1 The impact of extreme flood-relief pump operations on resident fish in an
2  artificial drain and the potential for artificial habitat introduction
3  Abstract
4  Fish are ubiquitous in pumped artificial drains but channel maintenance exposes fish to high
5 flows and predators, and fish communities may experience population-level threats if they are
6  unable to access refuge during extreme flood-relief pump operations. We assessed the impact
7  of an extreme flood-relief pump operation and effects of artificial habitat introduction on a
8 resident fish community in an artificial drain in Great Britain using side-scan and multi-beam
9  sonar. Sonar surveys before the flood found abundant aggregations of resident fish, whereas
10  no fish were found after the flood, which suggested flood-relief pump operations significantly
11 altered resident fish populations. Fish abundance near artificial habitats monitored before the
12 flood were highest during crepuscular periods and was similar among three different artificial
13 habitat designs. Our findings improve the understanding of extreme flood impacts on fish in
14  artificial drains and demonstrate the usefulness of sonar techniques for surveying abundance
15  and spatial distribution of fish populations before and after floods.
16  Keywords
17  fish distribution; flood risk management; multi-beam sonar (ARIS); pumping station; predator
18  refuge; side-scan sonar
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1 Introduction

Understanding the distribution, abundance, and habitat use of fish is fundamental for
ecological management, conservation, and restoration of freshwater ecosystems (Kruk, 2007;
Methot & Wetzel, 2013). Still, demonstrating how environmental changes, such as floods, can
affect distribution of fish in freshwaters is a major challenge facing ecologists and
environmental managers (Poff, 1997; Bolland et al., 2015; Knouft & Anthony, 2016). In
unmodified rivers with heterogeneous hydro-geomorphological features (e.g., meanders,
floodplains, and unaltered flow), fish have evolved to respond to flooding by longitudinal
movement (David & Closs, 2002) and lateral dispersal into inundated floodplains (Peirson et
al., 2008; Manfrin et al., 2020), or occupy habitats that provide flow refuge (e.g., behind
boulders, fallen trees and dense vegetation; Lake et al., 2006). However, land reclamation
and ongoing flood protection in lowland regions, achieved by channelisation, dredging, and
creation of dikes, has replaced lowland riverine ecosystems with artificial drain networks
(Beran, 1983; Smedema & Ochs, 1998; Gething & Little, 2020). Although heavily modified,
artificial drainage networks support river biota (Rideout et al., 2021) and can have similar
biodiversity to unmodified lowland rivers, but fish fauna are threatened by anthropogenic

management (Simon & Travis, 2010; Chester & Robson, 2013).

Water levels in artificial drains can be managed by pumping stations with multiple
pumps to regulate normal water level (i.e., single pump, also referred to as duty pumping) and
rare or extreme rainfall to prevent flooding (i.e., all pumps, also referred to as flood-relief
pumping) (Armstrong, 1983; Beran, 1983). However, pumping station operation can
negatively affect local fish fauna, by entrainment into pumps (Barnthouse, 2013) and reduced
post-entrainment survival and health (Bierschenk et al., 2019; Bolland et al., 2019). However,
most studies focused on understanding impacts on individual fish and do not consider the
wider resident fish community distribution and abundance (but see Harrison et al., 2019). The
likelihood of fish entrainment is exacerbated by channel maintenance (i.e., sediment dredging

and vegetation removal), which increases water conveyance but inadvertently removes
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predator and flow refuge habitats for fish (Baattrup-Pedersen et al., 2018; Baczyk et al., 2018;
Schirings et al., 2022). Further, resident (i.e., non-diadromous) fish fauna, such as roach
(Rutilus rutilus) and perch (Perca fluviatilis), are ubiquitous in pelagic zones of artificial drains
but also require temporally variable access to refuge from flow and predation (Townsend &
Peirson, 1988; Holmes & Hanbury, 1995; Borcherding et al.,, 2002). Consequently, mass
aggregations of shoaling fish in open water during winter is a common anti-predator strategy
in artificial drains with damaged refuge connectivity (Borcherding et al., 2002; Koizumi et al.,
2016). Fish may also aggregate at pumping stations that operate infrequently (Norman et al.,
2023). Furthermore, the lack of flow refuge could displace fish downstream and increase the
likelihood of entrainment (Morat et al., 2017). Yet, the effects of extreme flood-relief pump
operation on prevailing fish communities in homogenised artificial drains with no lateral

connectivity to the surrounding floodplain requires further investigation (Kruk, 2007).

More careful management of habitat in modified lowland regions is required, but is
poorly understood (Chester & Robson, 2013; Schirings et al., 2022) and considerations for
fish habitat are lacking in pumped artificial drains. Elsewhere, artificial habitats have been
introduced to supplement degraded natural habitats (Allen et al., 2014) and increase local
abundance of fish (Frehse et al., 2021). Thus, introducing artificial habitats in artificial drains
could provide fish with refuge from resident aquatic and avian predators when pumps do not
operate and provide flow refuge during pump operation (Lemmens et al., 2016). Structural
design of artificial habitats may affect fish occupancy. For example, structurally complex
designs with interstitial spacing may be necessary in predator-crowded communities, but
sheltered open space may also be needed to avoid prey-crowding, although pilot studies are
needed to determine local community response before permanent introduction (Bolding et al.,
2010). Developing such knowledge will help overcome the lack of robust monitoring and help
determine the ecological function of artificial habitats and relative fish occupancy

(Lindenmayer et al., 2017), especially under real-world circumstances (Hale et al., 2015).
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The applicability of commonly used sampling techniques for understanding impacts of
extreme flood-relief pump operations and artificial habitat introduction in deep and turbid
artificial drains is challenging. Boat electro-fishing surveys can be used to sample fish
distribution and abundance (Lyon et al., 2014) and netting can be used to sample slackwater
habitat use by juvenile fish in modified lowland rivers during floods (Bolland et al., 2015), but
both are rarely used over large spatial scales due to sample effort required. Electronic tagging
would provide movement information before, during, and after flooding for a limited number of
individuals (e.g., cost limitations), provided fish were tagged prior to an extreme flood-relief
pump operation (Thorstad et al., 2014). Alternatively, mobile horizontal echo-sounding using
high-frequency side-scan sonar (SSS) is increasingly popular for understanding fish
distribution and abundance (Lawson et al., 2019). SSS produces a still image by emitting a
sound beam sideways (left and right) to define riverbed structure and locate objects (i.e., fish)
from reflected sound beam signals. The sonar is towed by a low-powered boat and can
therefore provide non-invasive sampling of fish populations in large rivers that require greater
spatial coverage (Papastamatiou et al., 2020). Thus, SSS is an ideal tool for quantifying the
distribution and abundance of fish in artificial drains. Nonetheless, SSS surveys are performed
with a moving vessel so they cannot alone provide fine-scale information on the temporal rate
of artificial habitat occupancy. Stationary multi-beam sonars that capture video-like
observations during day and night are more appropriate for quantifying multi-species artificial

habitat occupancy (Martignac et al., 2015; Petreman et al., 2014; Baumann et al., 2016).

The objectives of this study were to determine if extreme flood-relief pump operation
(using inter-annual SSS) and introduction of artificial habitat (using multi-beam sonar) affected
the resident fish community in an artificial drain in Great Britain. To achieve these objectives,
we quantified (1) fish distribution and abundance before (2017, 2019) and after extreme flood-
relief pump operations (2021), and (2) the influence of artificial habitat structure design, diel
cycle, and duty pump operation on fish abundance in artificial habitats. Artificial drains harbour

a significant proportion of biodiversity in modified lowland regions, so the impact of refuge loss
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and extreme flood-relief pump operations on fish fauna urgently needs to be considered. We
quantified the distribution and abundance of fish in an artificial drain upstream of a pumping
station before and after an extreme flood-relief pump operation using SSS. Specifically, in
December 2020, 131 mm of rainfall (150% of the 1981-2010 long-term average, Environment
Agency, 2021) caused all six pumps (= 20 m3s-") at a pumping station to operate for four days.
Fish abundance in the vicinity of three artificial habitat designs introduced for flow and predator
refuge were quantified during no pump and duty pump operation (prior to extreme flood-relief
pump operation) using multi-beam sonar. Our findings could inform future habitat
improvement work according to the Water Framework Directive (WFD; 2000/60/EC) and help

water authorities and ecologists to manage local fish populations in artificial drains.
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2 Methods
2.1 Study area

The Lower Nene catchment (830 km?) in Great Britain is mostly agricultural land
managed by numerous pumped artificial drains. The North Level Main Drain (NLD) is the
largest, with a catchment area of 340 km?, total length of 23 km, mean width of 23 m, and
elevation of -2 m above ordnance datum (mAOD). The downstream extent of NLD terminates
at Tydd pumping station (Lat: 52.738804 N Long: 0.162728 W: Figure 1a), which operated
during this study either as duty pump operation to maintain upstream levels (one pump ~ 3.3
m3s') or extreme flood-relief operation (up to six pumps ~ 20.17 m3s™'). Like other artificial
drains, resident fish populations in NLD are typical of a lowland river, including roach, pike
(Esox Lucius), bream (Abramis brama), tench (Tinca tinca), perch, and rudd (Scardinius
erythrophthalmus) (Environment Agency, 2022; Schirings et al., 2022). The study area was
a navigable 12-km reach of NLD extending upstream from Tydd pumping station (Figure 1a),
which is highly maintained during winter, so habitat is significantly degraded. Early mitigation
efforts to protect fish from predators and reduce entrainment into pumps during high flows at
Tydd pumping station included installation of artificial habitat upstream of the pumping station
(Figure 1c). River level (mAOD) was monitored at the nearest (~20 km from Tydd pumping
station) river gauge in the River Welland catchment (Lat: 52.720221 N Long: -0.141261 W)

(Figure S1).

2.2 Artificial habitat

Three artificial habitats were constructed using steel gabion baskets (3 mm thickness
1000 x 1000 x 1000 mm length x width x height) with 76.2 x 76.2 mm apertures (Figure 1c;
Figure 2). Four one-and-a-half sized apertures (i.e., 152.4 x 76.2 mm) were created on the
front-facing side of each basket. Each habitat was then constructed by joining six baskets
(5000 x 2000 x 1000 mm) to encompass a volume of ~10 m? per habitat (Figure 1c; Figure 2),
to represent patches of marginal reeds present in NLD throughout summer, whilst ensuring

water conveyance was not impeded in the artificial drain.
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Each of the three artificial habitats used a different design to resemble natural
structures with varied complexities, to determine if overhead shelter, interstitial spacing or both
affected habitat occupancy (see Bolding et al., 2010). Overhead shelter was provided by
marine plywood boards (16mm thickness) attached to wooden framing, and bamboo canes (6
— 8 mm thickness, 1200 mm length) were inserted in every other aperture in gabion baskets
(secured with cable ties) to create interstitial spaces with ~150 mm spacing. Bamboo canes
were used to reduce use of plastic in artificial habitats and mimic highly abundant common
reeds (Phragmites australis) (Cooke et al., 2023). The size and number of interstitial spaces
was intended to target juvenile (0—15 cm total length, TL) and adult (15-25 cm TL) roach and
similar-sized resident fish (i.e., perch), whilst excluding larger-bodied resident predator
species (i.e., pike > 30 cm TL). Partial refuge (A) had bamboo canes (no overhead shelter),
partial refuge (B) had overhead shelter (no bamboo canes), and complete refuge (C) had both
bamboo canes and overhead shelter. Artificial habitats were installed in NLD in December
2019 (Lat: 52.738804N Long: 0.162728W) (Figure S1). Bank-side access (personnel and
crane equipment) and distance from power source (Tydd pumping station) determined final

placement of artificial habitats.

2.3 Sonar assessment
2.3.1 Side-scan sonar

SSS surveys used a commercially available Humminbird® Solix 15 CHIRP MEGA Sl
(Johnson Outdoors Inc., Racine, WI) using frequency ranges of 1150-1275 MHz in 2017 and
2019 and 780-850 MHz in 2021, powered by a 12v battery. Frequency ranges enabled
detection of target fish using a total swath width of 30 m (15 m either side of the boat) to cover
varying channel widths of 20-30 m. The transducer was attached to a pole at a depth of 30
cm at the front end of a small workboat with an electric outboard. SSS surveys started at the
downstream extent of NLD (i.e., Tydd pumping station, including artificial habitats in 2021) and
moved upstream to Clough Bridge Sluice at the centre of NLD at 2-5 km "' (Figure 1a); a total

distance and area of ~12 km and ~30 km?, respectively. The reach upstream of Clough Bridge
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Sluice was too narrow and shallow to survey with SSS. All surveys were performed at normal
water levels (i.e., not rising or falling) in one morning (09:00—12:00) on 27 November 2017, 10
December 2019, and 17 December 2021. The last survey responded to extreme flood-relief
pump operation at Tydd pumping station on 23—-27 December 2020 (six pumps, 96 hours).
The sampling day was intended to detect winter shoaling behaviour of resident fish. SSS
tracks were converted to a 2d image in real-time on the sonar console to allow for observations
of fish targets during sampling, and final outputs were processed as a ‘New Sonar Mosaic’

using Reefmaster® software (ReefMaster Software Ltd, West Sussex, UK).

2.3.2 Multi-beam sonar
Fish abundance was monitored at artificial habitats using Adaptive Resolution Imaging

Sonar (ARIS Explorer 3000, Sound Metrics®, USA. http://www.soundmetrics.com/) on 10-18

December 2020. The ARIS was installed on an L-shape steel pole (2 x 1 m) using a
SoundMetrics AR3-rotator at a depth of ~2 m (Figure 1c). Data and power cables were routed
to a bankside weatherproof box with a sonar command module and laptop with remote internet
connection (Panasonic TF-19). During the 8-day deployment, each artificial habitat was
imaged for two consecutive days. To image refuge (A) and (C), the pole was driven into the
riverbank between the two structures. After (C) was imaged, the ARIS was rotated to image
(A). The ARIS was later moved between refuge (A) and (B) to image refuge (B) (Figure 1c).
The position was aligned with the leading edge of artificial habitats, and imaging of artificial

habitat structures was used to confirm correct orientation of the sonar.

The ARIS was operated using SoundMetrics software (ARIScope V2.6.3.1559) in high
frequency mode (1.8 MHz, 96 0.3° x 14° beams, 512 bins) with a window length of 8.4 m
(starting 3 m from point of transducer) at 9.7 frames s (fps), receiver gain at default, and
focus set to auto to account for changes in fish distance from the transducer. This range
allowed for an appropriate resolution to capture fish targets 210 cm (Maxwella & Gove, 2007).

Continuous observations were captured except when data collection was interrupted to
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maintain equipment and reposition the ARIS. Files were time and date stamped (hh:mm:ss —

dd/mm/yyyy) and stored in 10-minute intervals.

2.4 Analysis of sonar data
2.41 Fish abundance in North Level Drain

SSS survey data were used to estimate fish abundance by counting fish targets in the
final image produced by Reefmaster. Data were processed in Imaged v1.53e (Schneider et
al., 2012), which has been effective for enumerating fish targets in SSS data (Bollinger & Kline,
2017; Lawson et al., 2019). To provide a standardised measure of area, a transect was drawn
across the river width (25 m) and calibrated to 758 + 1 pixels. Once calibrated, approximate
fish lengths were measured from fish shapes and individual region of interest (ROI) were
applied to light and dark backgrounds to identify acoustic shadows cast by fish shapes and
acoustic reflections of fish (Figure 3). Fish were then counted by applying the findMaxima tool
and adjusting background (light, dark) and detection tolerance (0 — 45) to minimize over- and
under-plotting of fish targets. Points plotted by findMaxima were scrutinised by applying a
‘within tolerance’ threshold to ensure plotted points corresponded to fish targets. Total area
analysed was 840 m? in 2017 and 990 m?in 2019. Fish abundance was then estimated as the
total survey area divided by 10 (i.e., fish abundance-10 m?), which enabled comparison
between side-scan density throughout NLD and multi-beam density at artificial habitats.
2.4.2 Fish abundance at artificial habitat

To quantify temporal variability, fish abundance data were sub-sampled into four two-
hour discrete sample periods over a 24-hour day (dawn = civil twilight £ 1h 06:30-08:30,
daytime = 11:30-13:30, dusk = civil twilight + 1h 15:30-17:30, night-time = 23:30—-01:30).
Multi-beam sonar surveys of artificial habitats were performed during duty pump operation
(one pump, 30 hours) for 64% of the total sample range; 35% of dawn, 85% of dusk, 83% of
midday, and 52% of midnight samples (Figure S1). Flow velocity during duty pump operation
was 0.25 m s, estimated by measuring speed of debris floating downstream in the centre of

multi-beam images. Overall duration of sonar footage included 24 hours of ARIS images.
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Counts of fish occupying the space immediately adjacent to artificial habitat structures (~14
m?; Figure 4) were taken by an experienced reviewer every 15 minutes (individuals-1
frame-15min' £ 5 s™') and calculated as fish abundance-10 m2. Background subtraction was
applied if floating debris reduced resolution of fish targets. Playback speeds were adjusted as
necessary, and quick backward and forward navigation allowed observation of fish interacting
with artificial habitats. Fish size was approximated using the ARIS measurement tool when
fish were perpendicular to the sonar beam.
2.5 Statistical analysis

Fish abundance from side-scan and multi-beam sonar surveys were not normally
distributed (Shapiro-Wilk normality tests: R function ‘shapiro.test’), so non-parametric tests
were used for comparisons and results were summarized as medians and inter quartile ranges
(IQR). To assess the impact of extreme flood-relief pump operation, Wilcox rank-sum tests (R
function ‘wilcox.test’) were used to compare fish abundance between 2017 and 2019 (pe-
flood) and 2021 (post-flood) SSS surveys. To assess fish abundance at artificial habitats,
Kruskal-Wallis rank-sum tests (R function ‘kruskal.test’) were used to compare fish abundance
from multi-beam surveys between three artificial habitat designs (A— C; Section 2.2) and
between four photoperiods (dawn, day, dusk, night). Fish abundance at artificial habitats was
also compared between no-pump and duty-pump operations using a Wilcox rank sum test. All
data were analysed using R version 4.0.2 in RStudio 1.4.11 (R Core Team, 2022; RStudio
Team, 2022) and figures were created using R packages ‘ggplot2’, ‘ggpubr’, ‘gridextra’ and

‘cowplot’.
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3 Results
3.1 Fish distribution and abundance in North Level Drain

During 12-km SSS pre-flood surveys, 5,213 fish (~10-20 cm TL) were identified in
November 2017 and 1,474 in December 2019 (Figure 5a; Figure 5b; Table S1). Fish were
identified at only one location near a road bridge, ~1 km upstream of Tydd pumping station,
of 70-m length, 25-m width, and 2.4-2.7 m depth (Figure 1b; Figure S2). Abundance was
significantly higher in 2017 (median = 63, IQR = 15.5 fish-10 m?) than 2019 (median = 15.4,
IQR = 6.95 fish-10 m?; Wilcox rank sum: W = 144 p = <0.001; Figure S2; Figure S3) (Figure
6). During the post-flood SSS survey in December 2021, no fish were identified and the reach

had only clearly defined riverbanks (Figure 5c; Figure S4).

3.2 Fish abundance at artificial habitats

Median abundance (individuals-1 frame-15min-') did not differ significantly among
artificial habitat structure types (Kruskal-Wallis: y?, = 0.82, p = 0.66), and 881 fish were
identified near the partial refuge (A median =4.29, IQR = 5.89 fish-10 m?), 786 near the partial
refuge (B median = 3.57, IQR = 8.04 fish-10 m?), and 556 near the complete refuge (C median
= 3.21, IQR = 8.21 fish-10 m?; Figure 7a; Table S2). Fish counts differed significantly among
photoperiods (Kruskal-Wallis: y<23= 50.87, p = <0.001), with highest abundance at dawn
(median = 9.29, IQR = 17.7 fish-10 m?) and dusk (median = 5, IQR = 6.79 fish-10 m?), and
lowest abundance during the day (median= 2.86, IQR = 2.86 fish-10 m?) and night (median =
2.14, IQR= 4.82 fish-10 m?) (Figure 7b). Fish abundance near all artificial habitats was
significantly higher when the duty pump at Tydd pumping station was not operating (median
=7.86, IQR = 9.64 fish-10 m?) than when one duty pump was operating (median = 2.14, IQR
=5.71 fish-10 m?; Wilcox rank sum: W = 2667, p = <0.0001) (Figure 7c). Although not identified
to species, the size range of shoaling fish (10-20 cm) was likely a multi-species assemblage
of cyprinids and percids. Five large predator-sized fish (120 — 135 cm) imaged were most

likely pike, based on body shape. Artificial habitat structures were easily identified in post-
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4 Discussion

While not direct evidence, effects of heavily degraded longitudinal habitat, isolated
lateral connectivity, and extreme flows exceeding fish swimming capability combined to
suggest that highly abundant fish aggregations we observed prior to the flood in 2017 and
2019 were displaced downstream (e.g., Poff & Zimmerman, 2010) and removed from NLD by
entrainment during the extreme flood-relief pump operation in December 2020. Anglers
consistently reported greatly reduced catches of adult resident fish (i.e., > 15 cm roach) from
NLD throughout 2021, which we later corroborated by SSS surveys in December 2021. Fish
have evolved to live in rivers with in-channel habitat heterogeneity and laterally connected
floodplains, which provide flow refuge during elevated river levels and floods (Peirson et al.,
2008). However, fish fauna in artificial drains are continually threatened by homogenisation of
habitat during winter and are laterally isolated from floodplain refuges (Chester & Robson,
2013). Furthermore, flow velocities upstream of the pumping station studied here far exceeded
recommended targets (0.3 m s') by operating more pumps to increase volume of water
discharged during a rare flood event (Flikweert & Worth, 2012). In-channel flow velocity in
pumped artificial drains (here ~1.5 m s with six pumps operating) can greatly exceed those
of natural rivers (Lake et al., 2006) and swimming capability of fish (Baumgartner et al., 2009).
Roach, for example, have slender body-morphology poorly adapted for living in fast-flowing
conditions, with an estimated sustained swimming capability of two minutes at 0.7 m s flow
velocity (Clough & Turnpenny, 2001). Quantified estimates of entrainment and mortality during
flood events are lacking, but global reviews by Barnthouse (2013) and Harrison et al. (2019)
both report a similar potential for population-level mortality during extreme operations as
suggested here. The long-term impacts remain to be quantified, but recovery from extreme
floods in channelised rivers similar to the artificial drain studied here can occur when only few
adults survive (Juradjda et al., 2006). However, the catchment studied here was relatively
small, with heavily degraded habitat, and the pumping station would prevent re-colonisation
from further downstream, something that can occur in natural longitudinally connected rivers
(Tummers et al., 2016; Benitez et al., 2018).
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Fish occupancy of artificial habitats could only be studied (using multi-beam sonar)
pre-flood (2020) because the entire artificial drain was void of fish post-flood and therefore the
effectiveness as flow and predator refuge was unclear. During our multi-beam surveys, fish
aggregated around artificial habitats and followed a crepuscular pattern commonly described
for pelagic fish communities vulnerable to predation (Pitcher & Turner, 1986). Maximal
abundances at dawn and dusk may be associated with movements toward or away from
artificial habitats, like diel movements to and from natural refuge habitats (e.g., Hohausova et
al., 2003). In contrast to previous findings (Bolding et al., 2010; Daugherty et al., 2014;
Baumann et al., 2016), we found no significant difference in fish abundance among habitat
designs, perhaps because of poor habitat placement (Hale et al., 2015), lack of predator
stimulus (i.e., avian piscivores), or methodological limitations. Indeed, fish abundances were
also significantly reduced during duty pump operation, possibly attributed to fish seeking flow
refuge inside artificial habitat (e.g., Costa et al., 2019) and thus could not be imaged by multi-
beam sonar. Overall, our findings are useful for habitat management decisions and highlight
the importance of monitoring artificial habitats under real-world conditions (i.e., Hale et al.,
2015) to understand the influence of diurnal processes, artificial habitat design, and pump
operation on the feasibility of introducing artificial habitat to supplement degraded natural

habitat in artificial drains.

4.1 Future research

A combination of side-scan and multi-beam sonar used herein provided high spatial
coverage and enumeration of fish in a drain and fine-scale analysis of habitat occupancy, and
thus could be used to guide future studies of flooding in modified freshwaters. The coincidence
of an extreme flood event during our study cannot be planned or implemented in an empirical
study design due unpredictability of such events. But, if an opportunity arose to study these
conditions again, this work would benefit from an increased temporal rate of SSS surveys (i.e.,
immediately before and after an extreme flood-relief pumping event). Additionally, although

no pollution incidents or fish kills were in the upstream drain, other factors may have influenced
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changes to fish composition, and therefore, future research should attempt to validate fish
losses after extreme flood-relief pump operations. Indeed, whilst not possible at Tydd pumping
station, due to the volume of water pumped presenting a risk to people, equipment, and fish
in nets, collection of entrained fish from pump outlets would directly quantify the number of
fish entrained (e.g., Baumgartner et al., 2009). Alternatively, incorporating telemetry data and
tracking fish could be used to confirm downstream displacement of fish and pumping station
entrainment time (Thorstad et al., 2014), although this would need considerable foresight to

ensure tagged fish were not released immediately prior to an extreme flood event.

Future artificial habitat research needs to understand effectiveness of full-scale habitat
restoration efforts to provide predator and flow refuge for resident fish because poorly placed
artificial habitats are ineffective (Hale et al., 2015). The size, number and spatial distribution
of habitats required to support resident populations must be fully determined. Additionally,
reaches upstream of pumping stations where artificial habitats can be installed need to be
identified, with reference to locations where fish are abundant and vulnerable to predation and
flow displacement. Telemetry techniques (e.g., passive integrated transponder tags) could be
used to quantify the number of fish inside artificial habitat during floods (e.g., Teixeira & Cortes,
2007), although large numbers of fish may need to be tagged in large freshwater systems and

all artificial habitat installations could not likely be studied.

4.2 Conclusions and management implications

Populations of resident fish in lowland artificial drains are highly abundant and thus
managers and ecologists have a responsibility to understand the impact of habitat degradation
and extreme flood-relief pump operations on the distribution, abundance, and behaviour of
fish. The results presented here are the first to provide a quantitative estimate of distribution
and abundance of resident fish in an artificial drain with a high-capacity pumping station,
before and after a rare extreme flood-relief operation and at artificial fish habitats using side-
scan and multi-beam sonar. During our investigation at a high-capacity pumping station (total

capacity = 20.17 m3s™'), a coincidental rare extreme flood event (131 mm rainfall over 31 days;

15



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

150% of the 1981-2010 average) caused all six pumps to operate for four days. We
demonstrated that thousands of fish were potentially displaced from a homogenised artificial
drain. In future years, climate change will drive an increased necessity for flood-relief pump
operations (Chang et al, 2013; Hannaford, 2015), and thus exacerbate the problem
demonstrated herein to increase the necessity for management actions. Therefore, managing
flood risk must be balanced with protecting local biodiversity of fish fauna in artificial drains
(Rideout et al., 2021). Indeed, while safer operations of pumping stations tend to focus on fish-
friendly pumps for diadromous fish (Bierschenk et al., 2019), we demonstrated a need for flood
risk management to be more ecologically sensitive by providing alternative refuges in heavily
maintained artificial drains to prevent population-scale impacts on resident fish. Atrtificial
habitat can be introduced into artificial drains, but further investigation is needed to understand
long-term effectiveness as flow and predator refuges. Overall, our findings suggest that
extreme flood-relief pump operations significantly alter the abundance of resident fish
upstream of pumping stations and our proposed management actions will be useful for
ensuring long-term survival of resident fish communities in pumped artificial drains around the

world.

16



363

364
365
366

367
368
369

370
371
372

373
374
375

376
377

378
379
380

381
382

383
384
385

386
387
388

389
390
391

392
393
394

395
396
397
398

399
400
401

402
403

5 References

Allen, M. J., Bush, S. C., Vining, |. & Siepker, M. J. (2014) Black Bass and Crappie Use of
Installed Habitat Structures in Table Rock Lake, Missouri. North American Journal of
Fisheries Management, 34(2), 223-231.

Armstrong, A. C. (1983) The design of in-field drainage systems in the English
Fenlands. Proceedings International Symposium ‘Polders of the World'. International
Institute for Land Reclamation and Improvement, 433 - 442.

Baattrup-Pedersen, A., Ovesen, N. B, Larsen, S. E., Andersen, D. K., Riis, T., Kronvang, B.
& Rasmussen, J. J. (2018) Evaluating effects of weed cutting on water level and
ecological status in Danish lowland streams. Freshwater Biology, 63(7), 652-661.

Baczyk, A., Wagner, M., Okruszko, T. & Grygoruk, M. (2018) Influence of technical
maintenance measures on ecological status of agricultural lowland rivers - Systematic
review and implications for river management. Sci Total Environ, 627, 189-199.

Barnthouse, L. W. (2013) Impacts of entrainment and impingement on fish populations: A
review of the scientific evidence. Environmental Science & Policy, 31, 149-156.

Baumann, J. R., Oakley, N. C. & McRae, B. J. (2016) Evaluating the Effectiveness of Atrtificial
Fish Habitat Designs in Turbid Reservoirs Using Sonar Imagery. North American
Journal of Fisheries Management, 36(6), 1437-1444.

Baumgartner, L. J., Reynoldson, N. K., Cameron, L. & Stanger, J. G. (2009) Effects of irrigation
pumps on riverine fish. Fisheries Management and Ecology, 16(6), 429-437.

Benitez, J. P., Dierckx, A., Matondo, B. N., Rollin, X. & Ovidio, M. (2018) Movement
behaviours of potamodromous fish within a large anthropised river after the
reestablishment of the longitudinal connectivity. Fisheries Research, 207, 140-149.

Beran, M. A. (1983) Aspects of flood hydrology of the pumped fenland catchments of
Britain. Proceedings International Symposium ‘Polders of the World’. International
Institute for Land Reclamation and Improvement, 643 - 652.

Bierschenk, B. M., Pander, J., Mueller, M. & Geist, J. (2019) Fish injury and mortality at
pumping stations: a comparison of conventional and fish-friendly pumps. Marine and
Freshwater Research, 70(3).

Bolding, B., Bonar, S. & Divens, M. (2010) Use of Artificial Structure to Enhance Angler
Benefits in Lakes, Ponds, and Reservoirs: A Literature Review. Reviews in Fisheries
Science, 12(1), 75-96.

Bolland, J. D., Murphy, L. A., Stanford, R. J., Angelopoulos, N. V., Baker, N. J., Wright, R. M.,
Reeds, J. D. & Cowx, I. G. (2019) Direct and indirect impacts of pumping station
operation on downstream migration of critically endangered European eel. Fisheries
Management and Ecology, 26(1), 76-85.

Bolland, J. D., Nunn, A. D., Lucas, M. C. & Cowx, I. G. (2015) The habitat use of young-of-
the-year fishes during and after floods of varying timing and magnitude in a constrained
lowland river. Ecological Engineering, 75, 434-440.

Bollinger, M. A. & Kline, R. J. (2017) Validating Sidescan Sonar as a Fish Survey Tool over
Artificial Reefs. Journal of Coastal Research, 336, 1397-1407.

17



404
405
406

407
408
409

410
411

412
413
414

415
416
417

418
419
420

421
422
423

424
425
426

427
428
429
430

431
432

433
434
435
436

437
438
439

440
441

442
443
444

445
446

447
448

Borcherding, J. (2002) Lateral migrations of fishes between floodplain lakes and their drainage
channels at the Lower Rhine: diel and seasonal aspects. Journal of Fish Biology, 61(5),
1154-1170.

Chang, H.-K., Tan, Y.-C., Lai, J.-S., Pan, T.-Y., Liu, T.-M. & Tung, C.-P. (2013) Improvement
of a drainage system for flood management with assessment of the potential effects of
climate change. Hydrological Sciences Journal, 58(8), 1581-1597.

Chester, E. T. & Robson, B. J. (2013) Anthropogenic refuges for freshwater biodiversity: Their
ecological characteristics and management. Biological Conservation, 166, 64-75.

Clough, S. & Turnpenny, A. W. H. (2001) Swimming Speeds in fish: Phase 1. Available online:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachm
ent_data/file/290589/sw2-026-tr1-e-e.pdf [Accessed 24/08/2022]

Cooke, S. J., Piczak, M. L., Vermaire, J. C., Kirkwood, A. E. & Lesbarréres, D. (2023) On the
troubling use of plastic ‘habitat’ structures for fish in freshwater ecosystems — or —when
restoration is just littering. Facets, 8, 1-19.

Costa, M. J., Pinheiro, A. N. & Boavida, I. (2019) Habitat Enhancement Solutions for Iberian
Cyprinids Affected by Hydropeaking: Insights from Flume Research. Sustainability,
11(24), 6998.

Daugherty, D. J., Driscoll, M. T., Ashe, D. E. & Schlechte, J. W. (2014) Effects of Structural
and Spatiotemporal Factors on Fish Use of Artificial Habitat in a Texas
Reservoir. North American Journal of Fisheries Management, 34(2), 453-462.

David, B. O. & Closs, G. P. (2002) Behavior of a stream-dwelling fish before, during, and after
high-discharge events. Transactions of the American Fisheries Society, 131(4), 762-
771.

Environment Agency (2021) Water situation report December 2020. Available online
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachm
ent_data/file/952056/Water_situation_report December_ 2020.pdf [Accessed
24/08/2022]

Environment Agency (2022) EA Ecology & Fish Data  Explorer. Available
online: https://environment.data.gov.uk/ecology/explorer/ [Accessed 24/08/2022]

Flikweert, J. & Worth, D. (2012) Pumped catchments Guide for hydrology and
hydraulics. Available
online: https://assets.publishing.service.gov.uk/media/6033afc5d3bf7f2653dd5f2d/ P
umped_catchments_report.pdf [Accessed 24/08/2022]

Frehse, F. d. A, Weyl, O. L. F. & Vitule, J. R. S. (2021) Differential use of artificial habitats by
native and non-native fish species in Neotropical reservoirs. Hydrobiologia, 848(9),
2355-2367.

Gething, K. J. & Little, S. (2020) The importance of artificial drains for macroinvertebrate
biodiversity in reclaimed agricultural landscapes. Hydrobiologia, 847(14), 3129-3138.

Hale, R., Coleman, R., Pettigrove, V., Swearer, S. E. & Strecker, A. (2015) REVIEW:
Identifying, preventing and mitigating ecological traps to improve the management of
urban aquatic ecosystems. Journal of Applied Ecology, 52(4), 928-939.

Hannaford, J. (2015) Climate-driven changes in UK river flows: A review of the
evidence. Progress in Physical Geography-Earth and Environment, 39(1), 29-48.

Harrison, P. M., Martins, E. G., Algera, D. A., Rytwinski, T., Mossop, B., Leake, A. J., Power,
M. & Cooke, S. J. (2019) Turbine entrainment and passage of potadromous fish

18


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290589/sw2-026-tr1-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290589/sw2-026-tr1-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/952056/Water_situation_report_December_2020.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/952056/Water_situation_report_December_2020.pdf
https://environment.data.gov.uk/ecology/explorer/
https://assets.publishing.service.gov.uk/media/6033afc5d3bf7f2653dd5f2d/_Pumped_catchments_report.pdf
https://assets.publishing.service.gov.uk/media/6033afc5d3bf7f2653dd5f2d/_Pumped_catchments_report.pdf

449
450

451
452
453

454
455
456

457
458
459

460
461

462
463
464

465
466

467
468

469
470
471

472
473
474

475
476

477
478
479
480

481
482
483

484
485
486

487
488
489

490
491

492
493

through hydropower dams: Developing conceptual frameworks and metrics for moving
beyond turbine passage mortality. Fish and Fisheries, 20(3), 403-418.

Hohausova, E., Copp, G. H. & Jankovsky, P. (2003) Movement of fish between a river and its
backwater: diel activity and relation to environmental gradients. Ecology of Freshwater
Fish, 12(2), 107-117.

Holmes, N. T. H. & Hanbury, R. G. (1995) Rivers, canals and dykes. In Sutherland, W. J. &
Hill, D. A. (eds) Managing Habitats for Conservation. Cambridge University Press, 84-
120.

Jurajda, P., Reichard, M. & Smith, C. (2006) Immediate Impact of an Extensive Summer Flood
on the Adult Fish Assemblage of a Channelized Lowland River. Journal of Freshwater
Ecology, 21(3), 493-501.

Knouft, J. H. & Anthony, M. M. (2016) Climate and local abundance in freshwater fishes. R
Soc Open Sci, 3(6), 160093.

Koizumi, I., Kanazawa, Y., Yamazaki, C., Tanaka, Y. & Takaya, K. (2016) Extreme winter
aggregation of invasive rainbow trout in small tributaries: implications for effective
control. Ichthyological Research, 64(2), 197-203.

Kruk, A. (2007) Role of habitat degradation in determining fish distribution and abundance
along the lowland Warta River, Poland. Journal of Applied Ichthyology, 23(1), 9-18.

Lake, S., Bond, N. & Reich, P. (2006) Floods Down Rivers: From Damaging to Replenishing
Forces, Floods in an Arid Continent. Advances in Ecological Research, 39, 41-62.

Lawson, K. M., Ridgway, J. L., Mueller, A. T., Faulkner, J. D. A. & Calfee, R. D. (2019)
Semiautomated Process for Enumeration of Fishes from Recreational-Grade Side-
Scan Sonar Imagery. North American Journal of Fisheries Management, 40(1), 75-83.

Lemmens, P., De Meester, L. & Declerck, S. A. J. (2016) Can underwater refuges protect fish
populations against cormorant predation? Evidence from a large-scale multiple pond
experiment. Fisheries Management and Ecology, 23, 89-98.

Lindenmayer, D. B. & Laurance, W. F. (2017) The ecology, distribution, conservation and
management of large old trees. Biol Rev Camb Philos Soc, 92(3), 1434-1458.

Lyon, J. P., Bird, T., Nicol, S., Kearns, J., O'Mahony, J., Todd, C. R., Cowx, I. G., Bradshaw,
C. J. A. & Jech, J. M. (2014) Efficiency of electrofishing in turbid lowland rivers:
implications for measuring temporal change in fish populations. Canadian Journal of
Fisheries and Aquatic Sciences, 71(6), 878-886.

Manfrin, A., Bunzel-Druke, M., Lorenz, A. W., Maire, A., Scharf, M., Zimball, O. & Stoll, S.
(2020) The effect of lateral connectedness on the taxonomic and functional structure
of fish communities in a lowland river floodplain. Sci Total Environ, 719, 137169.

Martignac, F., Daroux, A., Bagliniere, J. L., Ombredane, D. & Guillard, J. (2015) The use of
acoustic cameras in shallow waters: new hydroacoustic tools for monitoring migratory
fish population. A review of DIDSON technology. Fish and Fisheries, 16(3), 486-510.

Maxwella, S. L. & Gove, N. E. (2007) Assessing a dual-frequency identification sonars' fish-
counting accuracy, precision, and turbid river range capability. Journal of the
Acoustical Society of America, 122(6), 3364-3377.

Methot, R. D. & Wetzel, C. R. (2013) Stock synthesis: A biological and statistical framework
for fish stock assessment and fishery management. Fisheries Research, 142, 86-99.

Morat, F., Gibert, P., Reynaud, N., Testi, B., Favriou, P., Raymond, V., Carrel, G. & Maire, A.
(2018) Spatial distribution, total length frequencies and otolith morphometry as tools to

19



494
495

496
497
498

499
500

501
502
503

504
505
506

507
508

509
510
511

512
513

514
515
516

517
518

519
520

521
522

523
524
525

526
527

528
529
530

531
532
533

534
535

analyse the effects of a flash flood on populations of roach (Rutilus rutilus). Ecology of
Freshwater Fish, 27(1), 421-432.

Norman, J., Wright, R. M., Don, A. & Bolland, J. D. (2023) Understanding the temporal
dynamics of a lowland river fish community at a hazardous intake and floodgate to
inform safe operation. J Environ Manage, 336, 117716.

Papastamatiou, Y. P., Britton, C. & Burgess, G. H. (2020) Using side-scan sonar to survey
critically endangered smalltooth sawfish. Fisheries Research, 228.

Peirson, G., David Bolland, J. & Cowx, |. (2008) Lateral dispersal and displacement of fish
during flood events in lowland river systems in the UK—implications for sustainable
floodplain management. Ecohydrology & Hydrobiology, 8(2-4), 363-373.

Petreman, I. C., Jones, N. E. & Milne, S. W. (2014) Observer bias and subsampling
efficiencies for estimating the number of migrating fish in rivers using Dual-frequency
IDentification SONar (DIDSON). Fisheries Research, 155, 160-167.

Pitcher, T. J. & Turner, J. R. (1986) Danger at Dawn - Experimental Support for the Twilight
Hypothesis in Shoaling Minnows. Journal of Fish Biology, 29, 59-70.

Poff, N. L. & Zimmerman, J. K. H. (2010) Ecological responses to altered flow regimes: a
literature review to inform the science and management of environmental flows.
Freshwater Biology, 55(1), 194-205.

Poff, N. L. (1997) The Natural Flow Regime: A Paradigm for River Conservation and
Restoration. BioScience, 47(11), 47 (11), 769-784.

Rideout, N. K., Lapen, D. R,, Peters, D. L. & Baird, D. J. (2021) Ditch the low flow: Agricultural
impacts on flow regimes and consequences for aquatic ecosystem
functions. Ecohydrology, 15(5), 15e2364.

RCore Team (2022) RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA. Available online: http://www.rstudio.com/ [Accessed 24/08/2022]

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. (2012) NIH Image to ImageJ: 25 years of
image analysis. Nat Methods, 9(7), 671-5.

Schirings, C., Feld, C. K., Kail, J. & Hering, D. (2022) Effects of agricultural land use on river
biota: a meta-analysis. Environmental Sciences Europe, 34(1), 124.

Simon, T. N. & Travis, J. (2010) The contribution of man-made ditches to the regional stream
biodiversity of the new river watershed in the Florida panhandle. Hydrobiologia, 661(1),
163-177.

Smedema, L. K. & Ochs, W. J. (1998) Needs and prospects for improved drainage in
developing countries. Irrig. Drain. Syst. 12, 359 — 369.

Teixeira, A. & Cortes, R. M. V. (2007) PIT telemetry as a method to study the habitat
requirements of fish populations: application to native and stocked trout
movements. Hydrobiologia, 582(1), 171-185.

Thorstad, E. B., Rikardsen, A. H., Alp, A. & Okland, F. (2014) The Use of Electronic Tags in
Fish Research — An Overview of Fish Telemetry Methods. Turkish Journal of Fisheries
and Aquatic Sciences, 13(5), 881 - 896.

Townsend, C. R. & Peirson, G. (1988) Fish community structure in lowland drainage
channels. Journal of Fish Biology, 32(2), 283-295.

20


http://www.rstudio.com/

536
537
538

539

Tummers, J. S., Hudson, S. & Lucas, M. C. (2016) Evaluating the effectiveness of restoring
longitudinal connectivity for stream fish communities: towards a more holistic
approach. Sci Total Environ, 569-570, 850-860.

21



LIST OF FIGURES

Figure 1 a) the location of the study catchment (bottom left) and North Level Drain catchment,
(62.737735N, 0.148511W), Great Britain, sampled on 27 November 2017, 10 December
2019, and 17 December 2021 including side-scan survey reach (blue dotted line). b)
representative image of side-scan sonar survey. c) a schematic representation (not to scale)
of the artificial habitat installation, showing the position (52.738804N, 0.162728W) of the
structures partial refuge (A — bamboo), partial refuge (B — shelter) and complete refuge (C —
shelter & bamboo) with a diagram of habitat structure (grey shading represents cover, orange
circles represent bamboo canes), representation of ARIS insonified window and the
downstream pumping station.

Figure 2 Photographs of three artificial habitat designs installed upstream of Tydd PS
(52.738804N, 0.162728W) of North Level Drain (52.737735N, 0.148511W), Great Britain, on
10 December 2019. From left to right, partial refuge (A — bamboo), partial refuge (B — shelter)
and complete refuge (C — shelter & bamboo). Inset photo shows bamboo canes installed
through apertures in steel cages. Positions of artificial habitats differ in this photo from the final
installed positions (Figure 1c).

Figure 3 A representation of fish target extraction method used for enumerating fish in the
side-scan sonar survey images from North Level Drain (52.737735N, 0.148511W), Great
Britain, on 27 November 2017, 10 December 2019, and 17 December 2021. The findMaxima
outputs and counts are generated from ImageJ.

Figure 4 A schematic representation of artificial habitat structures overlaid on raw multi-beam
sonar images of artificial habitats, taken in position in the artificial drain of North Level Drain
(52.737735N, 0.148511W), Great Britain, 10—-18 December 2020. Upstream arrows are
relative to the position of artificial habitats in Figure 1c. Fish counted in frame, including
estimated size indicated by circled yellow marks.

Figure 5 Composite image from North Level Drain (52.737735N,0.148511W), Great Britain,
with a representation of the side-scan survey S1 (downstream to upstream) for a) 27
November 2017, b) 10 December 2019, c) 17 December 2021.d) shows artificial habitat also
imaged on 17 December 2021 (52.738804N, 0.162728W) (Figure 1c). findMaxima output
presented from Imaged.

Figure 6 Median abundance estimated from fish counts in side-scan sonar images of North
Level Drain (52.737735N, 0.148511W), Great Britain, on 27 November 2017, 10 December
2019, and 17 December 2021.

Figure 7 Median fish count near: a) artificial habitats, with partial refuge (A — bamboo), partial
refuge (B — shelter) and complete refuge (C — shelter & bamboo) in the North Level Drain
(52.737735N, 0.148511W), Great Britain, 10—18 December 2020. b) fish accounts across
photo period MD = midday, MN = midnight and c) fish counts during duty pump operation.
Significance between categories indicted by Wilcoxon rank sum (ns = not significant, * = P <
0.05, * =P <0.001).
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Figure 1 a) the location of the study catchment (bottom left) and North Level Drain catchment, (52.737735N, 0.148511W), Great Britain, sampled
on 27 November 2017, 10 December 2019, and 17 December 2021 including side-scan survey reach (blue dotted line). b) representative image
of side-scan sonar survey. c) a schematic representation (not to scale) of the artificial habitat installation, showing the position (52.738804N,
0.162728W) of the structures partial refuge (A — bamboo), partial refuge (B — shelter) and complete refuge (C — shelter & bamboo) with a diagram
of habitat structure (grey shading represents cover, orange circles represent bamboo canes), representation of ARIS insonified window and the

downstream pumping station.
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Figure 2 Photographs of three artificial habitat designs installed upstream of Tydd PS
(52.738804N, 0.162728W) of North Level Drain (52.737735N, 0.148511W), Great Britain, on
10 December 2019. From left to right, partial refuge (A — bamboo), partial refuge (B — shelter)
and complete refuge (C — shelter & bamboo). Inset photo shows bamboo canes installed
through apertures in steel cages. Positions of artificial habitats differ in this photo from the final
installed positions (Figure 1c).
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Figure 3 A representation of fish target extraction method used for enumerating fish in the
side-scan sonar survey images from North Level Drain (52.737735N, 0.148511W), Great
Britain, on 27 November 2017, 10 December 2019, and 17 December 2021. The findMaxima
outputs and counts are generated from ImageJ.
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Figure 4 A schematic representation of artificial habitat structures overlaid on raw multi-beam
sonar images of artificial habitats, taken in position in the artificial drain of North Level Drain
(52.737735N, 0.148511W), Great Britain, 10—-18 December 2020. Upstream arrows are
relative to the position of artificial habitats in Figure 1c. Fish counted in frame, including
estimated size indicated by circled yellow marks.
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Figure 5 Composite image from North Level Drain (562.737735N,0.148511W), Great Britain,
with a representation of the side-scan survey S1 (downstream to upstream) for a) 27
November 2017, b) 10 December 2019, c) 17 December 2021.d) shows artificial habitat also
imaged on 17 December 2021 (52.738804N, 0.162728W) (Figure 1c). findMaxima output
presented from ImageJ.
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Figure 6 Median abundance estimated from fish counts in side-scan sonar images of North
Level Drain (52.737735N, 0.148511W), Great Britain, on 27 November 2017, 10 December

2019, and 17 December 2021.
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Figure 7 Median fish count near: a) artificial habitats, with partial refuge (A — bamboo), partial
refuge (B — shelter) and complete refuge (C — shelter & bamboo) in the North Level Drain
(562.737735N, 0.148511W), Great Britain, 10—18 December 2020. b) fish accounts across
photo period MD = midday, MN = midnight and c) fish counts during duty pump operation.
Significance between categories indicted by Wilcoxon rank sum (ns = not significant, * = P <
0.05, ** =P < 0.001).
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Table S1 Side-scan sonar survey results throughout the study period. Region of Interest (ROI) specifies
where counts were taken on light and dark backgrounds. Total fish count given by findMaxima outputs

(ImageJ).
Total area (m?) n ROls Fish count
Sample year Analysed Light Dark Total Estimated fish abundance
(10 m?)
November 2017 840 6 6 5213 63
December 2019 990 8 4 1474 154
December 2021
(main drain) 0 - - 0 0
(artificial habitats) 0 - - 0 0

Table S2 Multi-beam survey results from artificial habitat sampled on 10 — 18 December 2020.

Artificial habitat (photo

Estimated fish abundance (10 m?)

Hours duty pumped

period) Median Min  Max IQR during sample (%)
Complete refuge 3.21 0 30 8.21 9 (75%)
Dawn 6.78 0.71 1857 8.21 1.50 (37.50%)
Day 0.71 0 285 142 4 (100%)
Dusk 10 214 30 4.64 2 (50%)
Night 1.78 0 12.85 6.07 1.50 (37.50%)
Partial refuge (A) 4.29 0 80.70 5.89 10.75 (89.50%)
Dawn 19.2 0 80.74 22.50 1.25 (31.25%)
Day 1.48 0 12.14 5.17 4 (100%)
Dusk 4.64 0 12.85 3.57 4 (100%)
Night 3.21 0 714 392 1.50 (37.50%)
Partial refuge (B) 3.57 0 72.10 8.04 10.50 (87.50%)
Dawn 13.21 0 47.14 21.25 1.50 (37.50%)
Day 0 0 7214 7.32 2 (50%)
Dusk 3.21 0 18.57 3.75 4 (100%)
Night 2.14 0 12.85 3.57 3 (75%)
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Supplementary Figure 1 (top) pump operations at Tydd pumping station on 10 — 18 December
2020 and (bottom) average daily river level (MAOD) recorded in the River Welland (52.720221
N,-0.141261 W) adjacent to North Level Drain catchment between December 2016 and
December 2021. Vertical grey bars indicate date of side-scan surveys. The blue cross
indicates when artificial habitats were installed upstream of Tydd pumping station, and the
vertical blue lines indicate when the ARIS sonar surveys were performed (inset figure for
clarity).
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Supplementary Figure 2. Composite image from North Level Drain (52.737735N,0.148511W) with a representation of the side-scan survey
(downstream to upstream) for 27 November 2017. The enumeration process is shown as a) — d).
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Supplementary Figure 3. Composite image from North Level Drain (52.737735N,0.148511W) with a representation of the side-scan survey
(downstream to upstream) for 10 December 2019. The enumeration process is shown as a) — d).
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Supplementary Figure 4. Composite image from North Level Drain (52.737735N,0.148511W)
with a representation of the side-scan survey (downstream to upstream) for 17 December
2021. Inset image shows artificial habitat scans.
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