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ARTICLE INFO ABSTRACT

Keywords: Worldwide, rivers are extensively fragmented by anthropogenic structures, reducing longitudinal connectivity,
Habitat fragmentation inhibiting migration and leading to severe declines in many fish populations, especially for diadromous species.
Hydrology However, few studies have determined the effects of annual differences in hydrology on catchment penetration
i/[agf:ggn past barriers to spawning habitats. We investigated the upstream spawning migration of 120 (n = 61 & 59)
River barriers acoustic tagged river lamprey (Lampetra fluviatilis) across two contrasting (dry and wet) years in the River
Telemetry Yorkshire Ouse, England. Overall, significantly more lamprey reached spawning habitat (76% vs 39%) and

penetrated significantly further upstream (median [km] from release, 53.9 vs 16.8) in the wet year than the dry
year. Passage at weirs was almost exclusively during elevated river levels, which directly and collectively
influenced catchment-wide distribution, especially in the dry year. Indeed, higher proportions entered two upper
tributaries in the wet year (9.8% vs 27.1% and 9.8% vs 30.5%), due to increased passage efficiencies at the two
main river weirs (60.5-87.5% and 54.5-83.8%), and reached assumed spawning locations 66.5% and 10.9%
quicker. By contrast, there was no difference in numbers of lamprey entering, or time taken to arrive at assumed
spawning location, in the two lower river tributaries between years. Our study supports the landscape-scale
paradigm for ecosystem restoration because of the observed catchment-level effects of hydrology and barrier
distribution on fish migration. Connectivity restoration for migratory fish should be implemented at a catchment
scale, with planning incorporating spatial information regarding accessibility to key habitats to reap the largest
gains.

1. Introduction

Worldwide, river ecosystems are heavily fragmented and discon-
nected by man-made structures such as dams, weirs and sluices (Grill
et al., 2019; Lehner et al., 2011). Of increasing concern are small river
barriers (Belletti et al., 2020). Over 99.5% of reservoirs globally are
under 0.1 km? in area and these are associated with correspondingly
small dams (Lehner et al., 2011). Low-head river barriers (defined here
as <5 m high) represent around 91% of man-made river barriers in
Europe (Belletti et al., 2020). These widespread structures inhibit the
free movement of aquatic organisms, especially fish (Birnie-Gauvin
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et al., 2017; Wilkes et al., 2019), which can cause recruitment bottle-
necks and, in extreme cases, lead to population crashes or extinction
(Dias et al., 2017). Diadromous migratory species are particularly sus-
ceptible because they must move between marine and freshwater en-
vironments to complete their life cycles, and thus often have to pass
multiple obstacles in order to do so (Lucas and Baras, 2001; Verhelst
et al., 2021). Barriers to movement can cause de-coupling of important
environmental cues and movements as well as biological needs, selec-
tion on specific phenotypes, and alterations to animal behaviour
(Gouskov et al., 2016; Lothian et al., 2020a) resulting in migration de-
lays (Marschall et al., 2011), reducing the number of adults that reach
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spawning grounds (Davies et al., 2021; Drouineau et al., 2018; Segurado
etal., 2015), depleting energy reserves during multiple passage attempts
(Reischel and Bjornn, 2003), and/or resulting in changes to migration
routes (Davies et al., 2022).

Multiple factors determine the effects of anthropogenic river barriers
on catchment connectivity for migratory fish. These include fish
migratory behaviours, the location and characteristics of river barriers,
relative to the distribution of essential habitats, and spatial and temporal
patterns in hydrology mediating connectivity (Rolls et al., 2014; Tor-
gersen et al., 2022). Prevailing flow and river height (‘stage’), and in
particular the difference in water height from below to above a barrier,
are important for upstream migrating fishes to pass low-head weirs
(Jones and Petreman, 2015; Ovidio et al., 2007), especially when access
routes such as fish passes are absent. Elevated flows increase the pass-
ability of weirs by reducing the difference in water height from down-
stream to immediately upstream, and so reduce the amount of time fish
may be delayed, thus aiding connectivity to habitats that are upstream
(Lothian et al., 2020b; Sanz-Ronda et al., 2021; Tummers et al., 2016).
Flows naturally vary on a temporal basis (Arnell and Reynard, 1996),
but in many regions extreme flows, such as floods and droughts, may
become more frequent and prolonged with climate change (Crozier
et al., 2020). In addition, seasonal spates may become asynchronous
with fish migration and biological needs (Crozier et al., 2020), poten-
tially leading to impacts on barrier passage, migration extent and the
ability to complete life cycles (Gauld et al., 2013).

Therefore, there is a need to test hypotheses about how temporal or
spatial differences in river flows alter the cumulative effects of barriers
in catchments on access to, and use of, key habitats, such as those used
for spawning. Nevertheless, few studies have investigated the impacts of
contrasting annual flows on fish spawning migrations, with most being
spatially restricted or having a different focus, such as differences in fish
passage success before and after barrier modifications (Davies et al.,
2021; Izzo et al., 2016). This is important because studies conducted
over a single year could lead to erroneous conclusions, particularly if
extreme hydrological conditions, such as floods or droughts, occur
during the study period. Previously, Gauld et al. (2013) demonstrated
increased delays at weirs, and reduced escapement to sea, of salmonid
smolts in a low-flow year, compared to a normal year. Other studies
have determined the effects of interannual variations in flow on the
out-migration survival of Chinook salmon smolts (Oncorhynchus tsha-
wytscha [Walbaum, 1792]) (Cordoleani et al., 2018; Michel et al., 2015).
Moreover, Keefer et al. (2009b) examined the role of many factors,
including annual river discharge patterns, on upstream, adult Pacific
lamprey (Entosphenus tridentatus [Richardson, 1836]) migration in the
dammed Columbia River. However, seldom do two contrasting extreme
flow years occur consecutively — as they did in this study - to allow the
interactive effects of river discharge and multiple barriers on fish
migration to critical habitat to be tested at a whole catchment scale.
Such information is vital to inform catchment-wide planning and con-
servation of catchments fragmented by low-head barriers worldwide
(Moser et al., 2021; Torgersen et al., 2022).

The European river lamprey (Lampetra fluviatilis [L.]), hereafter
referred to as river lamprey, is an anadromous species of high conser-
vation importance but has declined in abundance across its range due to
several factors, including migration barriers (Clemens et al., 2021). It
spawns on shallow, swiftly-flowing, gravel-bottomed habitats in the
mid-upper reaches of rivers that have nearby backwaters with muddy
bottoms for the larvae (Johnson et al., 2015). Lucas et al. (2009) re-
ported that high river levels were crucial for river lamprey passage at
man-made weirs in the lower river to access spawning habitat further
upstream. Nothwithstanding, direct quanititative evidence of the impact
of hydrology on river lamprey spawning migration at a catchment scale
is limited, with works typically focussed on impacts of individual weirs
(Russon et al., 2011; Tummers et al., 2016, 2018). As river lamprey are
semelparous, do not exhibit natal philopatry (Bracken et al., 2015) and
adults do not feed in fresh water (Maitland, 2003), movements during
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the spawning migration can be assumed primarily to be a trade-off be-
tween energy expenditure, predator avoidance and locating spawning
habitat. As such, upstream migrating adult river lamprey may represent
a “model” species for assessing the impacts of barriers per se and
informing catchment-wide rehabilitation and management during con-
trasting annual flows.

Fish migration studies in fragmented rivers typically focus on the
cumulative effects of consecutive barriers in mainstem rivers (Cas-
tro-Santos et al., 2017; Davies et al., 2021; Keefer et al., 2009a). This
study, by contrast, focusses on a highly dendritic catchment where
anadromous fishes spawn mainly in geographically remote reaches in
barrier-fragmented tributaries with variable hydrological regimes. Thus,
while migrants will encounter multiple barriers, it is extremely unlikely
that any will encounter them all. The aim of this study was to quantify
the collective impact of many man-made weirs in a dendritic catchment
on migrating river lamprey in contrasting, dry (2018/19) and wet
(2019/20), flow years. The timing and acoustic receiver array was
consistent with Jubb et al. (2023a), which compared the movements of
translocated acoustic-tagged lamprey with a control group to assess the
impact of two key barriers on onward migration. Unlike Jubb et al.
(2023a), only lamprey released at the most downstream location were
studied here to explicity focus on the interaction between man-made
weirs and inter-annual variations in hydrology on catchment-wide
migration. To do this, we tested the following hypotheses. Firstly
(H1), the distribution of river lamprey between and within spawning
tributaries is related to the passability of man-made weirs and the in-
fluence of river discharge, with extent of catchment penetration
increased by elevated river levels and therefore, increased barrier
passability. Secondly (H2), the time to access the downstream-most
spawning habitat and assumed spawning location in each tributary
will be reduced in the study period (year) with the highest river levels.
Thirdly (H3), the time to pass individual weirs from release and first
approach, within and between years, is quicker at elevated river levels.
This information is paramount to understand the impact of hydrology on
the passability of barriers for anadromous species, evidence urgently
required for the effective management of catchments fragmented by
low-head weirs worldwide.

2. Methods
2.1. Study site

This study occurred from 1 November-30 April during consecutive
years, 2018/19 and 2019/20, in the Yorkshire Ouse catchment, north
east England (Fig. 1), as in Jubb et al. (2023a). The predominant adult
river lamprey migration period in the Ouse is autumn and winter (Foulds
and Lucas, 2014; Masters et al., 2006) and river lamprey in this locality
commence spawning by April (Jang and Lucas, 2005), meaning that the
study covered the main migration period, including to the time when
river lamprey spawn. The Yorkshire Ouse is one of the major catchments
of the Humber Estuary, which supports one of the UK’s largest river
lamprey populations (a designated feature of the Humber SAC) and a
commercial river lamprey fishery (Foulds and Lucas, 2014). All weirs on
the River Ouse (n = 2, O1 and 02) and River Swale downstream of the
impassable Richmond Falls (n = 2, S1 and S2) were studied, as well as
the downstream-most three weirs on the River Ure (U1-U3) and
downstream-most four weirs on the rivers Nidd (N1-N4) and Wharfe
(W1-W4) (Table S1; AMBER, 2020). Although several of these weirs
have fish passes (Table S1), these are generally not constructed for
lamprey and even so-called ‘lamprey passes‘ or fish passes modified with
studded tiles intended to benefit lamprey passage may not be particu-
larly effective in field conditions (Lothian et al., 2020b; Tummers et al.,
2016, 2018). On the Nidd, N1 is the rubble remains of a dismantled weir.
Downstream of O1 the river is tidal. The median daily discharge in the
main Ouse, measured at Skelton gauging station (15.01 km upstream of
O1), was significantly different between the two study periods
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Fig. 1. The Yorkshire Ouse catchment showing the main tributaries, weirs present, acoustic receiver locations and river lamprey release site.

(Wilcoxon rank sum test: W = 9231.5, p = <0.001), with median daily
discharge in 2018/19 (27.3 m®/s) and 2019/20 (85.8 m®/s) significantly
lower (W = 417,935, p = <0.001) and higher (W = 246,494, p =
<0.001) than the long-term median (50.5 m3/s), respectively. Indeed,
the former was the driest in the last 20 years while the latter was the
second wettest, after 2015/16, during the last 20 years (Fig. 2).

2.2. Lamprey capture, handling and tagging procedure

River lamprey were captured using 40 Apollo II traps (with modified
cod end; ENGEL NETZE, 2022) spread over three locations (2.3 km
[Trap Line 1], 4.1 km [Trap Line 2] and 5.0 km [Trap Line 3] down-
stream of O1). Traps were emptied on seven and six occasions
throughout the 2018/19 and 2019/20 fishing seasons (1 November to
10 December), respectively. These locations were chosen as the river’s
topography enabled traps to be fished effectively over tidal cycles,
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Fig. 2. Mean daily discharge (m3/s) at Skelton Gauging Station on the Yorkshire Ouse from 1 November — 30 April in 2018/19 (black) and 2019/20 (dotted) (top),
and box plots of median daily discharge (1 November — 30 April; m3/s) for the two study years (black) and the remainder of the last 20 years (grey; bottom),

including the long-term median (horizontal dashed line).

whereas this becomes progressively more difficult further downstream.

Following capture, river lamprey were held in aerated, water-filled
containers (120 L) treated with Virkon (0.5 g per 120 L; disinfectant,
provides protection against fish viruses) and Vidalife (10 mL per 120 L;
provides a protective barrier between fish and handling equipment,
reducing friction and abrasion) at R1 (Fig. 1). All river lamprey were
inspected for signs of injury and disease prior to general anaesthesia
with buffered tricaine methanesulphonate (MS-222; 1.6 g per 10 L of
water); only undamaged individuals were acoustic tagged (2018/19
[n =53] = 7.3 x19.5 mm, 1.5/0.7 g in air/water, battery life 132 days
[V7-2 L]; 2018/19 [n = 8] = 8.0 x20.5 mm, 2.0/0.9 g in air/water,
battery life 145 days [V8-4 L]; 2019/20 [n = 59] = 7.3 x21.5 mm, 1.8/
0.9 g in air/water, battery life 197 days; 69 kHz; www.innovasea.com).

After sedation, river lamprey were measured (total length mm) and
weighed (g). River lamprey > 380 mm total length (average weight:
100.2 gin 2018/19; 105.6 g in 2019/20) were tagged with acoustic tags
with the total tag: river lamprey weight burden in air not exceeding
3.1% of fish mass, as per Silva et al. (2017). A tag was implanted into the
body cavity through a small mid-ventral incision, anterior to the first
dorsal fin and the incision closed with an absorbable monofilament
suture (ETHICON; 4-0). After surgery, river lamprey were again held in
treated and aerated, water-filled containers to recover and released
together on the day of capture. River lamprey were tagged in batches
from 7 November to 10 December in both years, with all tagged
(2018/19: n =61, 2019/20: n =59) river lamprey released at R1
(tagging site; 53.835363, —1.129775), 1.54 and 9.14 km downstream of
the Wharfe confluence and O1, respectively (Table S2; Fig. 1) to examine
the impact of hydrology on the full extent of river lamprey migration in
the Yorkshire Ouse and its main tributaries. All river lamprey were

detected moving upstream after release. All river lamprey were treated
in compliance with the UK Animals (Scientific Procedures) Act (ASPA)
(1986) Home Office project licence number PD6C17B56.

2.3. Telemetry receiver array

Acoustic-tagged river lamprey were tracked using 64 omnidirec-
tional acoustic receivers (Innovasea (formerly Vemco) VR2W-69 kHz;
www.innovasea.com), throughout the river lamprey spawning migra-
tion (1 November — 30 April) during both years (Fig. 1). Specifically,
receivers were located from the Cawood release location, in the tidal
Ouse, to upstream of the fourth weir on the rivers Wharfe and Nidd, the
third weir on the River Ure and the second weir on the River Swale,
encompassing each main river confluence (i.e. Ouse and Wharfe, Ouse
and Nidd, and Swale and Ure), trap lines and potential barriers to
migration. Receivers were also located at Maunby on the River Swale,
between the most upstream weir and Richmond Falls, due to the
abundance of potential spawning habitat at this location, and
throughout other potential river lamprey spawning tributaries joining
the Humber estuary (Trent, Aire & Derwent) to detect any river lamprey
movements away from the Ouse. All locations were chosen for effective
reception conditions and ensured receiver detection range encompassed
the width of the river, tested at installation. Receivers furthest down
each of the tributaries were positioned so that they could not detect tags
within the main river. Detection efficiency calculations (using three
sequential receivers to determine the efficiency of the middle receiver)
revealed that missed detections accounted for less than 0.8% of lamprey
movements between receivers across both study years.
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2.4. Data analysis

Telemetry detection data were processed to determine a number of
metrics related to barrier passage timing, delays and success rates,
migration behaviours (timing and duration of transit in reaches between
weirs), timing of arrival at potential spawning sites and final (location at
last detection on receivers at potential spawning habitat and/or location
at last detection before 30 April). All calculated metrics were non-
normal, thus medians were used in analyses. Statistical and box plot
analyses were carried out using R statistical software (version 4.0.2; R
Core Team, 2020) whilst all other data analyses and graphical repre-
sentations were performed in Microsoft Excel (Microsoft Corporation,
2018).

2.4.1. Environmental data

River level (15-min interval; m) and flow (15-min interval; m3/s)
data (where available) were obtained from Environment Agency
gauging stations at Skelton ([m3/s] River Yorkshire Ouse), Tadcaster
(m & m3/s] River Wharfe, 1.06 km upstream of W1), Flint Mill ([m]
River Wharfe, W3), immediately downstream of Naburn Lock ([m] River
Yorkshire Ouse, O1), Skip Bridge ([m & mg/s] River Nidd, 6.74 km
downstream of N1), Hunsingore ([m] River Nidd, 0.29 km upstream of
N2), Moor Monkton ([m] River Yorkshire Ouse, 5.03 km downstream of
02), Boroughbridge ([m] River Ure, 0.26 km downstream of U1),
Westwick ([m & m>/s] River Ure, U2) and Crakehill ([m & m3/s] River
Swale, S1). Since the same hydrometrics were not available for all
gauges, a combination of metrics (i.e. flow and river level) was utilsed.
However, for weirs that had both datasets available, the two metrics
were highly correlated (Tadcaster: Spearman’s rank correlation,
$=1460700000000, rho=0.99, p = <0.01; Skip Bridge:
$=8.85670000000, rho=0.98, p = <0.01; Westwick:
$=5.461200000000, rho=0.95, p = <0.01; Crakehill: S=187975389,
rho=1.0, p = <0.01). Annual (2000/01-2019/20) mean daily discharge
(m3/s) was used to determine the effect of river discharge on river
lamprey migration during the study (1 November — 30 April) (Fig. 2)
with non-parametric Wilcoxon Rank Sum tests used to test the difference
in median daily discharge within each study year to that from 2000/
01-2019/20.

Water temperature data was collected in 1-hour intervals between 6
November to 28 April from the same receiver location in the tidal river
(4.1 km downstream of O1) in both years. Water temperature (median
[25th, 75th percentile]) was warmer in 2018/19 (6.2 °C [5.0, 7.9]) than
2019/20 (5.6 °C [4.8, 7.2]) (W = 9526555, p = <0.01) and was highly
positively correlated between each year (Spearman’s rank correlation,
S= 4516131155, rho=0.66, p = <0.01; Fig. S1). River level was nega-
tively correlated with water temperature (S=137550000000,
rho=-0.41, p = <0.01).

2.4.2. Catchment penetration and barrier passage

Median maximum distance upstream from the release point was
calculated for tagged river lamprey as well as for those entering each
tributary and was compared between the two study years by Wilcoxon
Rank Sum tests. River lamprey were classed as available to approach/
pass a barrier when detected upstream of the previous barrier down-
stream, or in the reach immediately downstream of the barrier. River
lamprey were considered to have approached and passed a weir when
detected sequentially on the receiver immediately downstream and
upstream, respectively. Barrier passage efficiency was defined as the
percentage of river lamprey passing compared to approaching the weir.
A weir retreat was deemed to have occurred when a river lamprey
detected on the receiver immediately downstream of a weir was sub-
sequently detected further downstream. Receivers downstream of W3 on
the River Wharfe, upstream of U1 and U2 on the River Ure and S1 on the
river Swale were lost during exceptionally high flows in 2019/20, and
thus the number of river lamprey that approached or ascended these
weirs was inferred from the number of river lamprey detected on the
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receiver upstream of W3 and downstream of U2, U3 and S2, respec-
tively. Three river lamprey that were recaptured during 2018/19 and re-
released upstream of O1 (n = 2) and O2 (n = 1) to study their onward
migration were excluded from the calculations for barriers downstream
of those points.

For analysis of the final location of tagged river lamprey in relation to
potential river lamprey spawning habitat (riffles; Johnson et al., 2015)
we utilized a 1-km reach scale GIS layer of potential lamprey spawning
habitat (Bubb, 2018; Fig. 1; Table S1). The map layer was overlaid on
the locations of acoustic receivers to calculate the number of sections
containing potentially suitable habitat downstream of each receiver and
hence determine how much potential spawning habitat each tagged
river lamprey had access to.

Tagged river lamprey distribution was recorded in terms of the
tributaries entered and the final location at last detection before 30 April
relative to receivers located at potential spawning habitat. River lam-
prey were recorded to have entered a tributary if they were detected on
any receiver in that tributary. They were last detected in a tributary if
their last detection was on any receiver in that tributary. River lamprey
were recorded as having reached spawning habitat when they were first
detected on a receiver located at potential spawning habitat, whilst the
time taken to reach spawning habitat was the time between release and
first detection at these receivers (Table S1). The final assumed spawning
location of individual river lamprey was inferred from their final
detection in an area with potential spawning habitat before 30 April,
with the time to reach the final assumed spawning location being the
time from release to first detection at the final location within an area of
spawning habitat. River lamprey were deemed to be successful migrants
if they were detected on any receiver located at potential spawning
habitat.

Generalised mixed effects models were constructed, using a negative
binomial distribution (R package ‘lme4’, Bates et al., 2015) to account
for overdispersion of the model, to determine differences in the time to
reach first spawning habitat and time to reach final spawning location.
Year and tributary were used as explanatory variables with release
batches set as random effects for the spawning habitat data model whilst
the number of barriers ascended was also used as an explanatory vari-
able for the spawning location model. Model selection was carried out
using Likelihood Ratio Tests (LRTs) between nested models. One vari-
able was removed after each iteration of the LRT to identify insignificant
variables. The simplist model contained only those variables that were
deemed to significantly contribute to the model.

Chi-squared tests were used to compare river lamprey last detected
in and reaching spawning habitat overall and in each spawning tributary
between years with this also repeated for passage efficiencies between
years for individual weirs. A chi-squared test was also performed on the
number of all lamprey retreating from a weir that entered a different
tributary. Yates’ correction was used on Chi-squared tests to account for
one degree of freedom.

2.4.3. Impact of river level on barrier passage

Since O1 was the first barrier encountered in the main river and was
approached by a large proportion of river lamprey during both years,
passage was compared in the first two months of the tracking period
(November and December) to determine the effect of differences in river
level on passage at the barrier during the early study period. Based on
Environment Agency hydrographic records, O1 was deemed to be
drowned out, and therefore passable, at a river level of 4.91 m (down-
stream river stage greater than the height of the weir crest), measured
immediately downstream of Naburn Lock. Using this value, the number
of tagged river lamprey passing per day when the weir was drowned out
was compared in November and December between these years.

Approach and passage river level (m) at each weir were determined
to the nearest 15-min interval, measured at the closest gauging station to
the weir, as was seasonal (1 November—30 April) percentage exceedance
in each year (Q; Croker et al., 2003) to compare approach and passage
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river level and exceedance between both study periods.
Non-parametric Wilcoxon Rank Sum tests were carried out to
compare the difference in river level during approach and passage at W1
and O1 (as they were the first barriers upstream of release for river
lamprey migrating up the Wharfe or Ouse, respectively) and at N1 and
02 (as they were the second barriers upstream of release for river
lamprey migrating up the Nidd or Ouse, respectively) within each year.
Passage thresholds for O1 and O2 on the main Ouse and the first weir
in each of the four main spawning tributaries were calculated using the
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minimum river level (m; nearest 15-min time interval) at the nearest
gauging station to the weir when passage occurred, except at O1 where
passage threshold was determined as the river level when the weir was
drowned out. Passage window was then calculated as the proportion of
time (days) the river level exceeded the passage threshold at least once
in a 24-h period observed at each weir in 2018/19 and 2019/20 during
the river lamprey migration period (1 November-30 April), as per Jubb
et al. (2023b).
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Fig. 3. The number and location of each acoustic tagged river lamprey last detected in the River Ouse (bottom) and in the rivers Wharfe, Nidd, Ure and Swale
(second bottom to top) during 2018/19 (left) and 2019/20 (right). Vertical dashed and dotted lines represent weirs and confluences, respectively. Codes S1, S2, U1,

U2 etc refer to barriers.
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2.4.4. Time to pass weirs

Passage time was determined as the difference between the first de-
tections on the receivers immediately downstream and upstream of the
weir. Non-parametric Wilcoxon Rank Sum tests were also carried out to
compare the difference in time from release to passage at W1 and O1 and
at N1 and O2 between years as well as for the difference in time from
release to approach U1l and S1 (as they were the third barriers upstream
from release for river lamprey migrating up the Ure or Swale, respec-
tively) and the time from release to pass Ul and S1 after release between
years.

3. Results
3.1. Lamprey distribution and catchment penetration

More river lamprey were last detected in spawning tributaries (32 [1]
=10.829, p = <0.001) and reached spawning habitat (Xz [1] = 15.258,
p = <0.001) during the wet year (2019/20; n =47 [79.7%] & 45
[76.3%]), than the dry year, (2018/19; n = 30 [49.2%] & 24 [39.3%])
(Fig. 3). Median [quartiles] upstream penetration was significantly
further in 2019/20 (53.86 [25.79, 57.81] km) than in 2018/19 (16.77
[8.84, 45.34] km; W = 977, p = <0.001).

Of river lamprey reaching spawning habitat, the largest proportion
were in the River Wharfe in 2018/19 (n = 12, 50.0%) and although
marginally similar to 2018/19 (32 [1] = 3.5219, p = 0.06), the pro-
portion reaching spawning habitat in the Wharfe in 2019/20 (n =11,
24.4%) was less than half of that in 2018/19, despite similar numbers.
Similar proportions of river lamprey also reached spawning habitat in
the rivers Nidd (XZ [1] <0.001, p = 1.0), Ure (x2 [1] =0.741,p = 0.39)
and Swale (X2 [1]1 =0.962, p = 0.33) between study years with the River
Swale having the largest proportion in 2019/20 (n =18, 40.0%)
(Fig. 3). Across study years the percentage of river lamprey entering
each tributary was proportional to the mean daily discharge in each
tributary (Wharfe, Nidd) relative to the discharge in the main river
(Ouse), but not for the Swale tributary compared to the main-channel
Ure (Table 1). Only a small proportion of river lamprey were observed
to retreat from weirs in one tributary and enter a different river and the
prevalence of this behaviour did not differ between years, with five in
2018/19 and four in 2019/20 (Xz [1] = 0.020, p = 0.89). The most
upstream extent of river lamprey migration within each tributary was
similar between years, with only small numbers approaching and
passing the second weirs and no river lamprey approaching the third
weirs in the rivers Wharfe, Nidd and Ure, while there are only two weirs
in the River Swale (Fig. 3; Table 2). Across both years, 50.8% (2018/
19 = 37.7%; 2019/20 = 64.4%) of river lamprey were last detected
immediately downstream of a weir, with 70.5% (2018/19 = 43.5%j;
2019/20 = 86.8%) of these fish last detected downstream of weirs with
associated spawning habitat.

Table 1

The number and percentage of acoustic tagged lamprey entering each of the four
main spawning tributaries (Wharfe, Nidd, Ure and Swale) in the Yorkshire Ouse
compared to migration past the confluence of each tributary in the main river
across both study years and the mean daily discharge in each tributary compared
to relative discharge in the main river from 1 November to 30 April across both
years combined.

Confluence River Number n Discharge m®/s
(n) percentage (m3/s) percentage
(%) (%)

Wharfe®/ Wharfe® 24 20.2 26.4 24.8
Ouse Ouse 95 79.8 80.0 75.2
Nidd"/ Nidd® 11 15.7 13.0 13.9
Ouse Ouse 59 84.3 80.0 86.1
Swale’/Ure  Ure 22 47.8 34.7 55.0
Swale® 24 52.2 28.4 45.0

2 Denotes tributary compared to the main river.
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Table 2

Number of acoustic tagged river lamprey that approached, retreated and passed
(passage efficiency [%]) weirs (codes in Table S1) in the River Yorkshire Ouse
during 2018/19 and 2019/20.

River Weir  Year Available n n n passed
fish approached  retreated (passage
efficiency
[%])
Wharfe w1 2018/ 61 12 2 9 (75%)
19
2019/ 59 11 0 5 (45.5%)
20
w2 2018/ 9 3 0 1 (33.3%)
19
2019/ 5 4 0 3 (75%)
20
w3 2018/ 1
19
2019/ 3
20
Ouse o1 2018/ 61 43 23 26 (60.5%)
19
2019/ 59 48 16 42 (87.5%)
20
02 2018/ 28 22 8 12 (54.5%)
19
2019/ 42 37 6 31 (83.8%)
20
Nidd N1 2018/ 28 3 0 3 (100%)
19
2019/ 42 5 0 5 (100%)
20
N2 2018/ 3 3 0 0 (0.0%)
19
2019/ 5 5 1 1 (20%)
20
N3 2018/ 0O
19
2019/ 1 0
20
Ure Ul 2018/ 13 3 0 2 (66.7%)
19
2019/ 31 13 1 10 *
20 (76.9%)
U2 2018/ 2 2 0 1 (50%)
19
2019/ 10 10 2
20
U3 2018/ 0
19
2019/ 0
20
Swale S1 2018/ 13 4 0 4 (100%)
19
2019/ 31 16 0 11*
20 (68.8%)
S2 2018/ 4 2 0 2 (100%)
19
2019/ 11 11 1 4 (36.4%)
20

*the US weir receivers for Ul, U2 and S1 were lost in the 2019/20 migration
period. No passage efficiency could be inferred for U2 however, minimum
passage rates for Ul and S1 could be inferred based on numbers approaching U2
and S2 further upstream, respectively. Thus, it is possible that passage efficiency
for Ul and S1 were higher than inferred.

There was a significant difference between year (LRT, X2 [1] =
6.0416, p = <0.05) and tributary (LRT, XZ [3] =61.47, p = <0.001) on
the time taken to reach spawning habitat, with river lamprey reaching
spawning habitat in the rivers Wharfe, Nidd, Ure and Swale significantly
quicker in 2019/20 than 2018/19 (Fig. 4, left). There was also a sig-
nificant difference between years on the time taken to reach the final
assumed spawning location in the rivers Ure and Swale, with river
lamprey reaching assumed spawning location after ascending three to
four barriers (rivers Ure and Swale) significantly quicker in 2019/20
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Fig. 4. Box plots of time taken by acoustic tagged river lamprey to reach the first section of potential spawning habitat (left) and their assumed final spawning
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than 2018/19 (LRT: Xz [1] = 4.33, p = 0.037) but not when ascending
zero to two barriers (LRT: x2 [1] = 0.003, p = 0.95; predominantly in
the rivers Wharfe and Nidd) (Fig. 4, right).

Overall, passage efficiency was highly variable between weirs and
years, and the only weir with 100% passage efficiency in both years was
the partially demolished N1 whilst the lowest passage efficiencies were
found at N2 (Table 2). Passage efficiency at O1 and O2 increased from
60.5% to 87.5% (Xz [1] =7.4043, p = 0.006) and 54.5-83.8% (X2 [1]=
4.5799 p = 0.03), respectively, in 2018/19 and 2019/20. By contrast,
although passage efficiency decreased at S1, S2 and W1 from 2018/
19-2019/20 (Table 2), no difference was significant (S1: x2 [11=0.417,
p = 0.52; $2: ¥ [1] = 0.79, p = 0.37; W1: ¥ [1] = 1.05, p = 0.31).

3.2. Weir passage time and environmental conditions

River lamprey approached O1 and W1 across a wide range of river
levels in both years (Table S3; Fig. 5; Fig. S2). River level during passage
was higher than during approach at both O1 (2018/19: W = 1076,
p = <0.01; 2019/20: W = 1698.5, p = <0.01) and W1 (2018/19: W =
108, p=< 0.01; 2019/20: W = 54.5, p=<0.01) in both years
(Table S3; Fig. 5; Fig. 52). Time from release to passage was shorter at
01 in 2019/20 than 2018/19 (W = 816, p = <0.01) at W1 (W = 37,
p = 0.06) (Fig. 6). Similarly, time to pass after first approach was shorter
at O1 in 2019/20 than 2018/19 (W = 889, p = <0.01) and at W1 (W =
37, p = 0.06) (Fig. 6). Indeed, in 2018/19, only 16 of the 26 (61.5%)
river lamprey that passed Ol did so before the end of December in
contrast to 39 of the 42 (92.9%) in 2019/20 (Fig. 5; Fig. S2). Moreover,
the number of days Ol was drowned out during November and
December was 33 in 2018/19 and 56 in 2019/20, culminating in 0.48
and 0.70 passages per day during these months in 2018/19 and 2019/
20, respectively.

River lamprey that passed O1 were available to approach O2 and N1,
and approach time was very short at both weirs in both years (Fig. 6).
Given this, and the fact that river lamprey passed O1 when river levels
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were elevated, river levels during first approach to O2 and N1 were also
high (Table S3; Fig. 5; Fig. S2). Furthermore, river level during all ap-
proaches did not differ from river level during passage at 02 (2018/19:
W =177,p = 0.1; 2019/20: W = 689, p = 0.16) and N1 (2018/19: W =
4.5, p=1;2019/20: W = 11.5, p = 0.92) in each year. Indeed, all fish
that passed N1 (partially demolished weir) did so within 0.03 days of
their first approach and river levels during their first approach and
passage did not differ by more than 0.03 m. Time from release to passage
was shorter at 02 in 2019/20 than 2018/19 (W = 283, p = <0.01) but
time to pass after first approach was similar between years (W = 178,
p = 0.84) (Fig. 6).

River lamprey that passed O1 and O2 were available to approach Ul
and S1, and approach time was very short at both weirs in both years
(Fig. 6). River lamprey approached and passed Ul on some of the
highest river levels during 2018/19, predominantly in March 2019
(Table S3; Fig. 5; Fig. S2). In 2019/20, approach and passage at Ul
occurred over a wider range of elevated river levels from November to
February (Table S3; Fig. 5; Fig. S2). Time to approach U1 was shorter in
2019/20 (W =32, p = 0.1) and time from release to passage was shorter
in 2019/20 than 2018/19 (W = 20, p = 0.04) (Fig. 6). By contrast, river
lamprey approached S1 during high river levels in both years and in
similar times after release (W = 42, p = 0.37) (Table S3; Fig. 5; Fig. S2;
Fig. 6). Passage at S1 occurred across a wider range of river levels in
2019/20 than 2018/19 (Table S3; Fig. 5; Fig. S2) but took a similar time
after release (W = 24, p = 0.84) (Fig. 6). There was no evidence that
passage was impeded above certain river levels, as passage occurred at
Q3.0 and under at all weirs (01 = Q1.9 [2018/19], 02 = Qg4 [2018/19],
W1 = Q1,0 [2018/19], N1 = Q3 [2018/19], Ul = Q2o [2018/19],
S1 = Qo.4 [2019/20]; Fig. 5).

Passage window during the river lamprey migration period (1
November—30 April) varied between both weirs and years. The passage
window ranged from 12.7% at W1 to 84.0% at S1 in 2018/19 and from
29.7% to 92.9% at the same weirs in 2019/20 (Fig. S3). Weir S1 had a
low passage threshold (0.309 m) and thus large passage windows
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and when available to pass (bottom, right) for individual river lamprey at barriers W1 (first Wharfe barrier), O1 (first main river barrier), N1 (first Nidd barrier), 02
(second main river barrier), Ul (first Ure barrier) and S1 (first Swale barrier) during 2018/19 (18) and 2019/20 (19).
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relative to the other weirs, with O1 having the second largest passage
windows in both 2018/19 (38.7%) and 2019/20 (62.1%) (Fig. S3).
Passage windows more than doubled between the dry and wet year at
W1, N1, O2 and U2 but despite this, the passage window was still less
than 50% at W1, N1 and U2 (Fig. S3).

4. Discussion

Many studies have examined the impact of hydrology on fish
migration in fragmented river catchments (Cordoleani et al., 2018;
Gauld et al., 2013; Keefer et al., 2009b; Michel et al., 2015) but seldom
do two contrasting extreme flow years occur consecutively and allow a
thorough understanding of catchment-wide migration. For the first time,
this study has demonstrated the importance of elevated river levels on
catchment-wide migration for a fish species of high conservation value
across consecutive and highly contrasting (dry and wet) years; evidence
paramount to inform catchment-wide management and conservation.
Hydrology had a direct influence on the catchment-wide distribution of
spawning adults, with passage at all weirs (except N1 [partially
demolished] and S1) in both years almost exclusively restricted to pe-
riods of elevated river level, supporting our hypothesis (H1). Median
upstream catchment penetration increased 3.2-fold, and the proportion
of river lamprey reaching spawning habitat almost doubled, in the wet
year compared to the dry one. Elevated river levels are known to
reconnect habitat upstream of barriers (Lothian et al., 2020b; Tummers
et al., 2016) and facilitate migration of river lamprey further upstream
than is possible during dry years.

The numbers of river lamprey that entered the first tributaries up-
stream of the release site, namely rivers Wharfe and Nidd, which are
downstream and upstream of O1, respectively, were similar between
years and proportional to their discharge relative to the main river.
Discharge has also been shown to influence the numbers of sea lamprey
(Petromyzon marinus [L.]) entering spawning streams in the Great Lakes
(Morman et al., 1980). Morevover, river lamprey do not home to natal
spawning grounds (Bracken et al., 2015), but like several other species
of lamprey, may enter tributaries based on a pheromone cue from larvae
upstream (Johnson et al., 2015). Choice of migration route to enter a
tributary could, therefore, be determined by odour cues including larval
pheromone concentration, by a direct rheotaxic response, or by a com-
bination of these and other cues. The mechanisms underpinning choice
of whether to ascend a tributary or continue up the main river remain to
be determined for river lamprey, but multiple environmental cues are
used in many fish species (Lucas and Baras, 2001), including several
lamprey species (Moser et al., 2015). Almost half of the river lamprey
reaching spawning habitats in the dry year (2018/19) did so in the River
Wharfe, and thus the Wharfe may represent a source of recruitment that
supports the population in dry years when fewer river lamprey reach
spawning habitat in other tributaries, highlighting the importance of
removing barriers to migration in lower river sections, particularly for
anadromous species. River lamprey also reached the first area of po-
tential spawning habitat in the River Wharfe quickly as there are no
weirs downstream, unlike in the other tributaries. River lamprey
spawning low down in the catchment migrate shorter distances, and so
may be conspicuous to predators for less time until spawning, particu-
larly since they spend long periods refuging in tree roots, woody debris
and under boulders when not migrating (Aronsuu et al., 2015; Moser
et al., 2021; M. Lucas unpubl. data). However, those river lamprey
spawning further up the catchment may deposit eggs in localities with
reduced larval densities and lower competition, and provide larvae with
greater opportunities to drift and disperse to better quality larval habitat
(Stone and Barndt, 2005; Torgersen and Close, 2004).

Elevated river levels in the wet year increased passage efficiency at
two weirs, O1 and O2, on the lower main river, which concomitantly
increased the number of river lamprey that entered the two major
spawning tributaries furthest upstream (Ure and Swale), by more than
2.5 times. Previously the impact of individual weirs on river lamprey
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migration have been demonstrated when investigating fish pass per-
formance (Foulds and Lucas, 2013; Tummers et al., 2016) and numerous
studies have identified abiotic, individual and behavioural factors that
affect barrier passage rates for other anadromous species (Castro-Santos
et al., 2017; Goerig et al., 2020; Kirk and Caudill, 2017; Newton et al.,
2018). Furthermore, weak or missing cohorts of river lamprey larvae
have only been retrospectively linked to low river levels exacerbating
the effects of migration barriers (Nunn et al., 2008). Crucially, we pro-
vide direct evidence that restricted passage at multiple barriers had
consequences on the catchment-wide distribution of spawning adults, as
hypothesized (H1), and thus effective conservation needs to remediate
fragmentation at a catchment scale (Birnie-Gauvin et al., 2020; Tor-
gersen et al., 2022). Nevertheless, what constitutes an effective fish pass
for river lamprey is poorly understood, with current studded tile con-
figurations, Larinier passes and many other technical fish passes not fit
for purpose for this species (Foulds and Lucas, 2013; Kemp et al., 2011;
Lothian et al., 2020b; Tummers et al., 2016; Vowles et al., 2017).
Instead, high-discharge, low-gradient vertical slot and nature-like fish
passes (peak velocities not exceeding 1 m/s) are currently considered
the only effective options (Adam, 2012; Aronsuu et al., 2015; Foulds and
Lucas, 2013). In this study, because of the limited spatial resolution of
acoustic telemetry with omnidirectional acoustic receivers, we were
unable to determine whether river lamprey passed barriers with fish-
ways by direct traversal of the barrier or by the fishway. However, other
studies have shown direct traversal of weirs during elevated flows,
rather than use of fishways, tends to be more important for passage by
river lamprey (Lucas et al., 2009; Tummers et al., 2018).

Upstream migrating adult river lamprey enter rivers from late sum-
mer and spawn the following spring (Clemens et al., 2021; Maitland,
2003). Like many anadromous species (Smith, 2012), river lamprey are
reported to move upstream during this migration window when river
levels are elevated and water clarity is reduced, potentially to reduce
predation risk (Silva et al., 2017). In this study, the time to pass the first
man-made barrier in the lower river (W1 or O1) from both release and
first approach was significantly shorter in the wet year, as hypothesised
(H3). Indeed, 92.9% of the 42 river lamprey that passed O1 in the wet
year did so in November and December compared to 61.5% of 26 in the
dry year. The magnitude of elevated river levels in these months was
similar between years, but the cumulative number of days O1 was
drowned out (and thus much more passable) was 56 in the wet year
(0.70 passages per day) and 33 in the dry year (0.48 passages per day).
Therefore, while others have also reported that weirs are difficult to pass
until drowned out for both river (Lothian et al., 2020b; Tummers et al.,
2016) and sea lamprey (Davies et al., 2021), here the duration of the
passage opportunity, not just the magnitude, was important for passage.

At weirs upstream of O1 (i.e., 02, N1, S1 and U1), there were no
significant differences in passage times from first approach between
years, and flows during first approach and passage were similar within
each year. Superficially, these findings appear to contradict our hy-
pothesis (H3) regarding the importance of high water level for weir
passage, but approach to these weirs was mediated by passage during
elevated river level at the previous weir downstream (i.e. O1 or 02) and
thus there were passage opportunities on first approach. Indeed, time
from release to passage was significantly shorter at O1, O2 and U1, and
marginally insignificant at W1, in the wet year and river lamprey that
entered the rivers Ure and Swale also reached their assumed spawning
location quicker in the wet year, supporting our hypothesis (H2). Thus,
elevated river levels reduced the cumulative impacts of multiple barriers
on both the timing and success of individual river lamprey migrations.
Migration delays at weirs in dry years may lead to multiple passage
attempts, which can have negative implications on energy reserves
(Reischel and Bjornn, 2003), or river lamprey may have switched from a
migratory state to a sedentary state, “waiting” for favourable passage
conditions (Kirk and Caudill, 2017). Ultimately, all intact weirs were
barriers to a certain extent but the specific barrier impacts observed
were not equal due to temporal variations in hydrology and their
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location in the catchment, as also shown by Rolls et al. (2014). Only by
studying all the weirs river lamprey encountered at the catchment scale
was it possible to disentangle their collective impacts on the river lam-
prey population in the Yorkshire Ouse.

The median upstream penetration of river lamprey in the Ouse
catchment was 3.2 times greater in the wet year, although the absolute
limits of tributary penetration were similar between years. This is
similar to Tetzlaff et al. (2008), who found that the number of Atlantic
salmon (Salmo salar L.) that reached the same extent of upstream
catchment penetration was higher during wet years. Here, the limits of
penetration were seemingly not attributed to anthropogenic barriers;
the most upstream detection was not downstream of a weir in all of the
tributaries studied and were reached before the usual spawning time of
lamprey in this locality. Atlantic salmon typically cease their migration
when reaching natal spawning habitat, irrespective of connected habitat
further upstream (Thorstad et al., 2010) and adult sea lamprey also tend
to avoid swimming in waters that lack larval odour (Wagner et al.,
2009). Overall, the findings of our study suggests that river lamprey
cease their upstream migration once adequate spawning habitat has
been reached, or where there is an upstream limit of potential phero-
mone cue attracting upstream migrating adults (Johnson et al., 2015).
The latter could occur if river lamprey have become locally extirpated
from the upper reaches due to fragmentation by barriers or historic
pollution incidents, although it should be noted that all of the tributaries
studied have large populations of brook lamprey (Lampetra planeri
[Bloch, 17841]), a very closely related species, in their upstream reaches
(Bracken et al., 2015), also providing potential heterospecific larval
odour cues.

Fish migration timings are determined by many abiotic factors with
water temperature, as well as flows, day length and lunar cycle, acting as
a timer or trigger for the onset and maintenance of fish migration (Lucas
and Baras, 2001). Furthermore, maximum attainable swimming speeds
are generally positively correlated with water temperature within the
thermal tolerance range of a fish (Lucas and Baras, 2001; Videler and
Wardle, 1991). Therefore, water temperature could control the start of
the migration period and influence swimming capacity in autumn/early
winter (Bayse et al., 2019). However, water temperature may have less
impact and/or influence motivation to ascend barriers later in the
migration period, especially if approaching the temperature required for
spawning (Goerig and Castro-Santos, 2017). Generally, in temperate
oceanic climates such as the UK, dry winters are associated with cold
temperatures whereas wet winters are associated with warmer tem-
peratures, and thus it is difficult to disentangle the influence of hy-
drology and temperature on migration. Here, the two study years had
highly contrasting hydrology, but water temperature was higher in the
dry year, and water temperature was negatively correlated with river
level. Consequently, this study found that hydrology was the significant
factor influencing catchment-wide migration, rather than temperature.
This is further supported by the findings of previous studies by Foulds
and Lucas (2013) and Tummers et al. (2016) & (2018), where no effect,
or limited effects, of water temperature on river lamprey passage
attempt frequency were found, again suggesting that river flow (level)
was the dominant factor affecting river lamprey passage.

Biotic and abiotic processes, such as individual size, spawning
habitat availability and spawner and larvae abundance, may also impact
migration dynamics and extent. This is supported by Keefer et al.
(2009a), where the largest Pacific lamprey individuals had 2-4 times
more passage success than the smallest. However, Tummers et al. (2018)
and Jubb et al. (2023a) found no/limited evidence of a size effect on
passage success for river lamprey, possibly due to site-specific differ-
ences in physical and hydrological conditions. Nevertheless, spawning
habitat availability and larvae abundance have been suggested to play a
major role in determining migration dynamics by promoting entrance
and increasing penetration into a tributary with the most abundant and
easily accessible spawning habitat and thus, potentially the tributary
harbouring greater abundance of lamprey larvae (Jubb et al., 2023a).
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Overall, the findings of this and previous studies highlights the
complexity around lamprey migration with further studies around the
impact of biotic and abiotic processes on migratory timings and extent
are recommended.

Anadromous species that do not, or cannot, pass a specific barrier can
either retreat and search for alternative migration routes (Holbrook
et al., 2016; Rooney et al., 2015), or use spawning habitats downstream
or in accessible tributaries. Davies et al. (2022) revealed that up to 100%
of sea lamprey retreating from weirs explored alternative upstream
migration routes, entering different tributaries downstream of the weir,
but increased river discharge reduced retreat rates. During this study,
very few river lamprey retreated from a weir and were last detected in
another tributary, and the frequency of this behaviour was similar be-
tween years with contrasting hydrological conditions (2018/19 = 5,
2019/20 = 4). This suggests that weirs do not influence river lamprey
entrance into tributaries downstream but do determine the numbers
available to enter tributaries upstream. Ultimately, river lamprey that
did not pass upstream of weirs had contrasting fates with no known
spawning habitat in the Ouse downstream of O1 and 02, and thus river
lamprey that did not pass these weirs, but did not enter the Wharfe, were
prevented from reaching spawning habitat, resulting in zero fitness.
Whereas at all other weirs, spawning habitat was present downstream
and river lamprey unable to pass these weirs were still able to access
spawning habitat. Overall, 50.8% of tagged river lamprey were last
detected immediately downstream of a weir, with 70.5% of these fish
last detected downstream of weirs with associated spawning habitat.
Spawning habitat in the lower reaches of Ouse tributaries was often
restricted to the 1-km reach immediately downstream of weirs, partic-
ularly in the Wharfe, and at the two most downstream weirs on the Ure.
It was beyond the scope of this study to quantify reproductive success of
tagged individuals or productivity of specific spawning reaches. How-
ever, Lucas et al. (2009) showed that, in a fragmented spawning tribu-
tary, 98% of river lamprey spawning activity occurred in gravel habitat
fragments immediately downstream of weirs, and highlighted the
threats to localised aggregations of spawners. In our study, it was also
feasible that some river lamprey did not pass weirs because they were
predated upon during delays, when congregated below barriers (Evans
etal., 2016). Weir pools have been shown to be hazardous environments
where predators are abundant (Tummers et al., 2016; Zabel et al., 2008)
with 53.3% (16/30) and 54.5% (6/11) of river lamprey last detected
downstream of O1 or O2 disappearing from the weir pools at O1 (2018:
n=17;2019:n=1)and 02 (2018: n = 9; 2019: n = 5) in 2018/19 and
2019/20, respectively. Indeed, the number of piscivorous birds counted
downstream of O1 increased with each visit during November to
December, with over 50 goosander (Mergus merganser [Linnaeus, 1758])
individuals recorded on one visit alone, and predated river lamprey
remains were commonly found (A Lothian, pers. Obs.).

Passage windows varied between weirs throughout the catchment
and between the dry and wet study years, which likely represent the
worst and best-case scenarios for catchment-wide migration, respec-
tively. Passage windows in intermediate years, which by definition
concern most years, will likely be between the years studied here.
Notwithstanding, the passage windows during a dry year in the York-
shire Ouse tended to exceed those found during a wet year in the River
Trent, the other main tributary to the Humber catchment (Jubb et al.,
2023b). Furthermore, an assessment of historic passage opportunity in
the River Trent revealed passage at the most downstream man-made
weir was possible for less than 3.4% of the migration period in over
half (11 years) of the last 21 years, including seven years when the
minimum passage level was not reached (Jubb et al., 2023b). Thus
further examplifying the importance of understanding the influence of
hydrology on catchment-wide migration, especially as hydrology is
likely to be further impacted by climate change in the future (Crozier
et al., 2020).

When considering the findings of this research in the context of
longutidinal connectivity at a catchment-scale, there may be non-fish
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specific considerations such as navigation and flood defence that dictate
options for barrier remediation (Birnie-Gauvin et al., 2017). Barrier
remediation typically ranges from the installation of fish passes (Tum-
mers et al.,, 2016; Wilkes et al., 2019) to the lowering or complete
removal of barriers (Birnie-Gauvin et al., 2018). Weir removal is the
preferred option to reconnect habitats, reducing ponding at barrier sites
and augmenting the accessible spawning habitat (Garcia de Leaniz,
2008). Weir removal has many positive benefits, such as restoring nat-
ural spawning and rearing habitats at reconnected sites, diversifying and
improving flow and instream habitats (Birnie-Gauvin, 2020; Im et al.,
2011). However, it must be noted that barrier removal can change the
dominant species upstream when flow regimes, and subsequently river
bed substrate, are altered (Im et al., 2011). Despite this, societal uses of
river barriers for purposes such as navigation mean that complete bar-
rier removal is often not possible (Birnie-Gauvin et al., 2020). Thus,
other remediation measures are required.

In recent years, the importance of catchment wide connectivity
restoration has become increasingly understood (Garcia de Leaniz and
O’Hanley, 2022; Torgersen et al., 2022). Nevertheless, previous catch-
ment wide barrier remediation prioritisation studies have typically been
desk based and employed expert judgement (King et al., 2022; Nunn and
Cowx, 2012), failing to account for real-life fish movements and
behaviour around barriers and throughout the catchment (but see Jubb
et al., 2023b). Consequently, incorporating our telemetry-derived fish
movement and barrier passage findings (including the numbers of fish
entering spawning tributaries, approaching and ascending barriers and
spawning habitat access) into a catchment-scale hydrological (1-D or
2-D) model would be extremely beneficial for catchment wide barrier
remediation prioritisation (Lane and Ferguson, 2004; Shaw et al., 2016).
Hence, our study could inform barrier modification at multiple locations
and enable planning of the impacts of river flow on access to habitat if
several barriers are removed or lowered, or access is improved by fish
passes through the application of telemetry-derived fish behaviour
patterns. Moreover, this information is crucial for management, specif-
ically for the successful implementation of conservation, restoration and
monitoring programs of threatened species (Torgersen et al., 2022).

4.1. Conclusions and recommendations

River lamprey spawn only once and do not home or feed during their
only spawning migration and thus are an ideal model species to assess
the collective impact of man-made barriers on fish migration at a
catchment-scale. Median upstream catchment penetration and propor-
tion of river lamprey accessing spawning habitat were 3.2 and 1.9-fold
higher, respectively, in a wet year than a dry year. Passage at man-
made weirs was heavily restricted to episodic high-flow events which
had a major influence on the catchment-wide distribution of spawners,
especially during the dry year. Weir passage rates increased in the wet
year, but a substantial proportion (24%) of river lamprey still did not
reach spawning grounds and long passage times were still evident. Our
study demonstrates the catchment-scale consequences of barriers and
fragmentation on fish migration, to inform catchment-wide planning
and conservation. Increasingly it is understood that connectivity resto-
ration needs to be carried out at the catchment scale (Garcia de Leaniz
and O’Hanley, 2022; Torgersen et al., 2022). The most downstream
weirs on the Ouse and in each tributary were shown to have the greatest
impact on successful spawning migrations and thus the most down-
stream weirs should be prioritised for remediation, especially given the
small amount of spawning habitat downstream. However, we suggest
that our data with regard to cumulative passage effects across multiple
barriers could be incorporated into a catchment-scale hydrological
model to better inform options for barrier modification at multiple lo-
cations (Lane and Ferguson, 2004; Shaw et al., 2016). Efforts to reme-
diate barrier passage should be implemented at a catchment scale, with
planning incorporating rates of fish approach and passage, as well as the
distribution of spawning habitat, in order to reap the largest gains. For
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river lamprey this may entail lowering or removal of barriers, or the
provision of effective bypasses or fishways designed to be suitable for
river lamprey. Altogether, the findings from this catchment-wide
telemetry investigation into two highly contrasting flow years illus-
trate the strong influence of hydrology and man-made barriers on up-
stream anadromous fish migration; evidence that is key for sensitive
catchment management.
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