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A B S T R A C T

Water abstractions in inland watercourses have the potential to harm European eel populations (Anguilla 
anguilla) if they are not correctly protected, potentially contributing to further declines of this critically en
dangered species. Current guidance aim to prevent eel impingement and entrainment at intakes and outfalls by 
specifying mitigation screening techniques such as screen types, screen apertures, and maximum approach ve
locities to the screens. These aim to prevent eels from being injured and allow them to bypass the abstraction, but 
they have yet to be empirically tested. In this study, screens with 3 mm apertures of horizontal and vertical 
wedge-wire and a Hydrolox screen were evaluated under the current Environment Agency’s screening guidance 
document that supports the Eels (England and Wales) Regulations 2009. We measured the hydrodynamics of the 
screens and then observed eel behaviour and swimming dynamics upstream of the screens. The screens had 
minor effects on the upstream flow fields and produced suitable velocities and turbulence levels for eel 
escapement. At the regulation velocities, no eels impinged on the screens, validating the current guidance but 
impingement started to occur at higher velocities, so the guidance velocities should not be exceeded. Screens at 
smaller angles to the flow caused few eel impingements and therefore are preferable. The current screen guid
ance for 3 mm wedge-wire screens are appropriate for eels of the size tested in this study and do not cause 
impingement or entrainment.

1. Introduction

Water is a limited, diminishing but heavily abstracted resource, with 
a significant portion, 87 % in England and 73 % in Wales, abstracted 
from freshwaters (Holleran, 2023; NRW, 2024). In these countries, there 
are an estimated 17,100 abstraction licences from surface waters 
(DEFRA, 2022; NRW, 2024), which removed 10.4 billion cubic metres of 
water in 2018 with a potential increase to 12.7 billion cubic metres in 
2023 (DEFRA, 2022; Holleran, 2023; NRW, 2024). The main abstractors 
of water are from electricity generation and public water suppliers, 
followed by agriculture, aquaculture, and other industries (Holleran, 
2023; NRW, 2024). Such abstractions have the potential to entrain fish 
(Turnpenny and O’Keefe, 2005) causing them delays at best and death at 
worst (Carr and Whoriskey, 2008; Carter and Reader, 2000; Dainys 
et al., 2018; Larinier and Travade, 2002). These abstractions add to the 
millions of barriers already fragmenting the rivers of Europe and 

blocking fish migration pathways (Belletti et al., 2020; Jones et al., 
2019). Fish screens are typically employed to mitigate these risks but a 
poorly designed screen can still cause entrainment for some fish and 
impingement for others (Bromley et al., 2013; Hadderingh et al., 1992; 
Hanson et al., 1977; Seaby, 2023; Turnpenny and O’Keefe, 2005).

The European eel (Anguilla anguilla) is a catadromous fish that mi
grates upstream from the sea into Europe’s rivers. It is currently classi
fied as critically endangered (Jacoby and Gollock, 2015; Pike et al., 
2020), having undergone four decades of dramatic recruitment decline, 
now <5 % of pre-1980 levels (Dekker, 2003; ICES, 2020). This decline is 
caused by a variety of factors, including river fragmentation and the 
associated deaths and migration delays (Halvorsen et al., 2020; Piper 
et al., 2017, 2018; Warren and Pardew, 1998). This is exacerbated by the 
high prevalence of the parasite Anguillicola crassus which affects eel 
swimming behaviour (Kirk, 2003; Newbold et al., 2015) probably 
making migration barriers harder to overcome (Newbold et al., 2015). 
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Juvenile eels are especially vulnerable because they have a low swim
ming performance (Clough et al., 2004; Clough and Turnpenny, 2001; 
Turnpenny et al., 2001; Vezza et al., 2020), and are therefore more likely 
to go through the screen, known as entrainment, if the aperture is large, 
or impinge on the screen if it is small.

Following the 2007 European Union Eel Regulation (Council Regu
lation EC No 1100/2007, 2007) and the subsequent UK application of 
this into England and Wales (The Eels (England and Wales) Regulations 
2009 No. 3344, 2009), the European eel is protected in its migrations. 
This guidance stipulates a target of 40 % biomass escapement of eels to 
the sea, measured relative to escapement in an unmodified and healthy 
catchment. Efficient screening techniques can reduce mortalities and 
help to achieve the required escapement levels, but screening guidance 
must balance several practical challenges. The screen aperture should 
prevent entrainment, the approach velocities should not cause 
impingement, the screen material should not cause injury to the fish, 
and the screen must achieve this whilst allowing the required volume of 
water through without being prohibitively expensive. Current Envi
ronment Agency (2020) guidelines define Best Achievable Eel Protec
tion (BAEP) as the standard for eel protection at intakes and specify the 
allowable range of screen aperture, approach velocity, and angles for 
each size range of fish. For eels 121–300 mm long, approach velocities of 
0.15 ms− 1 for screens at 90◦ and 31.5◦, and 0.3 ms− 1 for screens at 26.5◦

and 20◦ are recommended (Environment Agency, 2020).
Several screening techniques and guidelines have been developed to 

increase the efficiency of fish escapement. For most species, screen 
aperture should be around 10 % of the fish’s length to exclude them, 
however because of the eel’s elongated body, the recommended size is 3 
% of their length (David et al., 2022; Ebel, 2016). For eels 60–80 mm and 
100–160 mm long, respective 1 mm and 2 mm apertures cause no 
entrainment (Carter et al., 2023), but for silver eels (~ 660 mm), 12 mm 
(Russon et al., 2010), and 15 mm (David et al., 2022) apertures are 
effective. Apertures up to 30 mm can also function to guide eels to by
passes (Meister, 2020; Motyka et al., 2024), but this aperture does not 
guarantee exclusion and behavioural screening techniques have been 
used to supplement the physical screen. Electrification of bar racks 
causes avoidance but can cause injuries and some eels still entrain 
(Meister, 2020). Acoustic and infrasound deterrents marginally 
increased avoidance but the effect was small (Deleau et al., 2020a, 
2020b; Piper et al., 2019). Light-based deterrents show the most promise 
for eels (Hadderingh et al., 1992), but efficiency differs amongst species 
and fish ages. The screen material must be an appropriate balance of fish 
protection, hydraulic performance, and cost. Bar racks orientated 
vertically or horizontally are a widespread solution (de Bie et al., 2021; 
Lemkecher et al., 2022; Meister, 2020; Meister et al., 2020b), larger 
apertures are usually used, but round bars are prone to ‘gill’ fish 
(Turnpenny and O’Keefe, 2005). A variation of this design is foil shaped 
bars, designed to reduce head losses from the screen (Meister et al., 
2020a). Wire mesh and perforated plates can easily clog and be hard to 
clean, whereas wedge wire screens (Fig. 1) present a smooth surface to 
the fish and are less prone to debris accumulation whilst also decreasing 
the blocked area within the screen due to their triangular profile, which 
does not compromise rigidity (Bromley et al., 2013; Turnpenny and 
O’Keefe, 2005).

The orientation of the screening material (referred hereafter as ver
tical or horizontal) is often linked to the axis on which the screen is 
angled and the location of the bypasses such that the screening material 
guides towards the bypass. Vertical screens are often the preferred 
orientation if inclined with respect to the bed and guide to a surface 
bypass (David et al., 2022; Raynal et al., 2013). However, a vertical or 
horizontal screen can be positioned across the river channel at an angle 
to the main flow direction and this is the more common approach, and 
often leads to a fish bypass at the downstream end of the screen (David 
et al., 2022; de Bie et al., 2018; Harbicht et al., 2022; Meister, 2020; 
Motyka et al., 2024) or in rare cases located at the upstream end (Russon 
et al., 2010). Flume studies with screens directly perpendicular to the 

flow direction show high impingement rates and less efficient guidance 
towards the bypass (Carter et al., 2023; Russon et al., 2010), whereas 
angled screens have a greater ability to guide fish. Comparing vertical 
and horizontal screens, some studies on fish species other than eels have 
found horizontal screens were up to 20 % more effective for guidance, 
whereas others found little difference (de Bie et al., 2018, 2021; Har
bicht et al., 2022). The location and type of bypass has a large impact on 
the overall effectiveness of installation; a badly designed bypass can 
delay migrating eels by days, weeks, or months (Behrmann-Godel and 
Eckmann, 2003; Brown and Castro-Santos, 2009; Carr and Whoriskey, 
2008; Gosset et al., 2005; Haro et al., 2000; Pedersen et al., 2012). Ju
venile eels primarily swim near the bed, and this is also true in the 
presence of fish screens (Russon et al., 2010). Surface and pipe bypasses 
for fish have consequently been found to be a poor design for eels, with 
down to 0 % passage (Boes et al., 2022; Calles et al., 2012; Egg et al., 
2017), and bottom bypasses are generally preferred (Calles et al., 2012; 
Egg et al., 2017; Environment Agency, 2020). Full depth bypasses have 
the best passage rates in flume trials but are not always practical in the 
field (Boes et al., 2022; Harbicht et al., 2022; Russon et al., 2010). 
Passage rate is also influenced by other factors; flowrate, should be 2–5 
% of the total flow (Environment Agency, 2020), and velocity gradient 
should be mild to attract the eels without being too high and abrupt as 
this can cause rejections (Boes et al., 2022; de Bie et al., 2018; Piper 
et al., 2015). More specifically, a 20 % velocity increase towards a 
bypass increased passage whereas a 40 % increase decreased it (Beck 
et al., 2020a, 2020b). Variables external to screen design can also 

Fig. 1. An illustration of a Wedge Wire screen oriented horizontally. In the 
present study, the Wedge Wire made from stainless steel was 3 mm thick with 3 
mm gaps between each bar. Flow direction in this diagram is indicated by the 
blue arrow with the thicker section of the wedge wire on the upstream face and 
the tapered trailing end on the downstream face. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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influence eel behaviour and passage rates, low dissolved oxygen levels 
are associated with higher impingement rates (Shepherd et al., 2016), 
temperature affects fish swimming abilities (Clough et al., 2004; 
Muhawenimana et al., 2021), and silver eel body mass has been linked 
to passage success (Motyka et al., 2024).

Approach velocity to the screen can significantly impact impinge
ment and is fish species and life stage specific, therefore it needs to be 
low enough for the weakest swimmer (Russon et al., 2010; Stocks et al., 
2019). For juvenile eels, for example, 0.2 m/s caused up to 100 % 
impingement rates (Carter et al., 2023). Another important parameter to 
consider is how fish screens affect the flow, potentially impacting both 
the abstraction and the fish. With any blockage of the flow, there will be 
a loss of velocity head. The most influential parameters on head loss for 
horizontal bar racks are screen angle, where a low angle to the flow 
direction creates a lower head (Lemkecher et al., 2022), and bar opening 
(Albayrak et al., 2020), while the bar shape had less significant effects 
(Meister, 2020). In terms of the local flow field, the effect of screens on 
the upstream velocity profile is small compared to the change in the 
main component of velocity, and a sweeping flow component is gener
ated along the screen surface bar, but orientation did not significantly 
affect this (Beck et al., 2020a; Lemkecher et al., 2018, 2022; Meister 
et al., 2020b; Rajaratnam et al., 2010) while screen angle does have an 
effect on sweeping flow (Albayrak et al., 2020).

At present, most studies evaluating screening technology for eels 
have concentrated on the seaward migration of the silver eel and there is 
little evidence available for the best screening approaches to protect 
elvers and yellow eels. In particular, screen orientation and angle have 
yet to be evaluated for the current set of UK Environment Agency (2020)
guidance. So here we test eel responses to different screen angles, flow 
velocity, and bypass type. As the effect of screen angle on velocity profile 
for Wedge Wire Screens angled to the main flow direction (but not the 
bed) has yet to be experimentally evaluated, we conduct here a hydro
dynamic investigation which can be utilised to validate the results of 
previous Computational Fluid Dynamics (CFD) studies. The effect that 
screen angle has on impingement is also poorly understood; steeper 
angles can reduce impingement, and the current guidance allow higher 
approach velocities at angles below 26.5◦ to the longitudinal flow di
rection, but the underlying mechanisms of impingement are unknown. 
This study, therefore, aims to collect data on impingement rates for ju
venile eels at a range of screen angles and flow velocities for horizontal 
and vertical screen bar orientations and to test three bypass types in 
conjunction with screen angle. Eel swimming kinematics will be eval
uated to provide further details of eel interactions with the screens and 
this data will be combined with hydrodynamic data to gain a better 
understanding of fish screen behaviour.

2. Methods

2.1. Fish origin and maintenance

European eels, Anguilla anguilla (N = 32), were collected from the 
River Taff downstream of Blackweir (51.495050, − 3.195827) on 22/ 
06/2023, by electrofishing conducted by Natural Resources Wales 
(NRW). The eels were transported to Cardiff School of Engineering and 
acclimatised to the holding tank temperature (17 ◦C) at a rate of 2 ◦C/h. 
The holding tank was 1.3 m in diameter with a water depth of 0.35 m, 
giving a volume of 460 L. The tank contained water dechlorinated with 
Tetra Aquasafe and filtered and cooled through a Aquamanta EFX 600 
External Canister Filter and D–D Aquarium Solution DC 750 connected 
in series (at a flowrate of approximately 0.75 Ls− 1). The tank was pro
vided with tubes and rocks to create refugia for the eels and an auto
matic light kept a 16:8 h light:dark cycle in keeping with the sunlight 
hours at the time of the experiment. The fish were fed bloodworm daily 
each morning before the trials and the water quality was checked every 
other day to ensure that pH, ammonia and nitrites were in the recom
mended margins (ammonia 0–0.2 mg/L; nitrite 0–0.25 mg/L; and pH 

7–8). The tank was kept shut with a plexiglass sheet to ensure no eels 
were able to escape. Fish size averaged 168 mm in keeping with the 
specific section of the eel screen guidance being tested, for full mea
surement details, see Table 1 in the supplementary materials. After the 
trials were completed, all eels were measured with calipers from the tip 
of the head to the tip of the tail and weighed, then returned to the 
location of their capture. All work was approved by Cardiff University 
Animal Ethics Committee and linked to UK Home Office PP816714.

2.2. Experimental setup

The trials were conducted in an open channel recirculating flume 10 
m long, 1.2 m wide and 0.3 m deep with a bedslope of 1/1000. The 
experimental area consisted of a screen mounted at either 90o, 31.5o, 
26.5o, or 20o to the flow direction (Fig. 2), and 4 m upstream of the 
screen left with a bare flume bed (PVC) and walls (glass). At the up
stream end of the flume and downstream of the fish screen, flow 
straighteners were used to prevent the eels from escaping the designated 
area. The screens were attached to the flume walls with G clamps and 
sections of screen were joined together by G clamps and zip ties to 
produce different screen lengths to achieve the correct screen length for 
the angle required. When a bypass was present, a 130 mm wide gap was 
left at the downstream end of the screen between the screen and the 
wall, and the screen was then supported by a wooden arm attached to 
the flume wall and screen end. For a full depth bypass, the gap was left 
unobstructed whereas for surface and bottom bypasses, a blanking plate 
was used to block the bottom and top half of the flow depth respectively. 
Attention was taken to never leave gaps between screen sections or the 
walls or bed and to present a smooth screen surface. Three screen types 
were tested, horizontal and vertical wedge wire screens with 3 mm wire 
and 3 mm gaps (supplied by the Environment Agency) as well as a 
plastic Hydrolox screen section from a rotating band screen consisting of 
a plastic panel with a grid of holes (Hydrolox, 2024). The flume water 
was dechlorinated with Prime Dechlorinator and cooled to 17 ± 2 ◦C 
with a D–D Aquarium Solution DC 2200. The experiments were 
recorded with three cameras; a wide-angle camera recording the entire 
experimental area, a handheld GoPro Hero 9 camera used to record 
interactions with the screen through the glass flume wall, and a high 
speed camera recording the screen surface and the adjacent area. The 
high speed camera had a sampling rate of 80 frames per second to 
capture the eel’s interactions with the screens from above and to 
conduct kinematic analyses. The flow conditions (shown in Table 1) 
were established in the flume without screens to have constant flow 
depth for the length of the working area.

Table 1 
Experimental treatments showing all combinations of screen type, angle, and 
bulk velocity that the eels were exposed to in the flume. For the treatment 
names, the first letter denotes screen type (H = Horizontal Wedge Wire, V =
Vertical Wedge Wire, P = Plastic Hydrolox), the number denotes the angle of the 
screen to the streamwise direction, and any subsequent letter denotes bypass 
type (FB = Full depth Bypass, BB = Bottom Bypass, SB = Surface Bypass).

Treatment Screen 
type

Angle to 
flow

Bulk Velocity 
(ms− 1)

Flow depth 
(mm)

Bypass

H90 Horizontal 90◦ 0.15, 0.3 130, 168 No
H31.5 Horizontal 31.5◦ 0.15, 0.3 130, 168 No
H26.5 Horizontal 26.5◦ 0.3, 0.45 168, 144 No
H26.5FB Horizontal 26.5◦ 0.3, 0.45 168, 144 Yes
H26.5BB Horizontal 26.5◦ 0.3, 0.45 168, 144 Yes
H26.5SB Horizontal 26.5◦ 0.3, 0.45 168, 144 Yes
H20 Horizontal 20◦ 0.3, 0.45 168, 144 No
V90 Vertical 90◦ 0.15, 0.3, 0.56 130, 168, 

130
No

V31.5 Vertical 31.5◦ 0.15, 0.3 130, 168 No
V26.5 Vertical 26.5◦ 0.3, 0.45 168, 144 No
V20 Vertical 20◦ 0.3, 0.45 168, 144 No
P90 Hydrolox 90◦ 0.15, 0.3 130, 168 No
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2.3. Hydrodynamics

Particle Image Velocimetry (henceforth PIV) was used to quantify 
the flow dynamics of the setup and the screens. PIV was conducted for all 
screen configurations in both a side view and a top view. The area 
illuminated by the laser sheet measured 400 mm wide and up to 600 mm 
long. Where the screen was angled, the equipment was moved across the 
flume following the screen surface at four locations. For side view PIV, 
the entire water column was captured, and for top view PIV, three 
readings were taken, one 20 mm above the bed, one mid-depth, and one 
20 mm below the surface water. For all screens and inclinations, the bulk 
velocities tested for PIV were 0.15 ms− 1, 0.3 ms− 1, and 0.45 ms− 1, 
whereas in the eel trials each screen was limited to two bulk velocities. 
To conduct PIV, a Baumer VLXT-50 M.I camera with a Kowa LM8JC10M 
8.5 cm lens was used, recording at 120 frames per second. To produce 
the laser sheet and synchronise it to the camera, a Rigol 1032Z wave 
generator was used in conjunction with a Polytec BVS – II Wotan Flash 
stroboscope at 15 % intensity and a STEMMER IMAGING CVX Trig
gerbox. The flow was seeded at 0.063 gL− 1 of AXALTA Talisman 30 
White 110 particles. All other light sources were temporarily shut off 
during the PIV recording. The PIV images were recorded as TIFF files 
and stored on an external hard drive then analysed with PIVlab version 
2.63 in MATLAB R2023a. Custom MATLAB scripts were then utilised to 
further analyse the results of the PIV exported from PIVlab. The 
streamwise velocity was defined as u, the vertical velocity as w, and the 
lateral velocity as v, the bulk velocity (spatially and temporally averaged 
u) was called U, and the temporal fluctuations in streamwise velocity 
and lateral velocity termed u’ and v’ respectively. The resultant velocity 
was termed R (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
), the screen angle as α to the longitudinal di

rection, and the horizontal Reynolds Shear Stress (RSS) was calculated 
as τuv = − ρ(u’v’). The sweeping velocity (Vs) defined as the component 
of the velocity parallel to the screen and the escape velocity (Ve) defined 
as the component of the velocity perpendicular to the screen were 
calculated as: 

Vs =
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2 + v2
√ )

cos
(

α − tan− 1v
u

)
(1) 

Ve =
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2 + v2
√ )

sin
(

α − tan− 1v
u

)
(2) 

2.4. Experimental procedure

The trials were conducted in daytime hours and the light sources 
were kept constant throughout the trials. Of the 32 eels collected, 30 
were chosen for the trials and all eels completed all treatments. The eels 
were acclimated to the flume water for one hour before being exposed to 
a flow of 0.15 ms− 1 for 15 min prior to the beginning of the trial. At the 
start of the each trial, the eels were placed upstream of the screen in the 
release area (Fig. 2) at 0.15 ms− 1 for 5 min and then at 0.3 ms− 1 for a 
further 5 min for screen angles of 90 o and 31.5 o, whereas for angles 
26.5 o and 20 o, the first 5 min were spent at 0.3 ms− 1 and the following 
5 min at 0.45 ms− 1. Any trial was interrupted if an eel became impinged, 
this was defined as a state of exhaustion in which the eel was unable to 
detach from the screen and swim upstream and was tested by starting a 

60 s timer every time an eel rested on a screen. If after 60 s the eel was 
still in contact with the screen, the back of the screen was tapped to 
dislodge the eel if it had the strength to swim away, if it remained 
impinged, it was declared impinged and moved to a recovery tank. If the 
eel moved away from the screen within the 60 s or after the screen was 
tapped, it was considered as resting during that time and the experiment 
was allowed to continue. Any subsequent contact with the screen started 
a new 60 s timer. If the full 10 min of the experiment elapsed with no 
impingement, the eel was removed and placed in a recovery tank. In the 
event of an eel passing downstream of the screen, it was placed upstream 
again with a fish net, the escape noted, and the experiment was 
continued. For the vertical wedge wire screen and the Hydrolox screen 
at 90 o, a third bulk velocity of 0.56 ms− 1 was tested for a further 5 min if 
the fish had not impinged prior, this was done to test the maximum 
velocity the flume could achieve with those conditions to evaluate if 
0.56 ms− 1 was sufficient to reliably impinge the eels in a short time for 
use in fish recovery and return systems, a full list of treatments and 
velocities is specified in Table 1. After all trials, each eel was inspected 
visually for external injuries sustained during the trial. Water tempera
ture of the flume was monitored throughout the day and remained 
within the specified margin.

2.5. Kinematic analysis of the eel screen interaction

Kinematic videos recorded at 80 frames per second (fps) were ana
lysed in Kinovea (Charmant, 2022). The videos were subjected to a 
frame-by-frame manual analysis which produced robust data despite 
small surface wave interference that prevented automated tracking. The 
full list of tracked parameters is available in Table 2. For a subset of clips, 
a minimum of equidistant 10 points were tracked along the length of the 
eel’s body to fully visualise the swimming gait and evaluate swimming 
amplitude.

2.6. Statistical analysis

The behavioural and kinematic data were analysed in RStudio R 
version 4.2.2 (R Core Team, 2022). For generalised linear mixed models 
(GLMM), which addressed the issue of pseudoreplication by the use of 
each fish in every treatment, we used nlme and lme4 packages (Bates 
et al., 2015; Carey and Wang, 2001). For generalised linear models 
(GLM), the MASS package was used (Venables and Ripley, 2002). For all 
variables, the effect of the same fish being used in each treatment was 
evaluated by running a null GLMM and then finding the R2 value to 
determine if a GLMM was necessary following established methods 
(Sonnino Sorisio et al., 2024). This approach revealed that fish id had no 
effect and GLMs were therefore used because of better model fits. To find 
the best model, the AIC values and the residuals were inspected, and the 
best fitting model was chosen. For all models considering the impinge
ment rate and passage rate, a binomial GLM with a cloglog link was 
used. The analysis of the number of rejections from the eels to the 
bypass, a poisson GLM was used with a log link. The remainder of the 
statistical models for behavioural and kinematic variables were gaussian 
GLMs with identity links except for passage time of eels with bypass 
design, which was an inverse gaussian GLM with a 1/mu2 link.

Fig. 2. A schematic showing the flume (grey rectangle) with the different angles of channel spanning screens. In treatments where a bypass was present, it was 
located at the downstream end of the 26.5◦ screen. The bypass position is indicated by the red line and was 130 mm wide.
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3. Results

3.1. Hydrodynamics

The flow in the flume with fish screens was characterised by Rey
nolds numbers between 16,000 and 60,000 (based on hydraulic radius) 
and was dominated by the streamwise component of the velocity. With a 
90◦ screen, the vertical and lateral velocity components to the velocity 
were unaffected and the effect of the screen on the flow only reduced the 
longitudinal velocity within 50 mm upstream of the screen surface. This 
occurred uniformly across the channel width, only being affected by the 
wall effects on either side, and these findings remain true for both 
horizontal and vertical wedge-wire screens. At lower velocities, for both 
the Hydrolox screen and wedge-wire screens, the impact of the screen on 
the flow field were similar but at higher velocities there was a more 

marked deceleration of the flow in proximity of the Hydrolox screen but 
not to the extent of modifying the screen performance. At screen angles 
between 31.5◦ and 20◦ to the flow, the velocity remained uniform and 
there were minor deviations of the flow in the direction of the screen 
within 30–50 mm of the screen surface, introducing a lateral velocity 
component, as seen in Fig. 4. Where the screen meets the flume wall 
(where no bypass is present), there is a reduction in velocity magnitude 
that is higher with screen angles 20◦ and 26.5◦ and lower at a screen 
angle of 31.5◦. Despite the velocity reduction, the velocity gradients 
remain low, with no harsh transitions in flow regime being present in 
any screen configuration without a bypass. Consequently, Reynolds 
Shear Stress (RSS) magnitudes were never elevated, with slightly higher 
values in higher velocities but no areas of consistently high RSS (Fig. 3).

With a bypass present (with a screen at 26.5◦ to the flow), the flow 
fields upstream of the opening remained unaffected, whilst the velocity 

Table 2 
The kinematic parameters were measured in Kinovea for 80 fps clips. Frame-by-frame analysis was used to track the eels near the screen. The reference direction was 
always to the longitudinal flow direction and a screen perpendicular to the flow is considered at 90◦ to the flow.

Variable Description Schematic

Tailbeat frequency 
(Hz)

Frequency of the oscillation of the caudal fin

Swimming speed 
(BLs− 1)

The ground speed of the fish plus the flow velocity normalised by fish length when 
swimming in the upstream direction

Swimming orientation 
(deg)

The direction of alignment of the fish’s body

Swimming direction 
(deg)

The direction of movement of the fish

Escape angle (deg) The angle of the fish’s body to the screen at the moment of escape from the screen

Attached proportion 
(− )

Proportion of the fish’s body length touching the screen directly before escape
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Fig. 3. Top view contour plots showing the resultant velocity, vectors composed of the streamwise and lateral velocity components (ms− 1) and horizontal Reynolds 
Shear Stress (RSS; kgm− 1 s− 1). All plots are from conditions with 0.3 ms− 1 bulk velocity and for a horizontal wedge-wire screen without bypass. Measurements are 
taken at mid depth, white areas on plots indicate that no data was available, the streamwise velocity is left to right and the plots are not to scale. For the top six plots, 
the top boundary is the left hand side flume wall and in the 90◦ plots top and bottom are both flume walls. Plots for all other flow conditions and screens are in the 
supplementary materials.
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increased when approaching the bypass. The full depth bypass showed a 
mild velocity gradient leading to the opening and a wake with a few 
turbulent vortices and lower vorticity values compared to the other 
bypass types. The bottom and surface bypasses both showed sharper 
flow accelerations at mid flow depth as a result of half of the flow depth 
being blocked for the width of the opening. With these two bypasses, 
enhanced vertical velocities were generated that contributed to the 
increased velocity gradient. In the wake of the bottom and surface by
passes, for all flow conditions tested, a vortex street was shed from the 
trailing edge of the screen with areas of high vorticity. Plots and videos 

showing these wake characteristics are present in the Appendices.
The sweeping and escape velocities (Vs and Ve respectively) as 

defined in the methods are a measure of how well a screen can guide fish 
downstream and how difficult it is for fish to swim away from the screen. 
An analysis of these components of the velocities in Fig. 4 shows how 
sweeping velocities are greatest for smaller screen angles and decrease 
to zero for perpendicular screens. The escape velocity, however, shows 
the opposite trend, being very low at 20◦ and steadily increasing to a 
maximum at 90◦, where it is approximately the same as the streamwise 
velocity component. The magnitude of these velocities was driven less 

Fig. 4. Top view contour plots of sweeping velocity (Vs) and escape velocity (Ve) for a horizontal wedge-wire screen at the four angles tested. For each angle, the 
plots portray Vs and Ve for the bulk velocity that represents the maximum allowable velocity at the screen according to Environment Agency guidance (0.15 ms− 1 for 
screens at 90◦ and 31.5◦, and 0.3 ms− 1 for screens at 26.5◦ and 20◦). Measurements are taken at mid depth, white areas on plots equate to values equal to 0 or where 
no data was available. Plots for all velocities tested and screen types are available in the supplementary materials.
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by the flow being deviated by the screen (Fig. 3) and mostly by the 
screen angle as shown by the closeness of the data points in Fig. 5 to 
plots of sine and cosine, indicating that for the flow conditions tested 
screen angle governs Vs and Ve magnitude. When normalised by the 
bulk velocity, there is little variation in Vs and Ve between different bulk 
velocities and screen angles, again pointing to the screen angle being 
dominant over other flow characteristics produced by the screen, mak
ing these velocities predictable if screen angle and bulk velocity is 
known for a uniform cross-sectional channel such as a laboratory flume.

3.2. Impingement

For all screens at the maximum permissible flow velocity for that 
angle according to regulation (0.15 ms− 1 for screens at 90◦ and 31.5◦, 
and 0.3 ms− 1 for screens at 26.5◦ and 20◦), there was no impingement 
and this was independent of screen type (GLM, p > 0.4). Impingement 
was recorded only in velocities exceeding the regulation velocity, which 
were set as an ulterior 0.15 ms− 1 beyond the regulation velocity. Higher 
bulk velocities significantly increased impingement (GLM, p < 0.02), 
and impingement probability increased with velocity, reaching a 
maximum for the 0.56 ms− 1 condition as shown in Fig. 6A. It should be 
noted in Fig. 6A that the 0.3 ms− 1 data includes all angles including 
angles for which 0.3 ms− 1 was the lower velocity and at which no 
impingement occurred. Impingement was also significantly higher with 
higher angles (GLM, p < 2e-16), with screens perpendicular to the flow 
having the highest impingement rates. For fish that impinged, it took 
longer to impinge with the 90◦ screen (GLM, p < 0.035), potentially due 
to the lower velocities in that treatment at the start of the trials. Despite 
the low impingement numbers (maximum 20 %, minimum 3 %, overall 
9.6 %), 68 % of fish made contact with the screen at least once but could 
swim upstream in the majority of these contacts.

Throughout the trials, no entrainment occurred through the 3 mm 
screen gaps, showing that it is an appropriate opening for the size of eels. 
However, during pre-trial tests if any small gaps were left between the 
different sections of the screen (since they were made up of between one 

and three different sections) or between the screen and the flume bed, 
eels commonly found these gaps and passed downstream.

3.3. Bypasses and passage

In the trials with the different bypass arrangements, there was no 
significant difference in overall passage rate between bypass types 
(GLM, p > 0.38). Passage time, however, was quicker for the full depth 
bypass (GLM, p < 0.05) but not significantly different between surface 
and bottom bypasses (GLM, p = 0.52) despite the mean passage time 
being lower for the bottom bypass as shown in Fig. 6B. Fish rejected the 
surface bypass significantly more often (GLM, p < 0.002) than the other 
bypasses in which very few rejections occurred (Fig. 6C). Fish length did 
not impact bypass passage nor impingement (GLM, p > 0.05).

3.4. Kinematics

Behaviour was analysed for all video clips where an eel rested on and 
escaped from the screen before swimming upstream. The escape angle 
(Table 2) was significantly higher with higher screen angles (GLM, p =
1.8e-15) as the eels point themselves into the flow. The proportion of the 
body in contact with the screen immediately before escape, however, 
showed no correlation with screen angle. When approaching the 
screens, fish were significantly more likely to make contact with the 
screen head-first when the screen was perpendicular to the flow and tail- 
first with all other screen angles (GLM, p = 2e-16).

Screen angle impacted the body movements made by the eels to 
escape from the screen after contact or a period of resting. As shown in 
Fig. 7, the angle the eel must produce between its body and the screen to 
point itself into the flow is smaller, the smaller the screen angle. The 
trajectory of the eel post-escape shows how the eels are able to move in a 
cross-flow direction with the lower angled screens but at 90◦ they must 
propel themselves directly against the flow and therefore push off the 
screen.

The distance the fish swam from the screens correlated with the 
orientation angle the eels were swimming at (GLM, p = 4.7e-15). The 
swimming direction was also related to the orientation angle of fish 
swimming (GLM, p = 2e-16), the orientation angle being smaller than 
the overall direction of movement of the fish as they contend with the 
oncoming flow. The degree to which the eels swam directly against the 
flow increased in proportion to how large the angle to the flow their 
trajectory was (GLM, p = 6.7e-9), and this appeared to cause the fish to 
increase their tailbeat frequency (GLM, p = 0.02), suggesting increased 
energy expenditure.

A detailed analysis of the swimming gait of the eels swimming at 
different angles (Fig. 8) revealed how the amplitude is asymmetric when 
swimming at an angle to the flow. In Fig. 8B and C where the eel is 
swimming at increasingly larger angles to the flow, the swimming 
amplitude on the downstream side of the red trajectory line (left side of 
Fig. 8B and C) is larger than the upstream. The head amplitude is also 
increased in 8B compared to the fish swimming in 8 A and is largest in 
8C. This is consistent with the previous findings of the eel orientation 
having a smaller angle to the flow than the swimming direction. By 
comparison, Fig. 8A shows a symmetrical gait with a low head ampli
tude. The eel is therefore swimming asymmetrically to move at an angle 
and traverse the flow while still making upstream progress.

4. Discussion

This study found that the current England and Wales guidance create 
an effective protection for eels in the tested size range of 121–300 mm if 
all guidelines are followed. Importantly however, when velocity was 
increased, impingement started to occur, and whenever in the pre-trials 
there was a small gap between screen panels, there were high levels of 
entrainment. The levels of impingement found in this study are lower 
than found in a previous study concerning eels with a similar size range, 

Fig. 5. A plot of the average sweeping (Vs) and escape (Ve) velocities nor
malised by bulk velocity (U) against screen angle based on a sampling area 
within 300 mm of the screen surface. For each angle, data from all flow con
ditions and screen types are combined, their variation is represented by the 
whiskers on each data point. The dotted and dashed lines represent sine and 
cosine functions respectively.
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where impingement occurred at a lower velocity (Carter et al., 2023). 
This difference in impingement rates can be attributed to differences in 
methodology and how impingement was defined in the two studies, with 
this study considering the eels as ‘resting’ if they could subsequently 
(and within the allowed time of 60 s) escape from the screen whilst they 
would be considered impinged in the aforementioned study. Using a 
similar definition of impingement to Carter et al. (2023) would result in 

impingement rates of 68 % instead of 9.6 %. The water temperature 
could also be a contributing factor to the lower impingement, temper
ature increases swimming speed in fish, allowing them to escape from a 
screen more easily if the temperature is high (Clough et al., 2004; 
Muhawenimana et al., 2021). This study found no difference between 
the two bar orientations of wedge-wire screens, similar to studies using 
bar racks (de Bie et al., 2021), however, other studies have found 

Fig. 6. A – Impingement probability with bulk velocity (U) with standard error bars. It should be noted that in this plot, the 0.3 data contains all angles including 
those at which 0.3 ms− 1 was the lower velocity were no impingement occurred. B – Time taken by the fish to pass downstream using the bypass for each bypass type. 
C – Number of times each fish rejected the bypass according to bypass type.

Fig. 7. Four series of frames showing six stages of fish releasing from the screen at each screen angle tested. The frames are in succession from left to right, starting 
with the fish flat against the screen. The screen is represented by the grey bar and the fish by the red line with the red circle representing the head. All swimming 
events portrayed on this plot were taken from trials at 0.3 ms− 1 (flowing from bottom to top) for the purposes of comparison and are representative of the manner in 
which the eels escaped from the screen. Each sequence of frames is taken from a different eel for each treatment and each sequence is drawn from a single clip. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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differences between horizontal and vertical screens and racks, vertical 
wedge wire screens have previously been found to produce a higher 
velocity gradient towards a bypass and therefore decrease chub (Squa
lius cephalus) passage (de Bie et al., 2018). Hydrodynamically, the ver
tical and horizontal wedge wire produced similar flow fields on a flume 
scale (Lemkecher et al., 2022).

Screens with smaller angles to the flow reduced impingement rate 
but for the fish that did impinge, the time before impingement was 
shorter for perpendicular screens. This can probably be explained by 
considering that the 90◦ screen had lower flow velocities than 20◦ and 
26.5◦ but can also point to the difficulty of releasing from a 90◦ screen. 
The kinematics reveal how the eel must first point itself into the 
oncoming flow, which requires them to turn more for perpendicular 
screens and less for screens closer to the flow, and then they must push 
off from the 90◦ screen directly into the flow whereas with an angled 
screen they can allow themselves to drift in a crossflow direction before 
engaging a steady swimming gait (as established by Tytell (2004) and 
shown in Fig. 8), a manoeuvre which depends less on generating a for
ward momentum whilst contending with a lower drag force. This hy
pothesis can potentially explain why fish took longer to impinge with a 
90◦ screen but did so more often; the lower flow velocities allowed the 
eel to swim upstream of the screen without needing to rest for longer, 
but once they did make contact with the screen, it was harder to escape 
from it. To some extent, this phenomenon can also be visualised by 
considering escape velocity, which is lowest at the smallest angle 
(shown in Fig. 6). The sweeping and escape velocities, calculated from 
eqs. 1 and 2, are highly dependent on flow in the streamwise direction 

due to the screens not generating comparatively high crossflow velocity 
components. The sine and cosine lines on Fig. 5 would predict Vs and Ve 
if there was no crossflow (v) component, however the screens deviate 
the flow enough for the measured Ve and Vs values to be slightly 
different but not enough to impact on the fish kinematics. Fig. 8 shows 
how the eels adapted their swimming gait to diagonal swimming by 
pointing their bodies at a smaller angle to the flow than their overall 
movement direction, also meaning that their swimming amplitude is 
larger on the downstream end of the red line in Fig. 8. This data shows 
that despite the flow being slightly deviated by the screens, the eels still 
had to swim against the main longitudinal velocity component (U) as 
well as moving sideways. Where a bypass is present, de Bie et al. (2018)
found that Vs and Ve increase towards the bypass location, whereas the 
opposite trend was found in this study when there is no bypass and the 
screen meets the flume wall. This is due to the flow accelerating towards 
an open bypass but decelerating if the downstream end of the screen is 
present (Meister et al., 2020b). The velocity field found at the screens in 
this study match well with previous literature using ADV (Beck et al., 
2020a, 2020b; Meister, 2020; Raynal et al., 2013), and through the use 
of PIV, velocity fields were measured with higher spatial resolution over 
a larger sampling area, allowing for the flow to be quantified very close 
to the screen surface. These detailed readings are particularly useful 
when considering the flow experienced by impinged fish of small size.

Eels are well known to prefer bottom and full depth bypasses (Calles 
et al., 2012; Egg et al., 2017; Harbicht et al., 2022; Meister, 2020), 
although even these can be ineffective. This study found very high 
passage rates (91 % overall) across all bypass designs, possibly as a result 
of the modest size of an experimental flume compared to a full scale 
river meaning that the eels could easily and quickly explore the entire 
working area. Despite the high passage, there was a distinct difference 
between passage time for the full depth bypass and the surface and 
bottom bypasses. This may be attributed to the increased velocity 
gradient towards the surface and bottom bypasses as half of the flow 
area is blanked and there is therefore an increase in acceleration towards 
the open flow area in comparison to the full bypass where the entire area 
is open. Moderate velocity gradients have been found to increase pas
sage counts whilst harsh ones decrease it (Beck, 2020; Egg et al., 2017; 
Piper et al., 2015). As a result of the higher velocity present, the surface 
and bottom bypasses generate a vortex street in the bypass which may 
deter fish that interact with the vortices (Muhawenimana et al., 2019). 
The preferred bypass arrangement is therefore the full depth, however 
this is not always practical to implement in the field. Between the sur
face and bottom bypasses, the bottom bypass is the best performing 
option as the eels rejected it far less than the surface bypass (Fig. 6C), 
this may be due to eels preferring to swim towards the bed of water
courses. It must be noted that the results of these analyses are based on 
data for which each fish completed every treatment. This effect was 
partially accounted for using GLMMs, however any learning effects 
cannot be discounted in this study.

5. Conclusion

Lower flow velocities and lower angles to the flow both decrease 
impingement for 3 mm wedge-wire screens, for which no entrainment 
occurred, whilst screen orientation did not affect impingement. The 
angled screen is directly beneficial to the sweeping and escape velocities 
and allows eels to escape from the screen more easily. This is shown by 
the kinematic analysis that evidences how the screen angle allows eels to 
use the sweeping velocity and drift sideways into the open flow instead 
of needing to overcome the drag on the perpendicular screen. For the 
three bypass types tested surface, bottom, and full depth bypasses, the 
full depth is preferable to the bottom bypass, which in turn is better than 
the surface bypass. The recommended screening techniques in Envi
ronment Agency (2020) are appropriate to the tested fish sizes and flow 
velocities and satisfy the need for fish protection whilst not requiring 
extremely fine screen aperture, stipulate velocities that are too slow, or 

Fig. 8. Three plots showing the swimming trajectories and body positions of 
eels swimming at progressively larger angles to the flow direction. Each black 
line is the midline of the eel body and successive black lines show progression 
frame-by-frame of a representative clip of a single eel swimming at an angle to 
the flow, with the head of the eel facing the bottom of the plot and the water 
flowing from bottom to top. The red lines show the overall path of the eel. All 
swimming events portrayed in this plot were taken from trials at 0.3 ms− 1 when 
the eels were swimming away from the screen. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.)
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the use of very small screen angles, all of which drive screen and 
installation price (Clough et al., 2013) thus making these solutions 
accessible. Of the tested screen types, the passive wedge wire and the 
Hydrolox screens and orientations performed equally well, however 
horizontal wedge-wire may be preferable to vertical due to the ease of 
cleaning as the sweeping velocity could push trash downstream if the 
screen direction aligns with the velocity.
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