalk, Orion Instruments, Chichester, UK). Temperature data before 31
October 2011 were modelled using the relationship between the River Esk and the
River Tyne (Table 1). Temperature data were not logged from 30" November 2012 to
the removal of the array in that year as the logger had become displaced by the
extreme flows during this period. Tide data were obtained at 15-min intervals using
Admiralty Total Tide software (The United Kingdom Hydrographic Office, Taunton, UK).
The movement of fish downstream of the weir may be facilitated by a combination of
the freshwater discharge and tidal inputs. Actual discharge data were not available for
Ruswarp Weir, so a Total Water Index (TWI) was calculated by adding discharge at the
gauging weir and tide height to determine the relative quantity of water downstream of
the weir.

Tablel. Linear regression relationships between water temperature in the rivers Esk and Tyne

Linear regression P r’ n

Esk =Tyne (-1.195)+1.199 <0.001 0.94 5905
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2.8 Hydraulic assessment

A flow velocity profile within the array was obtained at lows flows (mean daily discharge
= 1.36 m®s™) using a TeledyneE RDI StreamPro Acoustic Doppler Current Profiler
(ADCP) along five transects (Figure 14 and Figure 15). Hydraulic surveys using the
ADCP were not possible at flows higher than those surveyed as turbulence within the
pool disrupted the ADCP accuracy. Turbulence at the entrance to the fish pass
(transect 0; Figure 14) was too great for the ADCP to obtain meaningful readings
during this study. Multiple passes along transects 1-4 were pooled and geo-referenced
in ArcGIS. Data from these transects were spatially interpolated to give an approximate
distribution of flow velocities throughout the array. Ordinary kriging using the Matern (K-
Bessel) model was used for spatial interpolation. The variogram was estimated using a
lag size of 0.5001 and 12 lags, with the models (nugget effect = 0.0247, spherical
component (partial still) = 0.0308, and range = 3.582), fitted using the Geostatistical

Analyst within ArcGI SE.
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Figre14. Flow velocity profiling transect locations ().

Science Report i Investigating Fish Passage: Acoustic Fish Tracking Project i Yorkshire Esk, Ruswarp

15



Figurel5. ADCP in operatioonn transect 4 within the array.
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3 Results

3.1 Visits to the array

Over both years comprising the pre-implementation study 14 salmon and 48 sea trout
were tagged for tracking (Table 2). Of these 13 of the salmon were tagged in 2012
following a disproportionally high sampling effort to obtain them (during the same
surveys around 100 sea trout were captured). Of the tagged fish 6 salmon (43%) and
17 sea trout (35%) were detected within the hydrophone array. Five of the salmon and
all of the sea trout were observed to pass the weir. Of these two sea trout were also
observed to descend via the fish pass some time after their initial upstream migration.
Additionally in 2012 two salmon were observed to pass the weir for a second time a
considerable period after their initial passage (around 3 weeks).

Table2. Summary othe numbers of fish tagged, detected and theimovement characteristicat Ruswarp weirn
2011 and 2012

Species Salmon Sea Trout

Year 2011 2012 Total 2011 2012 Total
n tagged 1 13 14 38 10 48

n detected 1 5 6 14 3 17
Tracks

Non-passage 2 41 43 23 45 68
Passage 1 4 5 14 3 17
DS Passage 0 1 1 2
Second Ascent 2 2 1 1
Total Tracks 3 47 50 39 49 88

Three of the tagged salmon passed the weir within one day of release, with one
passing within 6 hours (Tables 3 & 4). The remainder both passed within three days
(Figure 16). Eight of the sea trout passed within one day of release with a further four
passing within two days. However, five sea trout took considerably longer (over 14
days) to ascend the weir after tagging. The average time from release to ascent for
salmon was 3.37 £ 5.67 days (Mean * SD) and was 7.87 + 13.25 for sea trout
(compared to 6.3 + 6.1 in 2011 alone and 4.4 £ 5.2 in 2010) (Figure 16).
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Figure16. Number of daysbetween rekase and passagi®r (a) salmon and (b) sea trout in 2011 and 2012=
within one day of release.
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Table3. Summary of movement characteristics of fish that ascended Ruswarp ine2012 (FP = fish pass, FPSshfpass sideFPP =igh pass proximity

Fish Species Size Behaviour Time from Number of Total timein Total Time from Route Day /
(mm) class release to 1st tracks in array [min] distance in release to taken Night
detection [d] array array [m] ascent [d] track
2500 ST 527 Passage 2.13 40 322.00 2767.24 14.70 FP D
2549 Sa 589 Passage 0.62 12 56.68 672.25 1.40 FP N
2584 ST 477 Passage 1.01 1 1.55 29.48 1.02 FP D
2584 ST 477 DS Passage 8* N
2626 Sa 670 Passage 0.97 2 8.78 87.69 0.99 FP D
2626 Sa 670 Second Ascent 4* 2.15 57.53 14.83 FP D
2647 Sa 640 Passage 0.16 4 15.78 218.57 0.34 FP N
2647 Sa 640 Second Ascent 5* 0.53 12.23 FP D
2556 ST 538 Passage 25.47 1 1.53 20.75 25.48 FP N
2633 Sa 735 Passage 0.20 3 6.98 104.93 0.23 FP N

NOTE i Salmon 2528 had 23 tracks within the array over a 6hr period on 21/08/2012 but was not recorded to ascend via the fish pass
* Total number of tracks recorded for the fish including non-passage prior to passage, ascents, descents, hon-passage tracks after descent and second ascents
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Table4. Summary of mvement characteristics of fish that ascended Ruswarp wri2011 (FP = fish pass, FPSshfpass sideFPP =igh pass proximity

Fish Species  Size Time from Number Total timein Total Speed in Time from Route Day
(cm) release to of array array (mins) distance in array release to taken /

first detection visits array (m)  (ms™) ascent night

in array (days)

(days)
2703 St 59.0 0.01 1 00:05:00 18.73 0.06 0.02 FPS D
2703 (2™ st - 3 00:44:28 384.12 0.14 1.83 FP D
ascent)
2514 St 56.0 1.04 3 00:08:20 319.52 0.64 1.08 FP N
2549 Sa 60.0 1.08 3 02:56:20 1250.76 0.12 2.42 FPP D
2633 St 48.0 0.21 1 00:01:40 30.74 0.31 0.21 FPP N
2591 St 59.5 0.25 2 00:19:39 276.15 0.23 0.33 FP N
2710 St 54.5 0.25 1 00:15:14 166.52 0.18 0.25 FP N
2577 St 64.0 0.29 1 00:00:41 15.69 0.38 0.29 FP N
2661 St 57.0 3.17 1 00:01:33 18.02 0.19 3.17 FP N
2647 St 52.5 1.79 2 00:07:40 76.57 0.17 1.83 FP D
2773 St 54.0 0.10 1 00:01:43 27.73 0.27 0.13 FP N
2745 St 65.5 0.21 1 00:04:24 56.67 0.21 0.21 FP N
2794 St 55.5 0.71 4 00:50:33 537.40 0.18 0.71 FPS D
2563 St 64.0 16.25 2 00:09:14 94.23 0.17 16.29 FP N
2717 St 38.0 29.54 14 02:47:25 1374.02 0.14 29.62 FP D
2640 St 58.0 42.08 1 00:04:45 109.37 0.38 42.08 FP N
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Four of the salmon made between 3 and 5 visits to the array before ascending the fish
pass, with the other three detected fish making 8, 12 and 23 visits (some of which
included reappearance in the array after initial passage) (Figure 17). Eight of the sea
trout ascended the weir during the first visit to the array, with another five ascending
within five visits. One sea trout in 2011 made 14 visits to the array over a period of five
days and in 2012 one sea trout made 40 visits to the array over a period of thirteen
days prior to ascent. In all of the 23 fish tracked across the two years only four fish
exhibited more than four tracks in the array prior to first passage (or not passing)
through the fish pass.
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Figurel7. Frequency distribution showing the number of times the hydrophone array was enteredd)ysalmon
and (b) sea trotiin 2011 and 20120 = no entry.

The average total time spent in the array by salmon prior to passage was 38.46 *
64.58 minutes, and sea trout spent an average of 39.87 + 80.80 minutes within the
array (Figure 18). The greater variance and standard deviation for sea trout reflect the
few fish that spent a disproportionally long time within the array over a large number of
visits. Most sea trout spent less than five minutes in total within the array prior to
passage whereas all of the salmon spent over five minutes within the array before
passing the weir.

=

Number of fish
OFRPNWMUUOON®OO
N

Number of fish
OFRPNWMIITONO®OO

o 1o} LOLOLLOLOWLOLOLOLO O oOONMOLLOLOWOLOLD LOLOWO W
— Nmmqqmm;o;or\r\oooommas AENNOMOIT IO O O~ ODOCDSB
= =
Timein array (mins) Timein array (mins)
02011 =m2012 02011 =m2012

Figurel8 Total timespent in thearray prior to passge(sum of all tracksfor (a) salmon and (b) sea trout in 2011
and 2012.

The majority of sea trout passed the weir within one hour of their first detection in the
array although two fish passed the weir 114 and 301 hours after their first detection.
Excluding these two outliers the average time from first detection to ascent by sea trout
was 0.51 + 0.62 hours. The average time from first detection to ascent by salmon was
5.48 £ 7.57 hours (Figure 19).
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Figurel9. Total time between first arrival in the array angbassage(time on H§ for (a) salmon and (b) sea trout in
2011 and 2012.

Overall seven passage tracks and 43 non-passage tracks were recorded for salmon.
The average time in the array during non-passage tracks was 9.16 + 18.61 minutes
and 4.79 = 4.22 minutes in passage tracks (Figure 20). The average time in the array
on the passage tracks of the two salmon detected ascending the weir for the second
time in 2012 was 0.36 + 0.25 minutes. The difference in times between passage and
non-passage runs for salmon was not significant (Mann Whitney U-test: Z =-0.881, n =
50, P >0.05).

Overall 17 passage tracks and 67 non-passage tracks were recorded for sea trout. The
average time in the array during non-passage tracks was 8.05 + 9.96 minutes and
11.26 + 20.79 minutes in passage tracks (Figure 21). The time in the array on the
passage track of the one sea trout detected ascending the weir for the second time in
2012 was 3.52 minutes. The difference in times between passage and non-passage
runs for sea trout was not significant (Mann Whitney U-test: Z = -0.597, n = 85, P
>0.05).

3.2 Ascent route

Of the 15 sea trout ascents over the weir in 2011, 12 opted to use the fish pass and
two used the side of the fish pass during elevated river levels (note this route was dry
at normal levels). All tagged fish that were detected to pass the weir in 2012 did so via
the fish pass (detected on H1). No fish were observed to use the baulk fish pass
(detected only on H8).
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