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Executi ve 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 Esk Valley
Community Energy Group (EVCEG) in association with the North York Moors National
Park (NYMNP) at Ruswarp Weir (tidal limit) on the River Esk in North Yorkshire This
became the Whitby Esk Energy Project that was developed by Esk Energy (Yorkshire)
Ltd. This installation, constructed in 2012, consists of a single Archimedean screw
turbine (diameter = 2.9 m) adjacent to a Larinier fish pass on the right hand bank. The
intake for the screw is located immediately upstream of the fish pass exit and the outflow
located adjacent to the fish pass entrance. The micro-scale behaviour of upstream
migrating salmonids in relation to hydrodynamic and environmental cues that attract and
guide fish at fish passes was investigated using an acoustic tracking system. Salmon
and sea trout were tracked prior to commissioning and completion of the hydropower
scheme (upstream of the weir by the EA in 2010 and in the pool downstream of the weir
in 2011 and 2012) to assess baseline fish passage behaviour. The salmonids tracked in
2014 (16th October to 31st December 2014) constituted the second year of post-
commissioning assessment.

In 2014 three salmon and 44 sea trout were tagged with acoustic tags under Home Office
licence. Thirty-two sea trout (attraction efficiency = 73%) and two salmon (67%) were
detected in the hydrophone array in the pool downstream of the fish pass entrance; a
return rate that was approximately double that observed in the baseline studies. A further
eight sea trout and one salmon were detected only on mobile hydrophones (particularly
in Whitby Marina) and three fish were not recorded anywhere after release. A further two

tags were recorded simultaneously on three different hydrophones(No b | e o,%hithya r d

and the array) and it was assumed that these tags were inside a seal and that the
predation event had actually occurred within the array. For these two fish one was treated
as fAmissingod as it could not be certain
other, was treated as arriving in the array before predation (and thus contributing to
attraction and fish pass efficiency metrics), although none of the tracks from these fish
were used for further analysis. Twenty-two of the 32 sea trout observed in the array
passed the weir; 18 (fish pass efficiency = 56%) via the Larinier fish pass and four via
the baulk pass (only one baulk passage was recorded in 2013). This fish pass efficiency,
for fish observed in the array, was lower than the 100% passage rate observed for sea
trout in the baseline (17/17) and the difference was statistically significant. Overall a
much higher proportion (overall passage efficiency = 50% in 2014 and 57% in 2013) of
tagged sea trout ascended the weir than in the baseline (35%) and the difference was
statistically significant. In 2014 a much larger number of fish than in 2013 did not ascend
the weir after being observed in the array (nine sea trout and one salmon) some of these
dropped downstream and were last recorded Whitby (n = 2) although many were last
recor ded aard (MN=dbhor thetasgay (h = 3).

There were significant differences observed in the number of times individual fish were
recorded in the array, the duration of visits to the array and the time from first arrival in
the array to passage between 2013/2014 and the baseline. In 2014 the average (median)
total time spent in the array by sea trout prior to passage was 26.36 (2.44 i 76.87)
minutes (n = 18) which was similar to that observed in 2013 and significantly longer than
the 5.00 (1.61 71 29.81) minutes (n = 17) in the baseline dataset. In the baseline 65% of
sea trout (n = 11) spent less than a total of ten minutes in the array prior to passage with
only 24% (n = 4) spending longer than 30 minutes. In 2014 only 11% of sea trout spent
less than ten minutes in the array prior to passage via the Larinier pass and 41% of
tagged sea trout spent longer than 30 minutes in the array. However, the duration of
individual non-passage tracks in 2014 was significantly shorter than in the baseline
dataset, i.e. fish briefly visited the array more times in both 2014 and 2013.
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In the baseline 70.5% of sea trout passed the weir within one hour of their first detection
in the array (including time spent outside of the array) whilst in 2014 this had reduced to
33% and six sea trout (33%) took longer than 12 hours to ascend (similar to 2013). The
total time between first detection and passage was significantly longer in 2013 and 2014
than in the baseline. The median time from first detection to passage by sea trout was
3.34 (0.407 18.11) hours (n = 18) in 2014 whereas in the baseline 70.2% of fish passed
the weir within one hour of arriving in the array.

The ten sea trout that were detected in the array but did not ascend the weir in 2014
spent between 15 and 501 minutes in the array, with five of them spending more than
100 minutes in the array before leaving the array for the final time. Only 14% (n = 3 out
of 22) of the sea trout that did pass the weir spent more than 100 minutes in the array
before passage. Analysis of the data from mobile hydrophones indicated that the
behaviour of fish that exhibited prolonged behaviours after being detected in the array
included both movements to/from the pool to the area around the downstream end of the
weir ( Nobl e @ocasiohally migvemantsdo/from Whitby harbour. Overall no
significant difference was observed in the time from release to passage between the sea
trout tracked in 2013, 2014 and the baseline.

A grid-based approach (0.5 x 0.5 m cells; track count and residence time), proximity
analysis (frequency of tag detections) and approach analysis (2 m buffer) was used to
quantify, visualise and analyse micro-scale behaviours of fish below the fish pass and to
enable comparison of fish behaviours between the baseline and post-commissioning.
Data from 2014 indicated similar patterns to 2013 and the baseline in that tracks were
spread throughout the array. However, data from 2014 and 2013 indicate a potential bias
towards the right-hand bank (looking downstream) away from the fish pass entrance and
towards the hydropower outfall. This shift in track distribution was also reflected in a
reduction of recorded approaches to within 2m of the fish pass entrance in 2014 and
2013 compared with the baseline. The nature of the 2m approach zone for the fish pass
changed considerably after the installation of the Larinier pass (now much shallower with
greatly aerated water) which probably made the location less appealing for sea trout to
occupy for extended periods of time. The changes in the pool conditions also made
tracking of fish in this location more difficult; with many the final triangulated positions of
passage tracks being outside this 2m zone. The exception to this were a few tracks of
long duration made at high tides (>5.2m at Whitby) when fish were able to spend
considerable lengths of time occupying an area immediately in front of the fish pass
outfall. In 2014 and 2013 analysis of the average duration of time spent within each cell
indicated hotspots immediately in front of the hydropower outfall screens in the vicinity
of the right-hand bank. Although changes in the bathymetry (depth) of the pool mean
that this location is now the deepest part of the pool (whereas it was shallow margins in
2011) fish did not appear to occupy this location as much when the hydropower was not
operational. It was most apparent at intermediate discharges (flows less than 6.0 m3s?,
seasonal Q25) and levels of hydropower abstraction (1-3 m3s™) but became less distinct
at the highest river flows (flows > 10 m3s?).

The results presented here and preliminary comparison between 2013/2014 results and
the baseline, are discussed to evaluate the potential implications of the differences
observed in attraction efficiency, passage efficiency, passage duration and passage
behaviour for migrating salmonids in the River Esk. The report highlights that an increase
in passage efficiency, reduction in fish pass efficiency and the increase in passage delay
in the monitoring data for 2013 and 2014 do not necessarily translate to ecologically
significant impacts on salmonid migration or population status. Furthermore, the data
presented here represent only two of the three years of data collection for the full post-
commissioning dataset. Therefore, recommendations for the final year of post-
commissioning data collection, and analysis of the full post-implementation dataset
against the baseline are presented.
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1l ntroducti on

l.1Background

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¢9
electricity (Paish, 2002). This capture 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 clean (Rosenberg et al., 1995) , 6greend ener
with no negative impacts on the environment (Bratrich et al., 2004).

In the past decade there has been a resurgence of interest in hydropower as a direct
consequence of the UK Governmentoés commitment t
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 Esk Valley
Community Energy Group (EVCEG) in association with the North York Moors National
Park (NYMNP) at Ruswarp Weir (tidal limit) on the River Esk in North Yorkshire This
became the Whitby Esk Energy Project that was developed by Esk Energy (Yorkshire)
Ltd. 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 draws up to
4 m3s?t and was expected to generate approximately 50 kW of electricity (in practice
maximum output has been 43kW). The operating head varies considerably depending
on the state of the tide below the weir and the discharge of the river, with a maximum
recorded operating head of 1.65m. 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 in 2012
(during construction of the hydropower scheme) 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 Ai ms

The overall aim of this study is to investigate the behaviour of upstream migrating
salmonids at a hydropower scheme that includes a co-located fish passage facility, to
identify any impact of the hydropower scheme on fish passage and to help address one
ofthe evi dence gaps 0abounmigkatory Wwdhaviduy ef adult upstream
migrating salmonids. The work will be used to help formulate and underpin guidance
documents such as the Guidance for run-of-river hydropower development (Environment
Agency, 2013).

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.

1.30bj ecti ves

The objective of this report is to review the second year of post-commissioning
monitoring data and provide 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 assess whether any changes have occurred
due to the operation of the hydropower scheme. The specific objectives for this reports
are therefore:

I To analyse sea trout migration in the first two years post-commissioning of the
hydropower turbine.

1 To investigate the timing of fish movements and passages in relation to
hydrodynamic and environmental cues.

1 To make comparisons against the established baseline dataset.
T To make suggestions for future delivery of post-commissioning monitoring.

This report presents the monitoring data collected in Autumn/Winter 2014, the second
year since the hydropower scheme has been in commission, and makes comparisons
with the first year of post-monitoring and the baseline dataset for sea trout. The report
follows the methods and materials described in Walton et al. (2012), Noble et al. (2013)
and Noble et al. (2014) and draws comparison with the baseline dataset described in
Noble et al. (2013). The data collected during the whole project will be used to ensure
that, if needed, appropriate mitigation measures are installed to maintain or improve
passage efficiency in the future.
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2Materi alks hamdd m

21 St usliyt e

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, namely sea
trout (Salmo trutta trutta L.) and Atlantic salmon (Salmo salar L.), 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 number of weirs constructed to divert water through mills.
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Figurel. Trends in sea trout andalmon catches in the River Esk, North Yorkshbata for 204 are provisional
and the sea trout catches are included in the total for salmon for the period 1-8882 (I DolberEApers. 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 (Figure 3 and Figure
4). The configuration of the array in 2014 was identical to 2013 with one hydrophone
(H1) within a pool above the baffles in the new Larinier fish pass to confirm fish
movement through the pass and one above the weir (H8) to confirm ascent.
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The original pool-traverse fish pass was replaced with a Larinier baffle pass during
summer 2012 (Figures 5 and 6) at the same time as the hydropower turbine was installed
and commissioned. Since 2013 two changes have been made to the design of the
hydropower scheme. Firstly, plastic curtains (see Figure 6) have been added to the
outfall (outside of the metal screens) to mitigate for noise disturbance from the turbine
and secondly the intake screens were modified on the 15" December 2014 to reduce
turbulence at the intake.

Figure2. Aerial photograph showing the location of the fish pass@sg pool traverse pas$2011) / Larinier pass

(2012onwards); B¢ baulk pass)n relation to the weir (kayakers upstream of the weir give an indication of scale).

The green circlenarksthe location of thenew hydroelectric turbineand the focus of this studgnd the two

2N} y3S R20Ga&a AYRAOFIGS GKS Y20AftS KeRNRLK2YyS f20F0A2ya 27
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® Hydrophones_2013
Fishpass entrance
] Weir face and bank

Figure3. Diagram of the study site showing the positions @f the 8hydrophonesused in the array for 203 and

2014(Section2.3).

Figure4. View of thelarinier fish passentrance hydropower outfalland hydrophonesarray showing the
approximate positions of all 8 hydrophones 2013 and2014
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Figure5. View of thenew Larinierfish pass entrancegutfall of the new turbine andhydrophones arrayin 2013
with the hydropower scheme inactivéflow 2.09n#s?).

Figure6. View of the outfall of the new turbme and hydrophones array in 2@with the hydropower scheme
active under higher flowg36.23 nis?). This figure highlights the visually more turbulent plumes dfet fish pass
side of fish pass routand the lefthand side of the turbine outfallThe plastic curtains that act as sound baffles
on the turbine outfall can also be seen
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22Tagging

Fish were captured downstream of Ruswarp Weir on 16" October and the 4", 10" &
18" November (Appendix 1) using pulsed DC (50 Hz) electric fishing equipment whilst
wading at low tide or from a boat at high tide (EasyFisher control box with fully adjustable
settings, single anode with Honda 2.5 kVA generator). The condition of all fish caught
was screened to ensure they were suitable for tagging, fish which were deemed
unsuitable were held in tanks before being released back into the river untagged. In 2014
a relatively large proportion of sea trout were rejected for tagging due to poor condition
(visibly dark and not fresh run) or due to existing injuries (predator damage). Up to 50%
of fish caught on the 4" and 10" of November 2014 were rejected. Fewer fish were
rejected from the batches on the 16" of October (1 fish) and the 18" of November (2
fish).

Prior to tagging in the field, fish were anaesthetised using MS222 (40 mg L*). Species,
sex, fork length (nearest mm), weight (nearest g) and fat content (hand-held % fat meter)
were recorded. Fish were placed ventral side up in a clean V-shaped foam support. Tags
were activated (pulse rate ranged from 2500-2822), 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 (11-mm x 25 mm, 4.6-g weight in
air, expected life of 220 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. The
incision was closed with an absorbable suture. 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
(Viaduct slipway, 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.

23Acoustic tracking system

Fish tracking was performed using an acoustic tag tracking system (Model 290 acoustic
tag receiver, Hydroacoustic Technology Inc., Seattle, USA) (deployed on 10" September
2014 and removed on 19" February 2015). In 2014 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). Changes in the pool following construction work meant that the
footprint of the array in 2013 and 2014 was different to the footprint in both 2011 and
2012. 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 2013 and 2014 H1 was 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 neither coul d i ndi @esition. Tag
detection data (identity, date, time and location) were recorded using HTI AcousticTag
software (Hydroacoustic Technology Inc., Seattle, USA) and stored on a portable laptop
computer. In 2013 the effectiveness of the array and H1/H8 (detection range = full river
width) were tested using a Model 795LG tag drawn through the river to reflect possible
routes and behaviours of fish. Fixed location tags were also deployed in the array during
the 2013 study to measure tag location accuracy and precision under different flow and
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tide conditions. During both years the array was visited frequently to inspect for damage
(extreme spates posed a constant threat to the array) and remove debris (minimal).

In 2013 and 2014 three Model 300 mobile hydrophones were also installed along the
river in attempt to ascertain the general behaviour of fish outside of the hydrophone
array. The most downstream hydrophone was located on a jetty in Whitby harbour
(Whitby Marina), the second was located 300m downstream of the fish pass, opposite
the downstream end ofandtheghirdwnas lacated dbhahe lefeharsd
bank upstream of the weir ( Ga r y 0te mditot any fish which ascend via the baulk
pass. Mobile hydrophones were not installed prior to 2013, and thus the behaviour of
tagged fish outside of the hydrophone array during the baseline study were unknown.
The mobile hydrophones were only capable of detecting when a tagged fish is in the
vicinity, i.e. they were not capable of fine-scale location. In addition, the detection range
of these hydrophones will vary with river depth (tide and freshwater influence) but
effectiveness under high flows could not be verified during the study for health and safety
reasons. The three mobile hydrophones were initially activated at 14.15 on the 16™ of
October (prior to release of the first
hydrophone meant that it was not active until 11.00 on the 17" of October. All three
loggers were operative until 10.00 on the 24" of November when the hydrophone at
Whitby malfunctioned and then when the
at 09.00 on the 15" of December 2014 (the last record of a fish here or on the array
downstream of the weir was on the 7" of December).

240ut put processniahgsamsd data a

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 via the fish pass as a proportion of the total number observed in the
array was used to quantify the permeability of the weir to fish 7 the fish pass efficiency.
Given that the Larinier pass is not the
passage ef fi ci eascheproporson af alltaggedt fish thad successfully
pass the weir.

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 was detected in the array and terminates
with the fish exiting the array via an upstream passage route (determined by detection
on H1 and H8) (Figure 7 left). Non-passage tracks were defined as tracks that started
when the fish was detected in the array, and terminate when the fish left the array and
was not detected on H1 or H8 immediately (Figure 7 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.

Science Report i Investigating Fish Passage: Acoustic Fish Tracking Project i Yorkshire Esk, Ruswarp 20

Yar d)

batch o
hydr ophi
only ro



.
s
S
SRR
Eitetest
e
ik
25

AT
el

%
%
oot
%
et

",
4%
s
]
S

o
i

5

1
2
2
%
i
2R
e
ietel

%
e

Entry
Exit

e
ettt
R
s
Paterteret
S
2 SRR
5
ettt 5 ST
e R R
SR TR, S
Eatetatetatels HOCR SRR S A,
A B S S ettt
S SR SR
ieCelese’ Tatsteteteteteteteteeta b teto etetete et
SR SRR
! A, 258
Bttt Ry I BB
Eatatols? e et S e e e e
R O ST R e
CISsEE e S e
S S R s
s e
SRRSO ettt
%
e e e e e R AR
R
B R N S r s
ey e et s P
e e K K
e K
o M K
SRt
e et s
Sttt ottt bt it tets!
s
e
S A I
S K R,
R
o S S S MR R0
SR
S S S S,
S S
s
LRSS SRR

Figure7. Exampls of a passage track (left) and a ngrassage track (right) in the arragieen circles representing
hydrophones.

Figure8. Larinierfish pass and sidef-fish-pass ascent routedpoking downstream. Arrowsrepresent direction of
fish passage (photo take#2-11-2013 13:10.
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Figure9. Old fish pass and side of fish pass ascent routes in high flows (3§§mlooking upstream. Arrows
represent direction of fish passage (photo taken 3/1/2012 12:00).

I n 2011 passage routes were originalhl yadkiswi ded
routes (Figure 8 and Figure 9) 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 m3s! = fish pass or side of fish
pass). Where it was not possible to determine which route was taken as both routes were
feasible; these were classified as "pass proximity". In 2012 - 2014 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 (in fact since 2011 there has been no evidence of tagged
fish successfully using the side of fish pass route in preference to the pass itself). In all
analysis following the 2012 report (Walton et al. 2012) the ascents via the fish pass and
via the side of the fish pass have been classified as successful use of the main fish pass
structure. That is, any fish that successfully left the array pool by leaving in an upstream
direction was determined to have successfully used the fish pass structure, even if it did
not traverse the weir within the pass.

Fish tracks were analysed to investigate the following:
I The attraction efficiency i the proportion of tagged fish detected in the array
1 The overall passage efficiency i the proportion of tagged fish ascending the weir;

1 The fish pass efficiency i the proportion of tagged fish detected in the array that
ascended the weir via either the fish pass (Larinier since 2012 or pool-traverse in
2011) or the side-of-fish pass route (i.e. ascended the weir heading upstream
from the array pool);

1 delay between release and first detection in the array (days) (see Section 3.2);

1 delay between first detection in the array and passage (detection on H8 or
upstream mobile hydrophone, hours) (see Section 3.2);

1 delay between release and fish passage (days) (see Section 3.2);

1 number of times the array was entered (see Section 3.2);
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9 duration (minutes) of array visits I passage/non-passage (see Section 3.2);

I cumulative time (minutes) and cumulative track length (m) in the array before
passage;

9 the proportion of fish ascending via the fish pass, side of the fish pass or the baulk
fish pass (see Section 3.2.8);

9 diel timing of movements (see Section 3.3.14) with daylight data obtained from
HM Nautical Almanac Office online;

9 the duration and timing of array visits related to the following environmental
variables (discharge, tide state and temperature) (see Section 3.3).

1 the influence of hydropower turbine activity on fish behaviour and passage (see
Section 3.5.4).

25St atistical anal ysi s

Raw and logio 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 non-
parametric Mann-Whitney U-tests or Kruskal-Wallis K-tests were performed to compare
medians. In all cases where non-parametric tests are performed medians are reported
with interquartile ranges (25%-75%). Relationships between variables were assessed
using Pearson® correlations. All statistics were carried out in IBM SPSS Statistics
(version 22.0)withasi gni f i cance Foralvoéthe ké&y passage.rades Chi-
squared contingency tests were performed to test for association between the frequency
di stributions (Yat e 6 swhereaexpeetad tfrequencies weeerless appl i ed
than 5).

26 Mi ccg®mal e behaviour anal ysi s

2.6.1 Initial processing

Triangulated positions of tag pulses/pings produced by the HTI software were plotted as

points in ArcGIS (ESRI ArcGIS version 10.2). Point location data were connected in

chronological order using Geospatial Modelling Environment tracking tools to produce a

continuous fish track made up of i ndi vi dual p &iguyel 1D)nTene Iéngth e ps 0 (
(distance between consecutive points; m) 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) wher al lontlryadik so wer
analysed):

1 all tracks;

1 passage versus non-passage;

1 day versus night;

1 ebbing tide versus ebbing/flooding tide versus flooding tide; and
1

classes of river discharge (measured at Briggswath) and classes of turbine
generation activity.
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Figurel0. Digitised site layout (left) and an example fish track (right) plotted as polyline steps (green lines)
between time stamped points (purple dots).

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:

th= (& X Ip) / Is

w h e rtés theechange 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 length of each step
within each cell was extracted in ArcGIS by intersecting the polyline fish tracks with the
polygon grid. 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 11 (left) for example). The colour spectrum was standardised
between grids to allow visual 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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Figurell. Example residence time (sec) grid, with celtdour coded from white to red with increasing time (left)
and a diagrammatic example of proximity analysis (right).
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2.6.3 Proximity analysis

The proximity of tag detections (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 11 (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

In 2011 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 12) and the number of approaches this represented in
passage runs was calculated by:

NA=(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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Figurel2. Example of the intersection of a passadkeft; nl = 1,nA= 1) andnon-passagerack (right;nl = 4,nA=
2) with the 2 metre fish pass buffer.

2.6.5 Array entry/exit

The first and last detections of each fish track were classified into 22 groups according
to the location they were first/last detected (inside the array) or position they
entered/exited the array (outside the array). The array was split into 8 subsections (A-H)
by plotting lines between hydrophones creating 4 sections front and back of the array.
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Each track was then classified by which section it was first detected in and by which
hydrophone it was closest to in that section. This method of classification generated 22
different categories. This method of classification was changed from previous years
(2011 and 2012), where it was previously classified into 3 groups (A, B, C).

27Environanmechthayydr opowedratgaener at i o

Flow (m® s'1) was measured at 15-min intervals at the EA Briggswath gauging weir (NZ
866 081). Water temperature in the pool downstream of the fish pass was recorded from
12 August 2014 to 22 February 2015 at 15-min intervals using a 2 tg-4100 temperature
logger (Tinytalk, Orion Instruments, Chichester, UK). Predicted tide data for Whitby
harbour were obtained at 5-min intervals using Admiralty Total Tide software (The United
Kingdom Hydrographic Office, Taunton, UK). Daylight timings were obtained online from
HM Nautical Almanac Office.

Esk Energy supplied 15-min interval flow and generation data for the Ruswarp
hydropower scheme. These data included turbine speed (rpm), flow through the turbine
(m®s™), level upstream of the intake (maOD) and level in the pool downstream (maOD).
In this case maOD is metres above a local variant of reference ordnance datum specified
by the Environment Agency.

28Bat hymetry assessment

In 2011 a flow velocity profile within the array was obtained at low flows (mean daily
discharge = 1.36 m3s?) using a TeledyneE RDI StreamPro Acoustic Doppler Current
Profiler (ADCP) along five transects (See Walton et al. 2012 and Noble et al. 2013). This
also generated a bathymetry profile for the pool downstream of the fish pass (see Noble
et al. 2013 for methods). An ADCP was not available for use in 2013 and 2014 so the
depth of the pool was measured manually at 50cm intervals along transects between
each pair of hydrophones which formed the array. Point depth data from the ADCP in
2011 and transects in 2013 and 2014 were geo-referenced in ArcGIS 10 and data kriging
(interpolation and smoothing) was used to generate bathymetry raster plots of pool
depths and profile.
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31Movements of fish upstream and
Ruswarp Weir

During 2014 the movements of fish through the tidal reaches and immediately upstream
of Ruswarp Weir were monitored using mobile hydrophones (Section 2.3). A hydrophone
at Whitby Marina detected 23 of the 47 tagged fish (49%), ten (43%) of which ascended
(or had previously ascended) the weir. Of these ten fish, five went downstream to Whitby
prior to ascending, and the other five were detected after ascending the weir but
subsequently descended the weir and returned downstream.The hydr ophone at No
Yard detected 26 of the 47 tagged fish (55%), of which 13 (50%) went on to ascend the
weir and one other was later detected after initially ascending the weir (ascended when
the mobile hydrophone was faulty). Nine tagged fish (19%) ascended the weir without
being det ect ed foarofthdse Welead detedterl asdhey ascended during
a period in which the mobile hydrophone had technical issues (17 hours from first release
on 16/10/2014 see Section 2). The other five fish managed to pass the Noble& Yard
hydrophone without detection, and ascended either via the baulk or via the Larinier pass.
No fish ascended the baulk pass without first having been into the array below the
Larinier pass.

Note the number of detections presented above include both first detections and
detections on hydrophones after being detected elsewhere, whereas the data
summarised in Figure 13 are for first detections only.

32Visits to the array

3.2.1 Fate of tagged fish

During the 2014 post commissioning study three salmon and 44 sea trout were tagged
for tracking (Table 1). Of these 44 sea trout, 32 were detected within the hydrophone
array, giving an attraction efficiency of 73% (32/44) in 2014. This value is similar to that
found in 2013 (67% attraction efficiency) and the average attraction efficiency across
2013 and 2014 was significantly greater than the 35% (17/48) observed in the baseline
(... contingency test, ... =15.37, d.f. = 1, P <0.01). Nine sea trout were detected on a
mobile hydrophone downstream of Ruswarp Weir and not seen in the array. Two sea
trout and one Atlantic salmon were not detected after release, all three fish were from a
batch for which a seal was observed at the release site five minutes after release (J.
Dodd (HIFI) & S. McGinty (EA) pers. obs.). The fate of these three fish not detected on
any hydrophone cannot be determined, although predation is a likely explanation,
however returning to sea without detection on the Whitby hydrophone or tag failure
cannot be dismissed (Figure 13).

Two tags from batch four, 2738 and 2787, were independently detected on different
hydrophones ( Whi t by the & lurdildtisey Weeerlabt rexarded
independent |y omtheRZ1/PO4Hand 28/41f2014 respectively (Table
2. Fish 2738 was occasionally seen on Nobl eds Ya
to travel between Whitby and the array on a tidal cycle. On the morning of 23/11/2014,
within the array, detection of these tracks became simultaneous and continued to be so
on the mobile hydrophones downstream. Fish 2738 was recorded on H4 of the array
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from 01:29 of the 23/11/2014 (presumably occupying the channel just downstream of the
array towards the right-hand bank) but could not be tracked due to being only detected
on one hydrophone. At 02:47 on the 23/11/2014 fish 2787 arrived and was tracked in the
array, after which both 2787 and 2738 both left the vicinity of the array together. It was
deduced from this information that both fish had been potentially consumed by the same
predator (presumably a seal). Following the predation event all the tracks recorded for
the pair of tags in the array were of short duration, generally less than 3 minutes long.
Although it is unclear which fish was consumed first it is most likely that 2787 was already
in the predator by the 23/11/2014 and 2738 was consumed later that morning in the
vicinity of the array. In this case one of these fish (2787)has been tr eat
with no records (since it is unclear when the first predation event occurred) whilst the
second fish (2738) was treated as having reached the array before predation. Given the
uncertainty tracks from these fish in the array were not been used in any further
behavioural analysis or metrics relating to delay.

Tagged Fish = 47 Missing

Sea Trout (ST = 44 N (STn=2
(ASn=1

Atlantic Salmon (AS) =3
Predation record*

(STh=1
Coast(?) E Whitby Uncertain* Array b2ot $qa 1 I Ngssing
(STh=8 [—=— (STn=11 (STh=1 (STn=10 (STn=19 L, (STh=1
i | (Asp=2 !
ARRAY = 34
(ST)n=132
(AS)n=2
- v
Pass (Larinier) Pass (Baulk) Fail Predation record*
(STh=18 (STn=4 (STn=10 » (STn=1
(ASn=1 (ASn=1
i Descents Upstream Whitby b2oft SQ& | Aray i
: (STh=7 (STh=15 (STn=2 (STh=5 (STh=2 !
: (ASp=1 (ASp=1 !

Last Detection

Figure B Summary of thefate of tagged fish during 201Highlighting the detections a each hydrophone system
and the passage of fistf. Two sea trout were known to have been consumed by the same predator and this

ed

predation event occurred within the vicinity of the array. It is known that at least one of these fish made it to the

array bebre predation but it is uncertain which.
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Tablel. Summary othe numbers of fish tagged, detected and theimovement characteristicat Ruswarp weir
through the study period

Species Salmon Sea Trout

Year 2011 2012 2013 2014 Total 2011 2012 2013 2014 Total
n tagged 1 13 1 3 18 38 10 46 44 118
n array (tracked) 1 5 1 2 9 14 3 31* 31% 79
n array (no 0 1 0 1 2 0 0 5 10 15
passage)

n mobile N/A N/A 0 0 NA | NIA  NA 7 9 16
hydrophone only

Tracks

Non-passage 2 41 0 41 43 23 45 466 446 987
Fish Pass 1 4 1 1 6 14 3 25 18 60
Passage

Baulk passage 1 4 1
Downstream 0 1 1 3 11* 16
Passage

Second Passage 2 2 1 1 2* 2
Total Tracks 3 a7 1 51 39 49 497 585

# two further tags were detected in the array but it was determined from mobile hydrophone data that these fish had been
consumed soon after release, presumably by a seal.

* one fish made a DS passage on 3 occasions (2x over the weir, 1x through the fish pass) all three of its ascents appeared
to be via routes other than the Larinier pass (no detections on H1).

Of the nine fish that were only detected on mobile hydrophones (i.e. not detected in the

array), eight of them were only detected on the Whitby Marina mobile hydrophone, and

thus returned to sea. The other fish was onl
could not be determined (Figure 13).

The records of fish that failed to pass the weir were not evenly distributed between the
batches of fish in 2014 (Table 3). In the first three batches approximately 65-70% of sea
trout observed in the array would pass the weir via the Larinier pass with around 55-69%
of tagged sea trout per batch passing the weir by any route. However, in the fourth batch,
released on 18" November, only three of the 13 fish tagged ascended the weir (23%)
and only two of the nine fish tracked in the array ascended via the Larinier pass (22%)
(Table 3).

Science Report i Investigating Fish Passage: Acoustic Fish Tracking Project i Yorkshire Esk, Ruswarp 29



Table2 lllustrative tracks and events on mobile hydrophones toash the sequence of events that lead to the

assumed predation event on sea trout 2787 and 2738 (this is an incomplete sequence, events have been left out

for illustrative purposes).

Hydrophone

Start time *

Stop time *

2787

2738

Whitby
Nobl e
Nobl e

o
%]

o
[%2])

Array

Nobl ebds

19/11/2014 19:07:51
21/11/2014 01:10:59
21/11/2014 01:57:07
21/11/2014 03:04:01
21/11/2014 03:22:38
21/11/2014 20:03:56
22/11/2014 02:23:30
22/11/2014 03:01:59
22/11/2014 04:01:48
22/11/2014 15:13:31
23/11/2014 02:33:32

19/11/2014 19:53:22
21/11/2014 01:13:00
21/11/2014 02:08:21
21/11/2014 03:04:04
21/11/2014 03:36:18
21/11/2014 22:04:08
22/11/2014 02:24:01
22/11/2014 03:04:15
22/11/2014 04:03:45
22/11/2014 15:15:07
23/11/2014 02:34:36

< < < < < < <

Whitby
Nobl ebs
Array
Nobl ebs
Nobl eds
Nobl ebs
Array
Array

23/11/2014 02:47:29
23/11/2014 03:16:32

23/11/2014 02:50:33
23/11/2014 03:18:49

Nobl ebs
Array
Nobl ebs
Array
Array
Nobl ebs
Whitby
Nobl ebs
Array

Nobl ebs

23/11/2014 03:39:14
23/11/2014 03:56:44
23/11/2014 16:26:24
23/11/2014 16:40:09
23/11/2014 17:18:30
23/11/2014 17:39:54
24/11/2014 01:56:42
24/11/2014 02:46:30
24/11/2014 04:27:47
24/11/2014 04:38:39

23/11/2014 03:44:29
23/11/2014 04:04:05
23/11/2014 16:26:35
23/11/2014 16:44:59
23/11/2014 17:19:03
23/11/2014 17:41:20
24/11/2014 01:57:18
24/11/2014 02:51:47
24/11/2014 04:31:29
24/11/2014 04:38:58

< < < < < < < < < <K K < [k

< < < £ < < < < < < K *

V Fish tracked in the array or recorded on a mobile hydrophone
* These are the start and stop times of a specific event/track for one of the specific tags i the events for the other tag
when co-occurring would be only a few seconds different.

# Tag 2738 was recorded on hydrophone H4 of the array (furthest downstream) continuously from 01:29 on the

23/11/2014 until the records stopped at around the time tag 2787 departed from the array at 02:50 that day, however it
could not be tracked as it was recorded on too few hydrophones.
Grey shading indicates tracks where the tags were together and the box indicates when the predation event probably

occurred.
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Table3 Batch summary for the fate of tagged fish in 2014 indicating those detected in the array that went on to
ascend the Larinier (LFP), the baulk (BFP) or to not ascend the weir (DNP).

n mobile n Array - n Array - n Array - Total in no
Batch Date n fish only LFP BFP DNP Array Records
1 16/10 13 3 7 2 1 10 0
2 04/11 9 3 4 1 1 6 0
3 10/11 9 1 5 0 2 7 1
4 18/11 13 2 2 1 6 9 2
Totals 44 9 18 4 10 32 3

Although the condition of the fish of the fourth batch was below average and the lowest
observed during the study (Figure 14) there was no significant difference in condition
between years (t test: t = 1.592, d.f. = 88, p >0.05) or between batches within 2013
(ANOVA F2,41 = 0.510, p >0.05) and 2014 (ANOVA F3 4 = 2.059, p >0.05) (Figure 14).

Year
2013 2014
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o —_
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=
= 1.1
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1 2 3 4 1 2 3 4
Batch Batch

Figurel4 The Le Cren Condition factor for each major batch of sea trout released in 2013 and 2014.

In 2014 fat content was recorded using a digital fat content reader. The proportion of
body fat was highest in the first batch in 2014 (16/10/2014) and then lowest in the fourth
batch (released on 18/11/2014) (Figure 15). There was a significant difference between
the median fat content of the three batches (Kruskal-Wallis K = 18.480, d.f. = 2, p <0.01)
although this difference is most likely due to batch 1 being significantly different from
batches three and four (which were very similar).

The general visual condition of fish in batches 2 and 3 in 2014 was worse than in batches
1 and 4. In all batches only fish of suitable condition were selected for tagging and those
which were showing predator damage or significant fungal infection were rejected and
returned to the river without tagging. No fish were rejected from batch 1, seven fish were
rejected from batch 2 (mostly due to fungal infection), eight fish were rejected from batch
3 (fungal infections and clear bite marks) and two fish were rejected from batch 4 (one
too small and one with predator damage to the head).
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Figurel5 Fat content (% of body weight) assessment of three of the four batches released in 2014eon
following dates: 16/10/2014 (1); 10/11/2014 (3) and 18/11/2014 (4).

3.2.2 Fish passage metrics

Of the 34 fish (32 sea trout and two salmon) detected in the array 23 ascended the weir;
19 ascended via the fish pass and four via another route (assumed to be the baulk pass)
(Table 4 and Figure 13). The overall passage efficiency of sea trout in 2014 was 50%
(22/44) whilst in the baseline dataset it was approximately 35% for both sea trout (17/48)
and salmon (5/14) (Table 3). The average passage efficiency for sea trout across 2013
and 2014 (53%) was significantly greater than the baseline (35%) (... contingency test,
... =4.030, d.f. =1, P <0.05).

Fish pass efficiency for sea trout was observed to be lower in 2014 (18 of 32, 56%) than
in the baseline (17 of 17, 100%) and the average fish pass efficiency across 2013 and
2014 (68%) was significantly lower than in the baseline(...c ont i ngency t
correction, ... =5.602, d.f. = 1, P <0.05).

Batch four in 2014 (released on 18/11/2014) had a very low rate of passage compared
to all other batches released in 2013 and 2014, which were themselves very similar to
each other (Figure 16). The low proportion of fish in this batch ascending the weir via the
Larinier having reached the array influenced the outcome of the statistical significance
of the reduction in fish pass efficiency. The fish pass efficiency measured prior to the
release of this batch (76%) was not significantly different from the baseline (...
contingency test wi tHhI50ydft=4,Ps>0.050r recti on,
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Figurel6 Proportions of fish that entered the array in each major batch in 2013 and 2014 indicating those
detected in the array that went on to ascend the Larinier (LFP), the baulk (BFP) or to not ascend the weir (DNP).

3.2.3 Time between release and detection / passage

The time between release and first detection in the array in 2014 (median 0.51, 0.23 i
2.19 days (n = 31 i note that this excludes the fish known to have been subject to
predation in the array)) was similar to that observed in 2013 (median 0.40, 0.18 i 0.95
days (n = 31)). There was no significant difference in the average time between release
and first detection of tagged sea trout in 2013 and 2014 (the combined initial post-
dataset) compared with the baseline (median 1.01, 0.25 7 9.74 days (n = 17)) (Mann
Whitney U-test: Z = -1.276, n = 81, P >0.05) (Figure 17). In 2014 ten of the tagged sea
trout passed within one day (< 24 hrs) of release with a further four passing within two
days (< 48 hrs). Five of the sea trout took between three and seven days and only one
sea trout took more than one week to ascend (32 days) after release (Figure 18). The
median time from release to passage via the Larinier fish pass for sea trout in 2014 was
0.96 (0.39 1 2.19, n = 18) which was slightly less than the 1.21 (0.85 1 4.81) days in
2013 (n = 25). There is no significant difference for the initial post- dataset when
compared with 1.02 (0.26 1 15.50) days (n = 17) in the baseline dataset (2011 and 2012
combined) (Mann Whitney U-test: Z = 0.058, n = 74, P >0.05) (Figure 19).
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Figure I Time from release to detection within the ATS array (days) for tagged sea trout in the baseline dataset
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Table4 Summary statistics for sea troudetected in the ATS array downstream of the Larinier fish pedasing 204 (excluding the two tags known to have been consumed by the same
predator).

-kIJ—IeTvSeen Number of Cumulative Cumulative _Total Time from first detection
Passage Tag No Size (cm) r_elease an_d tracks in tim_e in array length of g‘e?ércii%:]ofgsngor:_lajésa e Day / Night passage
first detection  array [min] track [m] p ge)
[d] [hrs]
Larinier 2500 65 0.35 1 0.37 7.88 0.17 N
2507 61 0.88 16 69.22 634.26 20.82 D
2514 50 3.91 1 2.48 25.91 0.13 D
2521 57 0.12 4 2.10 29.51 5.84 N
2563 64 0.23 1 0.63 10.12 0.13 N
2577 52 0.11 7 53.90 1022.20 1.21 N
2591 56 0.76 12 203.33 1146.80 73.61 D
2598 50 0.12 13 99.80 775.44 5.35 N
2612 54 0.19 4 32.08 441.93 13.86 N
2633 56 0.91 1 10.02 175.76 0.31 N
2654 55 0.36 7 13.57 171.34 2.93 N
2668 65 0.27 18 115.27 1046.41 3.75 N
2689 53 0.34 11 65.78 764.36 22.92 N
2696 52 0.25 2 20.63 244.17 0.91 N
2710 47 0.31 7 40.55 405.13 17.21 N
2731 53 0.74 69 360.70 2080.08 48.70 D
2794 54 0.61 11 38.50 519.43 1.89 D
2815 55 0.85 1 14.78 117.65 25.47 D
Baulk 2528 54 0.14 1 0.50 11.23 3.84
2542 52 5.01 15 71.62 1097.57 135.93
2605 57 0.04 5 27.82 246.78 120.03
2780 59 0.49 31 62.63 430.29 98.12
Non- 2535 53 0.88 23 137.10 1480.08 135.99
Passage 2661 42 0.38 18 108.05 1049.07 5.23
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Time

Total Time from first detection

between Number of Cumulative Cumulative in array to H8 (or last
Passage Tag No Size (cm) release and tracks in time in array length of Yy Day / Night passage

) ) . detection for non-passage)
first detection  array [min] track [m]
[d] [hrs]

2675 48 0.10 13 107.72 1296.13 25.19

2703 63 1.57 116 501.27 3769.08 60.48

2745 57 0.14 19 200.47 847.44 60.08

2752 59 0.08 51 239.46 1858.79 93.59

2759 52 2.87 7 49.57 478.94 83.88

2766 67 0.20 7 19.60 128.54 1.01

2773 50 0.11 5 15.32 193.55 15.14
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3.24 Number of visits to the array

In 2014 70% (n = 31) of the sea trout tagged were detected in the array, around twice
the return rate observed in the baseline (35%, n = 17) and similar to that found in 2013
(67%, n = 31). In 2014 five sea trout ascended the weir during the first visit to the array,
with another six ascending within seven visits. In the baseline dataset, only three of the
17 sea trout (18%) visited the array more than five times before passage (Figure 20).
Two sea trout made 116 visits to the array during a four day period in 2014 before one
ascended through the fish pass and the other went missing out of the array. Of the ten
fish that did not pass the weir at all in 2014, three fish visited the array under eight times
while seven fish made more than 10 visits to the array.
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Figure20. Frequency distribution showing the number of times the hydrophone array was entered by sea trout in
A) 2011 and 2012B) 2013 C) 20140 =number of fish not detected in the array)

3.25 Total time in the array

In 2014 the median total time spent in the array by sea trout prior to passage was 26.36
(2.44 7 76.87) minutes (n = 18) and was similar to the times observed in 2013 (24.18,
6.12 1 77.69, n = 25). These were significantly longer than the 5.00 (1.61 7 29.81)
minutes (n = 17) in the baseline dataset (Mann Whitney U-test: Z = 2.026, n = 60, P
<0.05) (Figure 21). In the baseline 65% of fish spent less than ten minutes in the array
prior to passage with only 24% spending longer than 30 minutes. In 2014 only 11% of
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sea trout (23% of the tagged sea trout that actually ascended the weir) spent less than
ten minutes in total within the array prior to passage via the Larinier pass and 41% (n =
18) of tagged sea trout spent longer than 30 minutes in the array. 33 % (n = 6) of the 18
fish that spent more than 30 minutes in the array did not pass the weir whilst a further
two (11%) ascended by another route (assumed to be the baulk pass) (Figure 21).
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Figure22 Total time spent within the array (sum of all tracks) prior ftassagevia the fish pasgminutes) for
tagged sea trout in the baseline dataset (2011 and 2012 17 andpost dataset 2013n = 25 2014n = 18).

3.2.6 Time between detection and passage

In the baseline 70.5% of sea trout (n = 12) 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. In 2014 only 33% of sea trout passed within one hour of first detection
and six sea trout (33%) took longer than 12 hours to ascend (up to 74 hours). The total
time between first detection and passage in 2014 (3.34, 0.407 18.11 hours, n = 18) was
slightly longer than in 2013 (2.36, 0.77 i 15.59 hours, n = 31). The median time in the
initial post- dataset was significantly longer than the baseline (Mann Whitney U-test: Z =
2.945, n = 60, P <0.01). When excluding fish that took longer than 12 hours to ascend
(more than one tidal cycle) the median time from first detection to passage by sea trout
that took less than 12 hours was 0.17 (0.09 1 0.92) hours in the baseline (n = 15) and
was significantly longer in the post- dataset (2013 = 1.23, 0.64 1 2.83 hours (n = 18) and
2014 = 1.06, 0.20 7 3.55 hours (n = 12)) (Mann Whitney U-test: Z = 2.961, n = 45, P
<0.01) (Figure 23-25). During this time prior to passage in 2014 the median proportion
of time the sea trout spent in the array was 10.3% (4.4 7 41.1) which was similar to that
observed in 2013 (8.45%, 3.4 i 38.0) whereas in the baseline they spent a significantly
higher proportion of the time in the array (41.0%, 14.51 65.9) in the array (Mann Whitney
U-test: Z =-2.699, n = 60, P <0.01) (Figure 26).
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in the baseline dataset (2011 and 2012= 17 andpost dataset(2013n =25 2014n = 18.
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3.2.7 Duration of passage and non-passage tracks

In 2014 18 first passage tracks and 445 non-passage tracks were recorded for sea trout.
The median duration (time in the array) of non-passage tracks (2.53, 0.651 6.36 minutes
(n = 445)) in 2014 was similar to that observed in 2013 (2.18, 0.68 i 5.66 minutes (n =
466)). The non-passage tracks in the initial post- dataset were significantly shorter in
duration than in the baseline dataset (4.32, 1.83 7 9.45 minutes (n = 68)) (Mann Whitney
U-test: Z = -4.030, n = 977, P <0.01). The median duration of passage tracks in the
baseline (2.50, 1.61 7 11.78 minutes (n = 17)) was not significantly different from the
duration of passage tracks in 2013 (3.85, 1.16 i 9.62 minutes (n = 25)) or 2014 (4.98,
0.747 14.26 (n = 18)) (Mann Whitney U-test: Z =-0.189, n = 60, P >0.05) (Figure 27).
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Figure27. Duration (minutes)of individual array visits in passage €17 [baselind, 2013 n 25and 2014n =18
and nonpassagerf =68 [baseling, 2013n =466 and 2014n = #45) tracksfor sea trout

3.2.8 Ascent route

Of the 22 sea trout ascents over the weir in 2014, 18 used the Larinier fish pass and four
were assumed to have used the baulk fish pass (detected on H8 o r Garyos Hut
hydrophone before (or without) a record on H1). One of the three Atlantic salmon tagged
in 2014 used the Larinier fish pass. All four of the fish observed to use the baulk pass
had been in the array previously and there was typically around 30 minutes (longest time
was 90 minutes) between leaving the array and first being detected above the weir (on
H8 or Gar yo6s HNafishhwgrelrecorget to aseend the weir via the side-of-
fish pass route (no fish were recorded in H8 before being recorded on H1) and there was
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typically around 5-10 minutes between detection on H1 (within the Larinier pass) and
being detected on H8. In 2014 only one sea trout had a delay from H1 to H8 of <1 minute
(four fish observed to be like this in 2013) and this pattern was still concluded to represent
passage via the Larinier pass.

33EnvironimtEhuahces movememnhg of

3.3.1 Diel variations in fish movements

In 2014 sea trout entered the array 134 times (28%) during the day and 330 times (72%)
at night (non-passage and first passage tracks). In 2014 the median time spent in the
array in non-passage tracks during the day was 3.62 (1.21 i 8.05) minutes (n = 128)
which was slightly longer than the 2.04 (0.481 5.61) minutes (n = 174) observed in 2013.
Non-passage track duration at night was 1.85 (0.51 1 5.37) minutes (n = 317) and was
similar to the 2.21 (0.80 1 5.72) minutes (n = 292) observed in 2013 (Figure 28). In the
baseline sea trout non-passage track duration was 3.53 (1.60 1 8.44) minutes (n = 52)
during the day and 6.95 (2.807 17.58) minutes (n = 15) during the night. The duration of
non-passage tracks was significantly shorter during both the day (Mann Whitney U-test:
Z =-2.108, n = 354, P <0.05) and the night (Mann Whitney U-test: Z = -3.051, n = 622,
P <0.01) in the initial post- dataset (2013 and 2014 combined) than in the baseline.

In 2014 six sea trout (33%) ascended the weir for the first time during the day and 12
(67%) ascended during the night, and the average duration of passage tracks during the
day (10.06, 3.87 i 18.46 minutes, n = #) was greater than that at night (4.62, 0.657 9.46
minutes) (Figure 28). In the baseline the average passage time during the day (12.47,
1.781 47.49 minutes, n = 6) was greater than that at night (1.97, 1.557 4.75 minutes, n
= 11) (Figure 29). The duration of passage tracks was not significantly different during
both the day (Mann Whitney U-test: Z = -0.577, n = 20, P >0.05) and the night (Mann
Whitney U-test: Z = 0.076, n = 40, P >0.05) between the initial post- dataset (2013 and
2014 combined) and the baseline.
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3.3.2 Relationship with discharge

In 2014 fish were generally observed to move at periods of elevated flow (Figure 30 and
Figure 31). However, releases of the tagged fish also deliberately coincided with these
periods of high flow, or followed shortly after, so in the majority of cases it was not
possible to discern whether fish movements occurred as a consequence of release or in
response to a specific flow event. A fish from release two was observed to ascend many
days after release following a minor flow peak (early December).
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Figure30. Time series of discharge over tt®14study period with fish movements represented as points in
time. Each point is colour coded according to its release batch. Note: all dots are representative of passage

2014 was an intermediate year in terms of hydrology being wetter than the dry autumn
of 2011 and having only two spates similar to the four >30 cumec events observed in
2012 (Figure 31b). However, 2014 was unusual in that it had a prolonged dry period
(September and early October) followed by a series of large spates and a period of flows
> 2 cumecs. In 2014 passages of sea trout were observed at discharges between 1.65
and 31.00 cumecs and many of these (seven) were at flows higher than the largest
passage flows observed in either 2011 or 2012 (5.52 cumecs). In 2013 and 2014 eight
fish were observed to pass at flows >10 cumecs (Figure 31a). Only two fish in 2014 and
no fish passages in 2013 were observed at the low flows (<2 cumecs) at which some
passages were recorded in 2011 and 2012 (Figures 31 and 32).
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3.3.3 Relationship with tide and water level in the fish-pass pool
Although many fish passages seems to coincide with periods of spring tides (Figure 33)

this pattern also matches the periods of spates observed (and also to some extent the
sampling regime used).
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Figure33. Time series of daily maximurpredictedtide heights over the2014study period with fish movements
represented as points in time. Each point is colaoded according to its release batch.

The pattern of non-passage movements of sea trout in relation to absolute and relative
tide height appeared to be broadly similar in the baseline, 2013 and 2014. In all datasets
the majority of movements occurred around the mid tide (1.5 to 3.0m, 30-70% of tide
height). Also in all three periods a high proportion of non-passage tracks started around
high tide (tide height >5.0m and 90-100% of the daily maximum height) (Figure 34).
Passage tracks occurred at most states of tide except for the very lowest tide heights
(Figure 35). The level of water in the pool downstream of the fish pass is not affected by
tidal water at this level.
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There was no clear pattern in first entry to the array or passage (Figure 36) when
discharge and tide were considered together. Sea trout were observed to pass under a
range of tide heights and discharges. The passage activity in the baseline was restricted
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by the range of flows available during that time (particularly in the dry autumn of 2011).
In the baseline no passage tracks were observed at discharges > 6m3s whilst many sea
trout were observed to pass at flows between 6 and 20m3s? in 2013 and 2014. The
pattern was similar for times of first arrival in the array, with no clear pattern in relation to
discharge or tide (Figure 37).
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Figure36. Discharge and tide conditions during passage tracks for sea trout in A) 2011 and 2012 BarzD2814
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Figure 3. Discharge and tide conditions during first entry into array for sea trout in A) 2011 and 2012 B)&@d 3
2014

Esk Energy now monitor the pool level downstream of the hydropower scheme (metres
above ordnance datum, maOD) and these levels respond to both river discharge and
tide height (previously measured as predicted height at Whitby). These data give
absolute information as to the discharge conditions in the pool and thus replace the total
water index measure (TWI) used in Walton et al. 2012 and Noble et al. 2013. First arrival
and fish passage occur at a range of levels with the majority of passages occurring
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between 1.85 and 2.10m and the majority of first arrivals between 2.00 and 2.15m
(Figure 38).
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Figure 3. Relationship betweerh) the timing of passage over the weir ar®) first arrival in the pool and the
pool level (maOD)Z014).

In 2014 sea trout were observed to enter the array during non-passage tracks on all
states of the tide with a tendency to favour flooding tides (n = 203) over ebbing tides (n
= 147), this is in contrast to the baseline where there was a slight bias towards ebbing
tides (n = 34) over flooding tides (n = 24). In all years tracks were also observed to start
around low water and high water slacks although the numbers were far fewer (Figure
39). Non-passage tracks that started on an ebbing tide in 2014 (median time in array
2.13, 0.57 i 5.12 minutes, n = 147) were on average slightly shorter than those on a
flood tide (2.63, 0.72 7 7.22 minutes, n = 203) and the 64 starting at high water slack had
an average duration of 1.74 (0.38 i 6.61) minutes. Overall there was little difference in
the duration of tracks during different tidal phase in all of the study years and the duration
of non-passage tracks were significantly shorter in the initial post-dataset than in the
baseline for both ebbing (Mann Whitney U-test: Z = -2.695, n = 296, P <0.01) and
flooding tides (Mann Whitney U-test: Z = -3.102, n = 497, P <0.01).
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Figure39. Amount of time spent in the array on nopassage rua of sea trout during ebbing (Baselinen = 34
2013 n =1152014n =147), low water slack (E$iaselinen = 2 2013 n = 232014n =30), flooding (Fbaselinen =
24,2013 n = 2722014n =203) and high water slack (F8aselinen =1, 2013 n = 562014n =64) stages of the
tide.
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Figure40. Amount of time s@nt in the array on passage tracks sea trout during ebbing (E; baselime=5, 2013
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In 2014 there was a roughly even split between passage tracks starting on ebbing (n =
8) or flooding (n = 9) tides. In 2013 the majority of passage tracks for sea trout were
observed to start on flooding (n = 14) rather than ebbing tides (n = 10), with only one
passage occurring around high water slack in both years (Figure 40). In 2014 passage
tracks that started on an ebbing tide (median time in array 4.62, 0.63 i 12.05 minutes)
were on average shorter than those on a flood tide (6.02, 4.80 T 14.77 minutes). This
pattern was in contrast to both 2013 and the baseline where passage tracks on ebbing
tides tended to take longer than on flooding tides. However, there is no significant
difference in passage track duration between the initial post- dataset and the baseline
for either ebbing tides (Mann Whitney U-test: Z = -1.102, n = 24, P >0.05) or flooding
tides (Mann Whitney U-test: Z = 0.225, n = 29, P >0.05).
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3.34 Relationship with water temperature

Water temperature declined from around 15-16 °C at the start of September and declined
to around 3 °C by mid December. No trends were observed in the movement of fish in
relation to temperature over the study period (Figure 41).
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Figure4l. Times series of temperature over the 20%tudy period withthe passage®f fish represented as points
in time. Each dot is colour coded according to its release batetth the release date indicated by the vertical
line.

3.35 Turbine activity

The hydropower turbine was active for 51% of the time during the study period (1/9/2014
to 31/12/2014) (compared with 58% of the time in 2013) and was operating at near
capacity (abstraction of above 3.7 m3s?) for <1% of the time (compared with 5.6% of the
time in 2013) (Figure 42a). Sea trout were observed to ascend through the fish pass
under most conditions, one fish passed whilst the turbine was off and seven fish passing
at turbine flows of greater than 3.5 m3s* (Figure 42a).
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Figure42 Passages of sea trogbpen circlesthrough the Larinier fish pasplotted againstexceedence curves of
hydropower flow (A) and level in thepool (B) (exceedence values calculated between 1/9 and 31/12 each year)
Note, two sea trout in 2013 and one in 20lgassed when the hympower flow was zero.

In 2014 the numbers of fish in each batch was spread fairly evenly and the majority of
passages followed within the first few days after each release (Figures 43 to 46). The
first event was characterised by a large but rapid spate and high flows (>6m?s* for most
of the time) and the turbine running at or near full capacity until the river discharge
dropped below 6m3s™ on the third day after the release (Figure 44). The second release
was characterised by a period of low flow and little hydropower abstraction until two days
after the release when there was a very large spate and the turbine started to work at
close to full capacity. The turbine was then inactive at the highest river flows, a large
spate peaked around 65 cumecs on the 7" of November. The turbine is turned off either
because there is not enough head to extract any energy (spate) or there are high river
levels in the downstream pool (tides). There were high tides at Whitby at 16:02 on 7th
November and 04:18 on 8th November. These match the peaks in lower river level in
Figure 44. The high river flow also contributed to the high water levels in the lower river.
(Figure 44). The third and fourth releases were both characterised by prolonged periods
of flows around 6 to 10 cumecs, flows at which the hydropower scheme was operating
at around full capacity (abstractions >3.5 cumecs) (Figures 46 and 46). It should be noted
that very few of the final batch of sea trout actually ascended the weir (Figure 46).
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34Bat hymetry of the pool

When the hydropower scheme was operational the pool is characterised by a pair of well
oxygenated plumes of turbulent water originating from the fish pass and from the left-
hand side (looking downstream) of the hydropower outfall. There are areas of visually
less turbulent water between these two plumes and between the hydropower plume and
the reinforced right-hand bank (Figure 47).

Figure 4. View of the outfall of the new turbine and hydrophones array in 2013 with the hydropower scheme
active under higler flows (21.82n%s?).

The bathymetry (depth) of the pool downstream of the pool-traverse fish pass entrance
was measured prior to construction of the hydropower scheme and the Larinier pass
using an ADCP in 2011 and manually in both 2013 and 2014 after the hydropower
scheme had been commissioned. Although the absolute depths recorded were similar
(0.15 to 1.70m) they cannot be directly compared between years due to differences in
discharge at the times of measurement, the depth profile of the pool has changed
considerably. In 2011 (Figure 48a) the pool was relatively deep (& 1m) up to the entrance
of the pool-traverse fish pass, with the deepest section (1.4-1.5m) approximately 3m
downstream and in line with the discharge plume. In 2013 and 2014, following
construction of the hydropower scheme, change of the fish pass from a pool-traverse to
a Larinier and reinforcement of the right hand bank (looking downstream) the deepest
section of the pool (1.4-1.7m) was towards the right-hand bank and in front of the
hydropower outfall screens (Figure 48b and c). The area approximately 2-3m in front of
the fish pass entrance is now relatively shallow (0.5-0.8m) before deepening (1.2-1.4m)
at around 4m downstream of the fish pass entrance. In 2014 pool levels were measured
with both the fish pass and hydropower turned off, when these were turned on about
15cm of depth was added to parts of the pool.
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35Quantitative analysis of micro
within the array

351 Array entry

The diversity of fish behaviours recorded in 2013 and 2014 made it increasingly difficult

to determine from which direction fish had entered the pool. In 2014 the highest

frequency of tracks appeared first in segments A (n = 139), towards the weir face at the

rear of the pool, and in C and D (n =59 and 66 respectively) at the rear of the pool (Figure

49 and Table 5). The majority of the tracks started in the vicinity of H4 (n = 170) and

indeed tags were often only detected on H4 before they were detected on enough

hydrophones to be triangulated and tracked. A large number of tracks also started (n =

52) and terminated (n = 77) in segment H which related to the zone immediately

downstream of the hydropower outfall screens and right-hand bank. A large proportion

of these tracks related to only a few fish that spent prolonged periods in this area, in the
immediate vicinity of hydrophoneH6 and t he screens, and which we
from the tracking system. 't is likely that mai
behavioural event rather than multiple visits to the pool. This pattern is very similar to

that observed in 2013.

b oy ® Hydrophones_2014 | | B oy ® Hydrophones_2014
= Fishpass entrance = N , /,," = Fishpass entrance
N8 —— Segments D e —— Segments

0 125 25 5 Meters I:] Weir face and bank 0 125 25 5 Meters I:] Weir face and bank

Figure49. Frequency of star(left) and finish(right) locations of all fishtracks within the array for 2014n relation
to the rear of the grid (AD) andthe front of the grid (EH)

Table5. Frequency of start and finish locations of all fish tracks within the array for £201irelation to the rear of
the grid (AD) and the front of the grid (BH)and in relation to the nearest hydrophone ¢2). There werea further
48 tracks which did not start/stop within or clearly enter the array footprint.

A4 A7 B1 B4 B7 C1 Ca C5 D4 D5
Start of 80 59 11 10 17 15 23 21 57 9
track
End of 54 33 12 20 23 13 14 19 53 13
track

E2 E7 F1 F2 F3 F7 Gl G3 G5 H3 H5 H6
Start of 2 5 7 8 8 9 6 3 7 7 2 50
track
End of 8 13 13 10 9 18 5 3 6 6 5 66
track

Science Report i Investigating Fish Passage: Acoustic Fish Tracking Project i Yorkshire Esk, Ruswarp 61



352 Distribution of tracks

In 2014 tracks were again widely distributed throughout the array (Figure 50c) with few
cells containing more than 25% of the recorded tracks. The highest density of track
records (between 20-50% of tracks) was located in the plumes of the hydropower unlike
2013 when the majority of tracks concentrated around the area between the fish pass
and hydropower plumes. The pattern of track distribution in 2014 indicated more of
tendency for tracks to pass through locations towards the weir face as observed in the
baseline (Figure 50a) although many tracks also passed through the area in front of the
outfall, as observed in 2013 (Figure 50b). Residence time was not evenly distributed
(Figure 51c) and two hotspots, where a few fish spend a disproportionate amount of their
time, were apparent. One was in the cells near the right-hand bank and the outfall of the
hydropower turbine, similar to that observed in 2013 (Figure 51b). Additionally one
hotspot was observed in front of the fish pass plume, similar to that observed in the
baseline (Figure 51a). However, interrogation of the track data indicated that the hotspot
in front of the fish pass was caused by track 18 of sea trout 2745 that was around 2.5
hours long and occurred on a high spring tide (>5.2m at Whitby). The fish spent around
30 minutes holding station within one 50cm square cell alone in front of the fish pass
(Figure 51d). In contrast the hotspot in front of the hydropower turbine, near H6, was
formed by 81 different tracks, 24 of which spent >30 seconds in this location (up to a
maximum of 396 seconds). The highest frequency of tag detections were detected within
4.0 - 6.0 m of the fish pass in 2014 (Figure 52). A higher proportion of tag detections
were located within <2m of the fish pass than observed in 2013 (Figure 52). However,
the generally low rate of detections rates within 2m of the fish pass entrance across 2013
and 2014 in comparison with the baseline may result from reduced frequency of fish
using/traversing this area or due to decreased efficiency of tag detection, both related to
the shallow and turbulent nature of the area in 2013 and 2014. Indeed the higher
detection rates in 2014 generally relate to tracks formed at high tide when the turbulence
is reduced.

3.5.3 Passage versus non passage spatio-temporal distribution
within the array

Passage tracks (Figure 53a) were seemingly more widely spread than non-passage
tracks (Figure 53b) in 2014, however this may be an artefact of the low numbers of
passage tracks. In non-passage tracks a higher proportion of tracks were focussed
towards the left-hand side of the pool, immediately downstream of the fish pass outfall.
This is in contrast to the pattern observed in 2013 where they were more focussed
towards the right-hand side of the pool. In passage tracks differences in average
residence time within the array highlighted hot spots occurring around the hydropower
outfall (near the screen and right-hand bank), the rear of the array in-line with the fish
pass and in the zone towards the side-of-fish pass route (Figure 54a). In non-passage
tracks hotspots in front of the hydropower screen and the fish pass entrance were
apparent (Figure 54b). Again the hotspot in front of the fish pass mouth appears to have
resulted from the track of one fish. The general patterns of tag detection proximity in
relation to the fish pass entrance were similar between passage (Figure 55) and non-
passage tracks (Figure 56) with high numbers of pings recorded around 3-6m from the
fish pass entrance. For both types of track relatively few tag detections were recorded
within 2m of the fish pass entrance. The low rate of detections within 2m of the fish pass
entrance may result from reduced frequency of fish using/traversing this area or due to
decreased efficiency of tag detection, both related to the shallow and turbulent nature of
the area in 2014. The detections observed within 2m during non-passage tracks are
related to the unusually long track recorded for fish 2745, formed over 2.5 hours at high
tide.
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3.54 Diel variations in spatio-temporal distribution within the
array

In 2014 there appeared to be a discernible difference in the distribution of tracks and the
proportion of time spent within the array during the day and at night (Figures 57 and 58).
During the day tracks occurred more frequently towards the middle of the pool / right-
hand bank rather than near the weir face, whereas during the night tracks were most
frequent in the fish pass plume. Also in both cases hotspots in average time spent in
cells were apparent in front of the hydropower screens near the right-hand bank.
However, during the day more hotspots were observed in the deepest parts of the pool
in front of the hydropower outfall. The hotspot formed in front of the fish pass at night
was again due to the unusually long track formed by 2745. The frequency of tag
detections decreased with distance above a 4.0 m proximity from the fish pass entrance
during the day (Figure 59) but was highest at 2m during the night (again probably related
to one track from 2745) (Figure 60). In both cases another key location was suggested
at 8-9m from the fish pass entrance.
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3.55 Tide state and spatio-temporal distribution within the array

Little discernible difference in patterns was observed between track locations at different
tidal states (Figure 61), except for the tracks (n = 68) made during high-water slacks
(Figure 61d) when tracks seem to congregate towards the rear of the array. There was
also little discernible difference in residence time during the different tidal states, with
hotspots of track occurrence and residence located at the front of the hydropower
screens, near the right-hand side of the pool (Figure 62), this was especially apparent at
high-water slack (Figure 62d).

Trends in the frequency of tag detections with distance from the fish pass entrance were
similar between different tide states, with frequencies generally decreasing with distance
from the fish pass (above a distance of 6 m). The highest frequencies of tag detections
were recorded at 3.0 7 5.0 m proximity. The high frequency of tag detections for ebbing
tides around 2m from the fish pass was again due to the track formed by 2745 (Figures
63 to 65).
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3.5.6 Discharge and hydropower turbine operation

Hydropower turbine operation data were occasionally not available during 2014; no
turbine operation data were available for five sea trout tracks, all of which were non-
passage tracks. In 2014 the majority of sea trout tracks were recorded whilst the
hydropower turbine was active; 26 (7%) of the 386 tracks (with associated turbine
operation data) occurred when the turbine was not operating. Fish tracks were recorded
across the full range of turbine abstractions (maximum recorded was 3.74, which
although below the theoretical max of 4 cumecs was only just below the largest
abstraction recorded during 2014). When the turbine was inactive no real hotspots of
occupation were observed, with areas of slightly high periods of occupation occurring in
line with the weir face and the fish pass outfall (Figure 66a). When the turbine was active
hotspots, in terms of residence time, were observed in front of the hydropower screen
near the right hand bank, although these were less apparent for tracks that occurred at
the highest levels of turbine activity (abstractions >3m3s?) (Figure 66e). Hotspots in
residence time were observed at most river flows, and hot spots in front of the
hydropower outfall were most apparent at river flows between the long term seasonal
Q25 and Qso (& 2.9 - 6.3 m3s?) and were less apparent at flows less than or greater than
this and were absent at flows greater than the seasonal Q1o (& 13.6 m3s?) (Figure 67a-
d). When periods of turbine operation with abstractions > 2 m3s™* were considered in
isolation, the hotspots in front of the turbine outfall were most apparent at river
discharges <6.0 m3s* and were not present at river discharges > 10.0 m3s* (Figure 68

a-c).
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Figure66. Average time(secondskpent in each cell by sea trout recorded during five classes of hydropower flows
(0.0 (HPONn =26), 0.1:1.0 (HP1n =13), 1.1-2.0 (HP2n =30), 2.1:3.0 (HP3n =89) and 3.14.0 (HP4n =228

cumecs).
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Figure67. Average time(seconds)ypent in each cell by sea trout recorded during four classes of river discharge
Q100 to Q50Q50,n =23), Q5:Q25(Q25,n = 151), Q24Q10(Q10,n = 140) and Q9 to QQQO,n =77) based on
the longterm average seasonal hydrograph for the period 1/8 to 31/2R00 to 2012
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