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To  help  achieve  effective  longitudinal  river  connectivity,  evaluation  of  the  efficacy  of  fishway  use by
upstream-migrating  fishes  is  needed.  Larinier  super  active  baffle  (SAB)  fishways  are  relatively  cheap
retrofit  fish  passes,  suitable  for low-head  barriers,  widespread  in Europe  and  the  most  commonly  fitted
technical  pass  in  Britain.  Their  suitability  for non-salmonids,  however,  is poorly  quantified.  The  efficacy  of
a 15%  gradient  SAB  fishway  and  effects of flow regime  and  water  temperature  were tested  for  European
river  lamprey  (Lampetra  fluviatilis)  using  passive  integrated  transponder  (PIT) and  acoustic  telemetry
at  a Crump  weir  on  the River  Derwent,  Northeast  England.  In migration  season  2013–14,  over a  wide
range  of  flows,  90.1%  of  350 tagged  lamprey  entered  the  fishway.  One  fish  (0.3%)  of those  that  entered
the  pass ascended  successfully,  even  though  measured  water  velocity  was  within  laboratory-measured
performance  conditions  for this  species.  Of 29  acoustic-tagged  lamprey  that  visited  the weir  over  the
same  period,  four (13.8%)  ascended  it directly,  during  elevated  flows.  These  data  suggest  that  high  turbu-
lence  and/or  the  physical  characteristics  of baffles  may  inhibit  lamprey  ascent  of the  pass.  In migration
season  2014–15,  we  tested  the  effect  of adding  studded  modular  plastic  tiles  adjacent  to  the fishway
wall,  employing  PIT antennas  separately  interrogating  the  entrance  and  exit  of each  of  the main  fishway
and  tile  routes.  85.8%  (169)  of 197  tagged  lamprey  entered  the  fishway,  of  which  72/169  (42.6%)  entered
the  tile entrance.  Passage  efficiency  of  entrants  was  7.1%  (12/169),  all  of  which  used  the  tiled  route.
Reduced  local  flow  velocity  in combination  with  increased  availability  of resting  habitat  within  the  tiles
may  have  facilitated  increased  passage.  Although  fishway  passage  efficiency  increased  after  placement

of  the  modular  tiles,  it remained  half that  measured  for  direct  weir  passage,  both  of which  are  inadequate
for  connectivity  restoration.  Quantitative  tests  of studded  tiles  placed  on the  sloping  downstream  weir
face  by  comparison  to control  conditions  may  be  more  effective  and  are  needed.  This study  demonstrates
the  importance  of carrying  out full-scale  field  tests  to  supplement  possible  solutions  developed  under
laboratory  conditions.

©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction
Globally, ca.  45 000 large dams, exceeding 15 m,  were built dur-
ng the 20th century (World Commission on Dams, 2000). Although
onsidered to be less of an impediment to migratory fish, smaller
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engineered structures such as low-head dams and weirs are prob-
ably two to four orders of magnitude more abundant than large
dams (Lucas et al., 2009). Although these smaller structures may not
form absolute barriers, their cumulative negative impacts can be
severe, whereby longitudinal connectivity within river systems is
often dramatically reduced, flow and sediment regimes are altered

(Nilsson et al., 2005; Xu and Milliman, 2009) and channel morphol-
ogy, vegetation and invertebrate communities are changed (Boon,
1988; Gordon and Meentemeyer, 2006). Direct consequences for
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ig. 1. Location of Buttercrambe weir relative to other obstructions on the lower D
arked. Fish were released 160 m (solely PIT-tagged) or 620 m (PIT + acoustic tagge

sh include the loss of, or reduced access to, critical habitat (Cooke
t al., 2005; Lucas et al., 2009; Pess et al., 2008), fragmentation
nd isolation of populations (Baras and Lucas, 2001; McLaughlin
t al., 2006) and delayed migration (Caudill et al., 2007; Lucas and
rear, 1997). As a result, fish dependent on natural migration and
ispersal between key habitats are often affected (Yoshiyama et al.,
998; Feunteun, 2002) and subsequent population declines (Nelson
t al., 2002; Dekker et al., 2007) or, ultimately, population extinc-
ions (Baras and Lucas, 2001; Zabel and Williams, 2002) have been
eported.

In order to counter the impacts of obstructions to longitu-
inal connectivity in river systems, several mitigation measures
ave been used, including the construction of fish passes (Clay,
995; Larinier et al., 2002; Larinier and Marmulla, 2004). Tech-
ical and nature-like fish passes (Katopodis and Williams, 2011),
ave the potential to alleviate impoundment effects and facili-
ate passage for a range of species (Bunt et al., 2012; Clay, 1995;
ough et al., 2012). However, fish passes are often designed

o favour conditions for economically important, migration-
ependent strongly-swimming species such as salmonids (Larinier
nd Marmulla, 2004; Williams et al., 2012). Fish passes often per-
orm poorly for other taxonomic groups (Bunt et al., 2012; Cooke
t al., 2005; Lucas et al., 1999, 2000; Noonan et al., 2012). Hydraulic
onditions, such as flow velocity and turbulence, are critical to the
erformance of fish passes, both within the pass and at the tail-
ace (Larinier et al., 2002). For fishways, attraction to the entrance
s influenced by the amount and velocity of flow leaving the fish
ass, but is also dependent on migratory behaviour and swimming
apabilities of fish species, while passage is reliant on hydraulic
onditions such as flow velocity and shear stress and swimming
bility (Kemp, 2012; Williams et al., 2012). If passage of a broad

ange of fish species is to be facilitated, consideration of different
wimming modes, swimming capabilities (Noonan et al., 2012),
ehaviour (Kemp, 2012) and life history stages (Baras and Lucas,
001) are essential criteria.
t and, inset, the study area within Britain. Location of fish capture (on the Ouse) is
nstream of Buttercrambe weir (on the Derwent).

Lampreys have been widely affected by the impacts of river
damming and habitat modification (Close et al., 2002; Mateus et al.,
2012; Renaud, 1997) but this group of fishes has been afforded little
consideration until recently in terms of upstream passage require-
ments (Noonan et al., 2012). Indeed, the emphasis had been on
preventing passage of non-native sea lamprey Petromyzon mari-
nus in the Laurentian Great Lakes (Hunn and Youngs, 1980). Many
populations of highly migratory, anadromous lamprey species have
declined dramatically throughout their native ranges (Renaud,
1997), including the European river lamprey Lampetra fluviatilis
(Aronsuu et al., 2015; Lucas et al., 2009; Tuunainen et al., 1980). This
species is now widely regarded as endangered throughout large
parts of Europe (Mateus et al., 2012; Thiel et al., 2009) and receives
protection in designated Natura 2000 sites under the EC Habitats
Directive (EC, 1992). The river lamprey is dependent on functional
connectivity between key habitats to complete its life cycle, which
includes upstream migration of adults between late autumn and
spring, when spawning occurs (Hardisty, 1986).

Unlike salmonids, fish employing an anguilliform swimming
mode (e.g. lamprey) (Sfakiotakis et al., 1999) do not leap at
migration obstacles and have limited burst swimming perfor-
mance (Clough et al., 2004; Keefer et al., 2012; Russon et al.,
2011). Although several lamprey species such as Pacific lam-
prey Entosphenus tridentatus can climb steep, smooth surfaces
(Reinhardt et al., 2008; Kemp et al., 2009), most cannot and,
like European river lamprey, use a combination of short burst-
swimming followed by resting behaviour consisting of attachment
to the substrate with their oral disc (Kemp et al., 2011; Russon
et al., 2011; Moser et al., 2015), or undulation through shallow,
slower flowing water. Foulds and Lucas (2013) showed pool and
weir passes and steep Denil passes to be highly inefficient for Euro-

pean river lamprey passage.

In order to help restore free passage of fishes towards the com-
munity level, an increasingly inclusive approach is being adopted
towards facilitating passage of a much wider range of species
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ig. 2. (a) Schematic of Larinier super active baffle fish pass (grid-distances in m,  P
rrow)  with representation of baffles (detailed in b); (b) One of 24 baffle rows in to

han had once been accommodated (Gough et al., 2012). This has
aken the form of introducing nature-like fishways suited to a wide
iversity of fish (and non-fish) taxa (Parasiewicz et al., 1998); mod-

fication of technical passes aiding a wide range of species and
izes (Mallen-Cooper and Stuart, 2007); and development of spe-
ific solutions for particular species and morphotypes, including
hin-water-flow ramps for climbing lamprey species (Moser et al.,
011), and bristle and studded tile passes for elvers and yellow-
tage freshwater eels (Solomon and Beach, 2004; Vowles et al.,
015).

Larinier super active baffle (SAB) fishways are relatively cheap
etrofit fishways, suitable for low-head barriers (Larinier et al.,
002). They have become widespread in Europe and are the most
ommonly fitted technical pass in Britain. They are often intended
o provide passage for a wide range of species (Armstrong et al.,
010), yet their suitability for non-salmonids, including lampreys,

s poorly quantified. Since river lamprey are serpentine swimmers
nd positively thigmotactic, placement of studded tiles on the inner
all of single-flight fishways could allow for a continuous tile-route

hrough the pass, with reduced flow velocity, low turbulence and
ncreased availability of resting habitat. This study investigated the
ffectiveness of a Larinier SAB fish pass in facilitating upstream pas-
age of adult river lamprey under varying flow conditions and water
emperature, both before (2013–14, migration season 1, MS1) and
fter (2014–15, migration season 2, MS2) modifications with ver-
ically mounted studded tiles on the inner wall of the fish pass.

. Methods

.1. Study site

The study was conducted at a 20 m wide Crump weir, at Butter-
rambe (Lat: 54.018; Long: −0.8853; mean daily flow 17.1 m3 s−1

NERC, 2015)) on the River Derwent, Northeast England (Fig. 1).
he Crump weir has a triangular profile (1:2 upstream and 1:5
ownstream slopes), and was built in 1973 for monitoring river
ischarge, although ultrasonic gauging is now used instead. The
eir is 40.2 river kilometres (rkm) from the Derwent confluence

Lucas et al., 2009), with a head loss of 1.31 m and discharge of
.78 m3 s−1 at Q95 (the flow equalled or exceeded for 95% of the
ime), annually (Environment Agency (EA), pers. comm.). The mid-
le and lower Derwent comprises a series of low-gradient reaches
average gradient of 0.3 m km−1) and is part of the Humber river

ystem (mean daily flow 250 m3 s−1). Draining the North Yorkshire
oors, the Derwent flows south and joins the Yorkshire River Ouse,
hich in turn combines with the River Trent to form the Humber

stuary. This estuary provides suitable feeding habitat for parasitic
enna arrays at downstream and upstream end of fish pass indicated by bold black
ensions in mm.

river lamprey growing to adulthood, and is a Natura 2000 Special
Area of Conservation (SAC), for which river lamprey are a listed fea-
ture. Combined with spawning and recruitment areas in tributaries
such as the Derwent, crucial habitats for river lamprey conservation
occur within the Humber basin (Lucas et al., 2009), in which one
of the most important UK river lamprey populations is sustained
(Jang and Lucas, 2005).

The lower Derwent, where anadromous salmonid populations
are slowly recovering after an absence lasting decades, but where
cyprinid, percid and esocid fishes are abundant (Whitton and Lucas,
1997), is an area of importance for river lamprey conservation. Not
only is it an SAC, it also forms one of the most impounded rivers
within the Ouse catchment. Multiple anthropogenic structures (one
tidal barrage and five low head (<3 m)  obstructions, of which the
barrage and two  weirs are located downstream of Buttercrambe
weir) have been constructed in the lower 60 rkm of the Derwent
(Fig. 1). These impede free movement of multiple fish species,
including river lamprey (Lucas et al., 2009). In May  2013 15% gradi-
ent Larinier SAB fish pass was  opened at Buttercrambe weir, with
the purpose of alleviating habitat fragmentation and restoring lon-
gitudinal connectivity for a variety of fish species, including river
lamprey. Multiple sites with holding habitat (tree roots, boulders
etc.) for lamprey are present immediately downstream of the weir.
No artificial lighting in the vicinity of Buttercrambe weir nor the
fish pass occurred during the study period.

2.2. Fish pass characteristics

The Larinier SAB fish pass, on the right side of Buttercrambe
weir, is installed parallel to the main river flow. The Larinier pass
(concrete, 11.2 m long, internal width 2.75 m) consists of 24 rows
of super active stainless steel baffles (three per row, 12 mm thick,
150 mm high), equally spaced (0.40 m)  and located across the pass’s
width (Fig. 2). These baffles are located on the downstream-facing
ramp of the fish pass (9.8 m long and 1.47 m height difference,
resulting in a fish pass gradient of 15%, or 8.5◦). The invert of the
pass is at 9.1 m above ordnance datum (mean sea level) and the
upstream head on the pass (ha) is 0.32 m at Q95. It has a head loss of
1.31 m at Q95. For migratory salmonids and coarse fishes (cyprinids,
percids and esocids targeted for recreational angling) exceeding
20 cm in length, a head difference of up to 1.8 m and 1.5 m in single-
flight Larinier SAB fishways is advised, respectively (Armstrong
et al., 2010). The lower operating depth limit for the fish pass is

0.17 m above the baffles, where a value of 0.10 m for coarse fish
and 0.15–0.20 m for large migratory salmonids is advised (Larinier
et al., 2002; Armstrong et al., 2010). The upper operating depth
limit is dependent on the swimming capacity of each individual
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Table 1
Details of PIT and acoustic tagged river lamprey per release date for each size of tag used (a, 23 mm PIT tag; b, 32 mm PIT tag; c, double-tagged with a 32 mm PIT tag and a
7.3  × 18 mm acoustic transmitter, respectively), for MS1  and MS2.

Date Lamprey tagged (n) Body length, mean ± SD (mm)  Detected at
entrance (+exit)

Attraction
efficiency (%)

Passage
efficiency (%)

Median time to
first detection (h)

31 October 13 a: 12, b: 55, c: 0 a: 352 ± 36, b: 351 ± 18, c: − 60(0) 89.5 0.0 502
06  November 13 a: 0, b: 74, c: 7 a: −, b: 348 ± 18, c: 381 ± 18 77(1) 95.0 1.3 358
14  November 13 a: 0, b: 68, c: 9 a: −, b: 359 ± 20, c: 394 ± 20 68(0) 88.3 0.0 167
21  November 13 a: 30, b: 27, c: 7 a: 357 ± 13, b: 357 ± 23, c: 389 ± 23 55(0) 85.9 0.0 3
26  November 13 a: 0, b: 32, c: 7 a: −, b: 364 ± 16, c: 364 ± 16 34(0) 87.2 0.0 3
06  December 13 a: 1, b: 20, c: 1 a: 341, b: 367 ± 24, c: 386 21(0) 95.4 0.0 125
Overall, MS1 a:  43, b: 276, c: 31 a: 350 ± 24, b: 358 ± 20, c: 389 ± 19 315(1) 90.1 0.3 25

28  October 14 b: 35 b: 354 ± 20 31 (9) 88.6 29.0 6
07  November 14 b: 14 b: 359 ± 21 8 (2) 57.1 25.0 6
21  November 14 b: 83 b: 362 ± 21 74 (1) 89.2 1.4 15
28  November 14 b: 51 b: 361 ± 21 44 (0) 86.3 0.0 5
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04  December 14 b: 14 b: 364 ± 21
Overall, MS2  b: 197 b: 360 ± 21 

sh species. The upstream-facing ramp, where baffles are absent,
s 1.4 m long and has a constructed height difference of 0.47 m at

 33% gradient. There is a 0.35 m vertical step between the down-
tream end of the fish pass and the river bed. The Larinier pass
nundates fully at <Q3 (J. Tummers, pers. obs.). The pass’s position
n the right hand bank of the river is immediately upstream of a

eft-bend of the river, so that it is upstream of the dominant flow on
he outside of the bend, thereby potentially facilitating attraction to
he fishway entrance for fish moving upstream. An elver pass (bris-
le substrate within conduit) is located on the left bank, designed
or European eel Anguilla anguilla elvers and small yellow eel.

In summer 2014, modifications to the fish pass were made
ith the aim of enhancing passage efficiency for anguilliform fish,

ncluding river lamprey. Modified ‘eel tiles’ (Berry and Escott Engi-
eering, UK) were vertically mounted on the inside right-hand
sh pass wall (Fig. S1; engineering design images available at
ttp://berryescott.co.uk/Lamprey-Tiles). These consisted of 2 cm
hick polypropylene boards (1.02 m long, 0.50 m wide) each cov-
red with 72 studs, projecting towards the fishway wall, with the
oards mounted vertically, adjacent to the wall. Studs were blunt-
nded cones, 50 mm high and 30 mm base diameter, separated
y 55 mm along rows and 88 mm at diagonals of the stud bases.
tudded tiles were housed within wall-mounted aluminium brack-
ts to provide lift-out boards for cleaning of debris. Starting 0.3 m
pstream of the fish pass entrance (due to the presence of a passive

ntegrated transponder (PIT) antenna, see below), the tiles were
laced continuously to the fish pass exit region, 0.3 m beyond the
pstream-most PIT antenna. This allowed for a partially separated
assage route along the right wall edge, with increased resting habi-
at and reduced flow velocities housed within the Larinier fish pass.
ince the Larinier baffles were designed to fit the breadth of the pass
nd were not modified, the studded tiles, which were open at the
ottom, made contact with the baffles’ upper surfaces, rather than
he fishway’s concrete base. While the studded tiles did not extend
o the bed, the arrangement allowed lamprey entering the main
ass to access the studded media at any point along the pass.

Hydrodynamic conditions of the Larinier SAB fish pass were
easured both within, and at the downstream entrance of, the fish

ass at 0.23 m river stage, weir crest 9.65 m above UK mean sea
evel, 0.40 m head in pass (25 September 2013, Q85, no studded tiles
n place) (Fig. 3). An electromagnetic water velocity meter (Vale-
ort model 801) was used to take an array of point-measurements
f mean flow velocity (±SD, in m s−1), each over a 20 s period.

very 0.3 m along the channel, at a distance of 0.2 m and 0.4 m from
he bed (0.05 m and 0.25 m above the top of baffle surface, respec-
ively), seven measurements (equally spaced, 0.4 m intervals) were
aken across the width of the fish pass (238 measurements at
 (0) 85.7 0.0 316
9 (12) 85.8 7.1 6

each depth, for a grand total of 476 measurements), corresponding
to the number of relatively slow-flowing lanes (n = 4) and rela-
tively fast-flowing lanes (n = 3), the latter occurring in the V-apex
regions of the baffles. Based on flow velocity measurements, dis-
charge through the fish pass was  calculated by multiplying velocity
with cross sectional area of flow. The proportion of total river dis-
charge entering the Larinier fish pass was estimated at 15.8% (25
September 2013, Q85).

2.3. Lamprey capture and tagging

Because catch per unit effort of river lamprey in the Derwent
is low (Jang and Lucas, 2005), migrating lamprey for the study
were captured from the Yorkshire Ouse in two-funnel eel pots
(Masters et al., 2006) and taken to Buttercrambe for tagging and
release. Lucas et al. (2009) demonstrated no difference in migration
behaviour of Derwent-caught and Ouse-caught lamprey released in
the Derwent. Natal homing behaviour is absent for the strongly pos-
itively rheotactic river lamprey (Tuunainen et al., 1980) and river
lamprey in tributaries of the Ouse are the same genetic population
(Bracken et al., 2015).

Lamprey for tagging were anaesthetised (stage III, surgical)
using a buffered 0.1 g L−1 solution of MS-222. Total body length
in mm was  measured and lamprey were subsequently tagged by
implanting a 32 mm × 3.65 mm or a 23 mm × 3.65 mm PIT tag (HDX,
Texas Instruments model RI-TRP-RRHP, 134.2 kHz, weight 0.8 g and
0.6 g in air, respectively) into the body cavity via a mid-ventral inci-
sion under UK Home Office Licence following the Animal Scientific
Procedures Act 1986. A single suture (coated Vicryl, 4/0) was  used
to close the incision. In MS1  a sample of the 32 mm PIT tagged fish
were also tagged with a coded 69 KHz acoustic transmitter (Model
LP-7.3, 18 mm long × 7.3 mm diameter, 1.9 g in air, 30–60 s code
interval nominal repeat, Thelma Biotel AS, Trondheim, Norway).
After acoustic tagging, the incision was  closed with three separate
sutures. Table 1 shows numbers and body lengths of river lamprey
tagged solely with PIT tags (23 mm and 32 mm)  and double-tagged
with a 32 mm PIT tag and acoustic tag, for the two study sea-
sons. In total, 350 lamprey were PIT tagged in MS1, of which 31
were double-tagged with an acoustic tag, and 197 individuals were
PIT tagged with 32 mm tags solely in MS2. Fish were allowed to
fully recover (ca. 45 min) in aerated water before release 0.16 km

(PIT tagged lamprey) or 0.62 km (acoustic + PIT tagged lamprey)
downstream of the weir. Acoustic tagged fish were released further
downstream to enable upstream-moving lamprey to be recorded
as they approached the weir.

http://berryescott.co.uk/Lamprey-Tiles
http://berryescott.co.uk/Lamprey-Tiles
http://berryescott.co.uk/Lamprey-Tiles
http://berryescott.co.uk/Lamprey-Tiles
http://berryescott.co.uk/Lamprey-Tiles
http://berryescott.co.uk/Lamprey-Tiles
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ig. 3. Flow velocity measurements (m s−1) taken at 0.20 m from bed (0.05 m from
he  Larinier fish pass. Stage height measurement on the day of measurement was  0

.4. Telemetry

A pass-through synchronised Master-Slave half-duplex (HDX)
IT detection system (Wyre Microdesign, UK) based upon the
esign of Castro-Santos et al. (1996) was installed in the Larinier
ass. Antennas made of 6 mm diameter, 771 strand, oxygen-

ree copper insulated wire were placed at the downstream and
pstream ends of the fish pass (2.75 m wide × 1.62 m high for down-
tream antenna; 2.75 m wide, 2.3 m high for upstream antenna), ca.
.5 m from upstream exit and 0.3 m from downstream entrance.
ach antenna terminated in a tuning box at the top of a pole posi-
ioned vertically on the right side wall of the fish pass. A data and
ower cable connected the tuning box to the readers and logger.
ower was provided by a 12 V leisure battery, trickle charged by a

inear mode battery charger from a 240 V AC mains supply.
The Larinier pass antennas were tuned to ensure detection of a

2 mm long PIT tag at any point and orientation within the loop,
ith a typical perpendicular range from the loop axis of 0.3 m.  The

ntennas were also tested with 23 mm PIT tags and while com-
lete coverage was achieved at both antennas in May 2013 (within
 month of antenna placement) by October 2013, a detection hole
f ca.  0.5 × 0.5 m was evident in the centre of the upstream antenna
or 23 mm tags. For 32 mm tags, no holes in the detection field
 baffles (a), left) and 0.40 m from bed (0.25 m above top of baffles (b), right) within
(Q85) and depth within the fish pass was 0.50–0.55 m.

were found, despite repeated, intensive tests over the whole study
period, nor for 23 mm tags at the downstream antenna. Therefore,
32 mm  tags were used to tag lamprey. A subset of lamprey were
tagged with 23 mm tags used to determine any possible impact
of the larger tag. Synchronised HDX (Texas Instruments) readers
were used to interrogate the paired antennas simultaneously (13
times per second), so as to ensure no signal interference. As well as
regular manual percentage detection efficiency tests (>99% on all
occasions), timed auto-emitter check tags (Oregon RFID, USA) were
used to monitor operational efficiency of the PIT equipment.

Logging equipment ran continuously (>99.9% of time) from 31
October 2013 to 26 February 2014 (MS1) and from 28 October 2014
to 26 February 2015 (MS2). This is a period that incorporates over
95% of lamprey upstream migration activity in the Derwent (Lucas
et al., 2009; Foulds and Lucas, 2013). Upon detection, the tag’s
unique code, date and time were stored. This allowed for deter-
mination of: a) the proportion of lamprey released downstream
recorded at the fishway entrance (attraction efficiency); b) the pro-
portion of lamprey successfully ascending the fish pass, after having
located the entrance (passage efficiency; (Aarestrup et al., 2003;

Cooke and Hinch, 2013)) and c) patterns of visitation to the Lar-
inier fish pass. Attempt frequencies by individual lamprey were
extracted employing a 1 h minimum interval filter between repeat
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ig. 4. Minimum delay periods for individual lamprey migration (days) at Buttercr
S1  and MS2, respectively). Duration calculated from PIT records from release day

etections, assumed to reflect more extensive searching behaviour
or alternative routes and/or extended periods in the fish pass.
ooke and Hinch (2013) distinguish attraction (detection in the
ass outflow vicinity, ca. <3 m below the fishway) from entrance
detection in the lowest part of fishway) behaviours and define
ntrance efficiency as the proportion of fish detected in the pass
utflow vicinity which then enter the pass. Perhaps unhelpfully,
etection of fish entering the pass without prior instrumentation
nd associated detection in the fishway outflow has no definition
n Cooke and Hinch’s (2013) scheme. In our experiments we  con-
ider the proportion of released lamprey that visited the fishway
ntrance as an appropriate measure of attraction efficiency. Pis-
ivores (birds, mammals and fish) occur near Buttercrambe weir
J. Tummers, pers. obs.; Whitton and Lucas, 1997) and may  con-
ribute to natural mortality of tagged lamprey, so our attraction
fficiency measurement is a minimum estimate. Passage efficiency
n the Larinier fish pass was calculated only for 32 mm PIT tagged
amprey due to the central detection ‘hole’ in the upstream antenna
or 23 mm PIT tags.

Since some lamprey can pass Derwent weirs directly by the
ain river channel (Lucas et al., 2009), and because PIT detection

ntennas could not cover the whole river width and depth, coded
9 KHz acoustic transmitters and receivers (Vemco VR2, Halifax,
anada) were used in MS1  to evaluate passage by this route. Three
mnidirectional receiver-loggers were placed at varying distances
∼45–380 m)  upstream of the weir in areas of non-turbulent (low-
oise) water, while five were placed 160–4600 m downstream of
uttercrambe weir. All eight receivers were operational from 26
ctober 2013 to 26 February 2014. Detection radius (45–75 m)  var-

ed by receiver. No test tags placed at any location downstream of
he weir could be detected by receivers upstream of the weir. First
ecords of acoustic tagged fish at the first receiver downstream of
he weir were classified as fish approaching (and attempting to
ass) the weir, while the same fish could be detected at the fish
ass entrances, by virtue of their PIT tags.

For MS2, extra PIT antennas were placed in the Larinier pass to
ssess the efficacy of the fish pass after addition of studded tiles. In
ddition to the PIT antennas fixed on the downstream entrance and
pstream exit from MS1, a low-range PIT antenna (3 mm diameter,
ultistrand insulated copper wire) was formed on the inside of a

ile 1 m upstream of the fish pass entrance, and within a tile placed
 m below the upstream exit. Tiles closer to the fishway ends were
resent, but not chosen for antenna placement to ensure unique

etection fields of each antenna and avoid electrical noise transfer.
ntennas detection characteristics were tested rigorously, particu-

arly to ensure that tile antenna detections were for tags within (not
utside) the tile. The four PIT antennas ran continuously (>99.9% of
 as a percentage of those that entered the fish pass (total of n = 315 and n = 169 for
last detection at downstream entrance of fish pass.

the time) in MS2, from 28 October 2014 to 26 February 2015. All
tiles were visually inspected and cleaned approximately every 2
weeks during MS2.

2.5. Environmental conditions and statistical analysis

Ultrasonically gauged stage and discharge at Buttercrambe
weir were obtained from the EA. Flows were related to the
percentage of annual exceedance (Qx) by using an annual flow
duration curve (http://www.ceh.ac.uk/data/nrfa/data/time series.
html?27041). Water temperature was logged at 1 h intervals (Tiny-
tag, TG-4100), 150 m downstream of Buttercrambe weir.

Comsol Multiphysics 5.0 was used to create fish pass velocity
profiles from empirical data. Differences between number of detec-
tions and attempts by lamprey at both fish passes (between MS1
and MS2: Mann–Whitney U test; between release dates within MS1
or MS2: Kruskal Wallis test) and effects of environmental factors
(General linear model (GLM)) were analysed for significance using
SPSS 22. R 3.2.0. was  used to create plots of diel activity and to relate
environmental factors to lamprey attempts made at the fish pass.
Data were examined for normality and homogeneity of variance
before determining suitability of parametric or non-parametric sta-
tistical approaches. Benjamini-Hochberg corrections were made to
multiple-comparisons of non-parametric data.

3. Results

3.1. Fish pass efficiency and time taken to locate the pass entrance

Although 315 out of 350 lamprey released below Buttercrambe
weir were detected at the entrance of the Larinier fish pass in
MS1  (attraction efficiency, 90.1%), only one (0.3%) successfully
ascended it during the period 31 October 2013 to 26 February
2014 (119 days) (Table 1). There was  no significant effect of tag
size and double-tagging treatment on the numbers of lamprey
detected at the Larinier pass (�2 test; df = 2, �2 = 0.9994, P = 0.603).
When comparing time to first detection for individuals tagged with
23 mm or 32 mm PIT tags on paired release days (n = 2), in the
first release 32 mm tagged lamprey were detected in the fishway
sooner than 23 mm tagged lamprey (Mann–Whitney; U = 169.5,
Z = −2.213, P = 0.027; 23 mm  tags, n = 12; 32 mm tags, n = 55), a
counterintuitive outcome, suggesting no tag burden impact. No sig-
nificant difference occurred for lamprey released on 21 November

2013 (Mann–Whitney; U = 279.0, Z = −0.875, P = 0.381; 23 mm  tags,
n = 30; 32 mm tags, n = 27).

During MS2, with lamprey tiles installed on the inner side of
the right wall of the fish pass, 169 out of 197 released lamprey

http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
http://www.ceh.ac.uk/data/nrfa/data/time_series.html?27041
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ig. 5. (a) Cumulative number of lamprey at liberty (solid black), number of lamprey
he  fish pass (grey) in MS1  and (b) in MS2. Note that during MS1, one lamprey succ

ntered the fishway (85.8% attraction efficiency). Twelve lamprey
7.1% passage efficiency) were successful in ascending the fish pass
Table 1) all of which used the tile-route. On 18 December 2014,
wo of the tiles were found to be missing (both located directly
pstream of the lower instrumented tile). These were not replaced
s the brackets were bent and would have required fishway closure
or repair. As a result, the tile-route was subsequently discontinu-
us; during this period no tagged lamprey detections were made at
he upstream tile PIT antenna nor at the upstream exit PIT antenna,
ut the detection rate at the downstream tile PIT antenna fell to
3.4% (15/64) of the rate prior to 18 December 2014, while the
etection rate of lampreys entering the pass fell to 49.0% (74/151)
f the rate prior to 18 December 2014.

Of the 315 lamprey which entered the SAB fish pass in MS1,
58 (50.2%) were detected at the downstream antenna within 24 h
f release. In MS2, 105 out of 169 (62.1%) of lamprey entered the
ass within the same period. There was no significant difference

n time to locate the fish pass between the two migrating sea-
ons (MS1; median time = 25 h [range: 1–1386 h]; MS2; median
ime = 6 h [range: 2–2074 h], Table 1; Mann–Whitney; U = 24201.0,

 = −1.650, P = 0.099). Excluding lamprey that never located the
sh pass during the study period, there was a significant differ-
nce in time taken to locate the fishway across the six release
ates in MS1  (Kruskal Wallis; H = 26.71, df = 5, P < 0.001). Using
ost-hoc pairwise analyses (Mann–Whitney U corrected with
enjamini-Hochberg false discovery rate), significant pairwise dif-

erences were found in MS1  between release dates 31 October–06
ovember, 31 October–21 November, 31 October–26 November,
6 November–21 November, 14 November–21 November, 21
ovember–06 December and 26 November–06 December. For
S2, a significant difference was found for time taken to locate

he fish pass across five release dates (Kruskal Wallis; H = 11.40,
f = 4, P = 0.022), but after post hoc pairwise comparisons corrected

or false discovery rate, no significant difference was apparent.

.2. Fish pass ascent attempts

The 315 river lamprey that located the fish pass in MS1  had a
ean attempt frequency at the SAB pass of 11.4 (range: 1–177),
hile the 169 individuals released during the 2014–2015 migrat-

ng season attempted the fish pass 7.3 times on average (range:
–28) over the whole study period. Many lamprey were in the
icinity of the fishway for a prolonged period in both study seasons
Fig. 4). While 62 individuals (19.7%) were only detected at the SAB

ntrance within 10 days of release, a substantial proportion (33, or
0.4%) were present downstream of the weir even from 50 –59 days
fter release in MS1. After modification of the fish pass, 61 (36.1%)
ere detected within 10 days after release, while 16 lamprey (9%)
ted at the fish pass entrance (dashed) and number of lamprey successfully ascending
ly ascended the SAB fish pass on 08/02/2014. Arrows indicate release dates.

were in the vicinity of the pass 30–39 days following release (Fig. 4).
Individual lamprey were delayed for a mean minimum of 32.8 and
16.5 days, for the first and second migrating season, respectively.

Temporal patterns of river lamprey visits to the SAB pass
were affected by day of release as well as river flow (Fig. 5).
Using 16 January 2014 and 2015 as cut-off dates, after which
negligible numbers of lamprey were attempting to pass the SAB
fish pass, but when river discharge was  markedly higher rela-
tive to the preceding part of the study period for MS1 (Fig. 6),
the number of attempts made at the fishway was  positively but
weakly affected by river flow in MS1  (GLM: F1,70 = 4.964, P = 0.029,
R2 = 0.066). There was  no relationship between water temperature
(mean ± SD during MS1: 5.59 ± 0.93 ◦C) and number of attempts
in MS1  (GLM: F1,70 = 1.893, P = 0.173, R2 = 0.026). Combining flow
and water temperature factors gave a positive relationship with
attempt frequency (GLM: F2,69 = 3.719, P = 0.029, R2 = 0.097). By
contrast, in MS2  (water temperature mean ± SD: 5.04 ± 1.90 ◦C), a
dominant flow effect was found (GLM: flow F1,74 = 15.086, P < 0.001,
R2 = 0.169); water temperature (F1,74 = 1.778, P = 0.187, R2 = 0.023);
flow plus water temperature (F2,73 = 7.538, P < 0.001, R2 = 0.171).
The highest number of individuals detected at the fish pass in a day
was, for MS1, on 17 December 2013 (182 lamprey, 52% of lamprey
released at the time, mean daily flow of 22.7 m3 s−1 (Q24), mean
daily water temperature of 7.18 ◦C, Fig. 6). For MS2, this was  on 18
December 2014 (64 lamprey, 32.5% of lamprey at liberty at the time,
mean daily flow of 22.3 m3 s−1 (Q25), mean daily water temperature
of 6.28 ◦C, Fig. 6).

Not including release dates, in MS1  and MS2, 58.4% and 59.1%
of attempts respectively (with a minimum interval of 1 h) were
made after evening civil twilight and before morning civil twilight
times for the locality. Lamprey attempts were made particularly
during late afternoon and early evening, when transition from light
to dark conditions is (close to be) completed during late autumn and
winter, for both seasons (Fig. S2).

3.3. Acoustic telemetry of lamprey approaching the weir

In MS1  all 31 double-tagged (PIT and acoustic) river lamprey
were logged at the first acoustic receiver upstream of the release
site. Twenty nine (93.5%) lamprey visited the weir, and 20 (64.5%
of total) did so within 3 h of release. Based upon time of first
and last detection at successive receivers, these had a net speed
over ground of 0.34 body lengths per second which, combined
with the average water velocity in the reach under these con-

ditions (0.37 m s−1), gave an average sustained swimming speed
of 1.30 body lengths per second during the upstream movement.
Although 93.5% of acoustic-tagged lamprey visited the weir vicin-
ity, fewer (23, 74.2%) visited the SAB pass and none ascended it.
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ig. 6. (a), (b); Number of lamprey passage attempts, using a ≥1 h interval filter b
ischarge per date in MS1  and in MS2, respectively. (c), (d); Number of unique lam
iver  discharge per date in MS1  and in MS2, respectively. Bold black: number of att

our of 29 (13.8%) acoustic tagged lamprey that visited the weir
icinity were detected at acoustic receivers upstream of the weir;
one subsequently returned downstream. Water levels in MS1
31/10/2013–26/02/2014) were not high enough to overtop banks
t the weir and create extra spillways around the weir (occurs at
Q3). These four lamprey are therefore interpreted to have tra-
ersed the main channel weir. The four successful lamprey passed
t flows of 13.8 m3 s−1 (Q44), 18.8 m3 s−1 (Q26), 34.3 m3 s−1 (Q10),
uring which tailwater levels were elevated, but the weir was not

ully drowned, and 43.9 m3 s−1 (Q5), at which the weir was nearly
rowned (J. Tummers, pers. obs.).

. Discussion

European river lamprey did not effectively use the Larinier
AB fishway, a design widely used in Europe at low-head struc-
ures, often with the aim of passing a wide range of fish species
Armstrong et al., 2010; Larinier et al., 2002). The unmodified SAB
ass exhibited similar attractiveness and low passage efficiency to
hat found by Foulds and Lucas (2013) for river lamprey at pool and
eir and Denil passes on the same river, using similar methods. A

orty times higher passage rate was observed for double-tagged
acoustic and PIT) lampreys (albeit small sample size) at the weir
tself than through the SAB fishway, even though the weir was
ever fully drowned. Attraction efficiency was high in both MS1  and
S2  (90.1% and 85.8%, respectively) and numerous ascent attempts
ere made at the fishway (mean attempt frequency per individual

amprey of 11.4 and 7.3 in MS1  and MS2) under a broad range of
ow conditions. Reported attraction efficiency in this study is a

inimum, since it is possible that some PIT tagged fish lingering at

he downstream antenna blocked detection of others (Cooke et al.,
012), and also because some tagged lamprey are likely to have
een predated before visiting the fish pass. The majority of lam-
en successive attempts for the same individual, relative to temperature and river
per day detected at downstream entrance of fish pass relative to temperature and
/lamprey; dotted black: temperature (◦C); dashed grey: river discharge (m3 s−1).

prey had located the fish pass within 24 h of release (50.2% in MS1,
62.1% in MS2), indicating strong motivation to pass. This suggests
that some element of the unmodified SAB greatly inhibited lamprey
ascent, but not their attraction to the pass.

The most obvious candidate factor inhibiting lamprey ascent
in the unmodified SAB would be excessive flow velocity, exceed-
ing the swimming capabilities of river lamprey. Modelled average
velocity (Larinier et al., 2002; Armstrong et al., 2010) above the
baffles for the unmodified SAB pass varied from 1.3 m s−1 at Q99 to
1.8 m s−1 at Q30 and in excess of 2 m s−1 at flows greater than Q20.
Observed burst swimming performance of river lamprey is known
to be at least 2.12 m s−1 at 12.6 ◦C for an experimental undershot
weir (Russon and Kemp, 2011), although 1.5 m s−1 may be a more
typical value (Kemp et al., 2011). In Finnish studies this species
(25–30 cm long, smaller than our 35–40 cm Humber river lamprey)
has been shown to successfully ascend bristle-lined vertical slot fish
passes in Finland with maximum flow velocities of 1.4 m s−1 (Laine
et al., 1998). River lamprey are thigmotactic and bed- and edge-
orientated during passage of obstructions (Kemp et al., 2011), and
like other lamprey species are effective at utilising slower areas
(Keefer et al., 2011; Moser et al., 2015), including boundary layer
regions (M.  Lucas, pers. obs.). Our empirical measurements of flow
velocity at Q85 demonstrated three- to four-fold regional variations
in water velocity horizontally across the fish pass (Fig. 3). High-
est values of flow velocity occurred at the V-apex regions, and an
approximately two-fold difference in water velocity was measured
between depths of 5 cm and 25 cm above the baffles (Fig. 3). There-
fore, at higher river flows with a modelled above-baffle velocity
estimate of 1.8 m s−1, one would still expect regional velocities

to be well within limits exploitable by river lamprey. Undoubt-
edly the distance of the high-velocity zone to be traversed in the
Buttercrambe SAB fishway (9.8 m to crest) is more than the val-
ues of 1–2 m in laboratory swimming performance studies (Kemp
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t al., 2011; Russon and Kemp 2011). However, like other lamprey
pecies, river lamprey commonly use a “burst-attach-rest” mode
f locomotion, enabling partial recovery between burst swimming
outs as observed for sea lamprey (Quintella et al., 2004), and this
ight be expected to facilitate SAB passage by river lamprey.

A more likely reason for river lamprey failing to ascend the
nmodified SAB fishway relates to the bed-mounted baffle plates.
lowing of average water velocity in SAB passes is achieved by the
affles creating helical currents that dissipate energy (Larinier et al.,
002). Inevitably this generates a large amount of turbulence above
nd between the baffles. Keefer et al. (2010) demonstrated Pacific
amprey to have major difficulties in the transition from station-
ry attachment to resuming upstream movement under turbulent
onditions at bulkhead challenges. The majority of lamprey failed in
e-attaching and consequently were swept downstream. Identical
ifficulties have been observed for river lamprey within a Denil baf-
e fish pass (W.  Foulds, pers. comm.). Vowles (2012) found no effect
f local turbulence on passage success of river lamprey in labora-
ory studies, although his experimental design examined simplified
ocalised turbulence generated by a single cylinder, unlike in a
affle fishway. For river lamprey, with an anguilliform body mor-
hology lacking paired fins that facilitate stability (Liao, 2007), the
umulative effect of attempting to traverse the 24 rows of baffles
resent in the Larinier fish pass evaluated in our study is there-

ore likely to be considerable. Such conditions may  strongly inhibit
ontinued upstream progression (performance) or might stimu-
ate lamprey to give up, move downstream and seek an alternative
oute (volitional behaviour). Furthermore, bed-mounted baffles

ight inhibit the natural thigmotactic, bed-orientated upstream
ovement behaviour of lampreys and cause rejection of this envi-

onment. In this study, baffle units were approximately 40 cm apart
slightly greater than an average river lamprey length) and 15 cm
igh, common dimensions in SAB passes. A typical lamprey pass-

ng a baffle and moving to the bed to attach using its oral disc,
art-way between adjacent baffles, could therefore trail its tail
ver the downstream baffle or be bent within the baffle unit. In
ither case they are subject to helical turbulent flow, which poten-
ially causes rejection of the local environment and downstream

ovement. Observation in situ at the SAB fishway was  not possi-
le because of low visibility (Secchi depth ca. 0.05–0.50 m during
he study) and entrained air. Determination of which of these fac-
ors is responsible for failure of lamprey to ascend the unmodified
AB requires experimental flume studies. Determining the reason
hy river lamprey reject SAB baffles has wider relevance as it might

pply to other lamprey species including landlocked sea lamprey in
he Laurentian Great Lakes region. In that region, provision of selec-
ive barriers that prevent sea lamprey passage, but allow passage
f other migrating fish is a key objective (Pratt et al., 2009).

Understanding how river lamprey directly passed the Crump
eir in this study deserves consideration, since typical flow veloc-

ty would be expected to be in the region of 3 m s−1 for this type of
tructure, beyond the burst-swimming performance of river lam-
rey (Russon and Kemp, 2011). River lamprey are known to pass
rowned weirs (Lucas et al., 2009), but for only one of four acoustic
agged lamprey passing the weir in this study was the weir almost
rowned, not in the other three. No alternative routes other than
he weir and fishway were available. Since otter Lutra lutra, grey
eron Ardea cinerea and goosander Mergus merganser have been
bserved at the site it is possible, but very unlikely, that one or
ore acoustic tags could have been ingested by a terrestrial preda-

or which then moved upstream. Otter do not ingest whole lamprey
rey (M.  Lucas, pers. obs.), and several tags from our study were
ound on the left bank at an otter feeding site, 10 m downstream of
he weir (J. Tummers, pers. obs.). Grey heron and goosander have
een observed very infrequently in the deep water immediately
pstream of the weir, compared to the shallower area downstream
ineering 91 (2016) 183–194 191

(J. Tummers, M.  Lucas, pers. obs.). In an experimental flume, river
lamprey failed to pass a Crump weir with a maximum mean velocity
at the weir face of 2.30 m s−1 (Russon et al., 2011), although those
experiments employed much lower water depths at the weir face
than occurred at Buttercrambe. Therefore, it is likely that lamprey
negotiated the weir by searching for lower-velocity edge areas or
crevices before passing it (see also Kemp et al., 2011). Since the weir
is in a good state of repair, the most likely route was at the junc-
tion between the wing-wall and weir-face, since lamprey have been
observed accumulating immediately downstream of that locality
during lower-flow, clear-water conditions (M.  Lucas, pers. obs.).

For Pacific lamprey, it has been shown that high energetic costs
during migration (e.g. frequent attempts at a fish pass) may  impact
the individual’s fitness, likely compromising both behavioural and
physiological processes crucial for sexual maturation and success-
ful spawning (Mesa et al., 2003). This is especially problematic for
lampreys, including river lamprey, as their gut degenerates and
feeding (i.e. energy intake) ceases when adult lamprey enter fresh-
water for their upstream migration (Lucas and Baras, 2001; Moser
et al., 2015). They have a fixed energy reserve and are semel-
parous; individuals unable to locate suitable spawning grounds
have zero fitness. Foulds and Lucas (2013) also recorded high rates
of attempts by river lamprey to ascend fish passes. While adoption
of “burst-attach-rest” locomotion might delay exhaustion during
ascent attempts, full recovery by staying attached to substrate for
a prolonged time is unlikely. In electromyogram telemetered sea
lamprey negotiating rock weirs, an increasing onset of fatigue was
recorded after each burst movement, likely resulting from resum-
ing burst swimming without fully recovering physiologically from
preceding efforts (Quintella et al., 2004).

Low efficacy of the SAB fishway on river lamprey is also reflected
in migration delay, shown in this study to be considerable for both
spawning seasons (mean minimum delay days for individual lam-
prey was  32.8 and 16.5 days for MS1  and MS2). These migration
delays below the weir are underestimates, as a large proportion
of lamprey not recorded as passing upstream may  be regarded as
being delayed for the entire study period rather than the period
between first and last detection, as used in this study. A delay in
migration can increase physiological stress, susceptibility to dis-
ease (Loge et al., 2005) and risk of predation (Rieman et al., 1991;
Peake et al., 1997). Predation of lamprey due to otter occurred
during this study, as lamprey mortalities together with loose PIT
tags, an acoustic transmitter, and otter spraints were located below
Buttercrambe weir. Furthermore, piscivorous birds grey heron and
goosander have been observed catching river lamprey (J. Tummers,
M. Lucas, pers. obs.), and northern pike, known to predate river lam-
prey, are abundant at the weirpool (J. Tummers, unpublished data).
Lucas and Baras (2001) argue that to achieve effective reconnec-
tion of fragmented river sections for diadromous species requires
a minimum passage efficacy of 90% per site, because of cumulative
losses at successive obstacles. Access to spawning habitat for river
lamprey on the lower Derwent is poor; Lucas et al. (2009) reported
98% of lamprey spawning habitat on the lower Derwent occurred
upstream of Buttercrambe weir, where on average only 1.8% of lam-
prey spawners occurred. Based on our results, river lamprey in the
lower Derwent are severely affected in their spawning migration,
and consequently probably also in their fitness.

Like other lampreys, adult European river lamprey probably
use a combination of cues to guide their spawning migration
(Moser et al., 2015). Adult river lamprey are sensitive to putative
pheromones released by freshwater larval river lamprey (Gaudron
and Lucas, 2006), and this likely plays a role in their upstream

migration in a manner similar for sea lamprey (Wagner et al.,
2009; Vrieze et al., 2010, 2011). It is also well documented that
river lamprey exhibit positive rheotaxis, moving upstream against
the river current, whereby migratory activity is positively corre-
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ated with river discharge (Masters et al., 2006; Foulds and Lucas,
013; Aronsuu et al., 2015). In our study, the frequency of passage
ttempts and number of lamprey recorded at the SAB pass was
ositively correlated with river flow, but only weakly in MS1  when
arly autumn flows were unusually low, and strong attraction to the
shway occurred even during low flows. During high flow events,
eaks in detections at the fish pass were logged in both years. River

amprey are regarded as negatively phototactic during their spawn-
ng migration (Sjöberg, 1980), but this study and that of Foulds and
ucas (2013) suggest a much wider range of activity than typified
y the nocturnal behaviour of lampreys. River lamprey swim close
o the river bed, where flow velocities are lower (Lucas et al., 2009;
emp et al., 2011). As water levels rise, light penetration to the
iver bed is decreased because of higher turbidity and increased
ater depth (Aronsuu et al., 2015), and risk of predation is likely to

e lower, which may  partly explain increased migratory activity,
ncluding by day, during elevated water levels.

Fish swimming capacity typically decreases with lower water
emperature below the thermal optimum (Wardle, 1980; Videler,
993). Higher water temperatures, below the thermal optimum,
nhance recovery from exhaustive exercise (Wilkie et al., 1997)
nd increase the potential for aerobic activity used for sustained
wimming (Goolish, 1989; Videler, 1993). In our study, no effect
f water temperature alone (mean ± SD during MS1  5.59 ± 0.93 ◦C;
S2  5.04 ± 1.90 ◦C) was found on the rate of passage attempts.

ronsuu et al. (2015) identified Finnish autumn-migrating river
amprey to be thermotactic, in that increased activity was triggered
y a quick, relatively large decrease in water temperature, but as
emperatures fell close to freezing they became stationary in winter
olding-habitat. We  found that lamprey were inactive in attempt-

ng the fish pass during relatively low water temperatures (ca. 2 ◦C)
t the end of MS2, when river lamprey upstream migration activ-
ty in the UK has ceased anyway. Other studies have shown water
emperature to have important implications for fish passage; adult
tlantic salmon (Salmo salar) had major difficulty ascending a fish

adder in a Scottish river when water temperature was below 8.5 ◦C
Gowans et al., 1999), and Rustadbakken et al. (2004) found that a
eir in Norway formed an obstruction to upstream migrating adult

rown trout (Salmo trutta) at ca.  6 ◦C, but at ca.  8 ◦C free passage was
ecorded.

Modification of the SAB fishway with wall-mounted tiles
ncreased passage efficiency by over 20-fold, from 0.3% to 7.1%. This
s promising, but it is still well below the 90% efficiency target that
ucas & Baras (2001) suggest is appropriate. Reduced local flow
elocity in combination with increased availability of resting habi-
at within the tiles may  have facilitated increased passage. Two
f the vertically aligned lamprey tiles were found to be missing
n 18 December 2014 (both located just above the downstream

nstrumented tile), likely due to debris damaging the brackets in
hich the tiles were fitted. Passage efficiency for the whole study

eriod in MS2  was 12/169 (7.1%), and before tiles were missing
t was 12/151 (7.9%). This date was 52 days into the 2014–2015
tudy period (out of 122 days (42.6%)), although detections at the
ain fishway entrance show that in MS1  and MS2 little migra-

ory activity occurred in January and February anyway. During the
econd period the tile route was discontinuous and although lam-
rey could enter the tiles at the bottom, its efficacy was  likely
ompromised. Indeed, no more lamprey were detected at either
f the antennas located at the upstream exit of the fish pass after
8/12/2014. Thus, lamprey only ascended the fish pass in MS2  when
iles were in a continuous arrangement and all successful lamprey
raversed the fish pass by using the tile-route. Increasingly, studded

iles are being installed on the downstream face of sloping weirs,
n approach which has been laboratory-tested successfully for eel
lvers (Vowles et al., 2015) and for river lamprey in the laboratory
A. Vowles, pers. comm.) with quite encouraging results. Similar
ineering 91 (2016) 183–194

results were found during trials with these tiles for sea lamprey, on
the River Mulkear, Ireland (R. Conchuir, pers. comm.) and in the lab-
oratory (U. Reinhardt, pers. comm.). There is therefore a pressing
need to carry out well-planned, quantitative trials of the efficacy
of studded tiles mounted on sloping weir faces, and combination
fish passes (as here) under field conditions. Bristle elver passes are
unlikely to be effective for passing river lamprey, since pilot PIT
telemetry studies at Buttercrambe have demonstrated low entry
rates and zero passage (J. Tummers, unpublished data).

If unmodified and tile-modified Larinier SAB passes offer inade-
quate passage for river lamprey, what other fishway options are
available? Nature-like and low-gradient vertical slot fish passes
are more appropriate for providing passage for a range of river-
ine taxa, including lampreys (Rodríguez et al., 2006; Pratt et al.,
2009; Noonan et al., 2012). In Germany, on the River Elbe, 88% of
PIT tagged river lamprey used a double slot vertical fish pass with
0.10 m drops between 9 m long basins at a 1% slope, though the pas-
sage efficiency was not stated (Adam, 2012). Keefer et al. (2010)
demonstrated that for Pacific lamprey, passage duration can be
reduced and success rate can be increased, especially under high
flow regimes, by removing or modifying vertical steps and other
sharp-edged corners and by providing adequate attachment sur-
faces. Radio telemetry by Aronsuu et al. (2015) identified a passage
efficiency of 100% (n = 10) of river lamprey through a nature-like
fish ramp at a low-head weir, while none of these lamprey passed a
SAB pass, located at the same site. High passage efficiencies through
low to moderate gradient nature-like or rock-ramp fish passes can
likely be explained by the abundance of sites suitable for oral disc
attachment and heterogeneous hydrodynamics, facilitating their
use by so lamprey. However, Bunt et al. (2012) documented the
frequent occurrence of poor attraction efficiencies of nature-like
fish passes because of low attraction flow or unsuitable siting of the
fish pass. As with all fish passes, careful attention to site selection
improves both fish attraction and passage.
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