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Abstract

Anthropogenic barriers are widely known to negatively impact the spawning migra-
tions of anadromous fishes, by delaying or preventing passage upstream. Although
the impacts of barriers on emigrating post-spawned adults are less well studied, they
could potentially impact the fitness and subsequent return rates of iteroparous spe-
cies. In this study, passive acoustic telemetry was used to track the emigrations of
53 twaite shad Alosa fallax in the River Severn basin in their first spawning migration
a year after being tagged, giving insights into their emigration movements and the
impacts of anthropogenic weirs on these movements. A. fallax began their emigra-
tions after spending varying amounts of time and migrating various distances within
the river, with late-emigrating individuals moving fastest and most directly. Emigra-
tions became faster and more direct the further downstream individuals were from
their furthest upstream extent. Downstream passage delays at weirs increased emi-
gration times by a median of 61%, with environmental conditions (i.e., temperature,
flow, and tidal influence on river level) having little influence on downstream passage
at weirs with no modifications to facilitate fish passage. As weir-induced emigration
delays are suggested to deplete energy reserves (when energy levels are already
depleted post-spawning), limit spawning opportunities (by preventing access to
downstream spawning habitat), and expose individuals to increased predation risk
and suboptimal conditions (e.g., high temperatures), these delays can potentially
diminish the benefits of iteroparity. The evidence presented here suggests that more
consideration should be given to the potential impacts of anthropogenic barriers on
the emigrations of iteroparous species when assessing river connectivity or under-

taking barrier mitigation.
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1 | INTRODUCTION

Anadromous fishes spend the majority of their adult lives in marine
environments, only migrating back into fresh water to spawn in habi-
tats that might be far inland, with iteroparous species potentially
doing this on multiple occasions (Aprahamian et al., 2003; Birnie-
Gauvin et al., 2021; Davies et al., 2020). Centuries of human modifica-
tions of rivers have resulted in altered flow regimes and fragmentation
due to barriers (Belletti et al., 2020), which have contributed to long-
term declines in anadromous fish populations (Aprahamian &
Aprahamian, 1990; Le Pichon et al., 2020), with all 16 long- or mid-
distance European anadromous species adversely impacted by
barriers (van Puijenbroek et al., 2019). Population declines of migra-
tory species have been severe in recent decades, with reductions of
up to 93% in European migratory freshwater fish populations
between 1970 and 2016 (Deinet et al., 2020).

Whether a species exhibits a semelparous or iteroparous life his-
tory can depend on the inter-annual variability in spawning success
and survival, with low variability favoring a semelparous life history,
whereas high variability favors an iteroparous strategy (Ranta
et al., 2002). These two strategies can coexist within a single species,
as exhibited by two North Atlantic anadromous Alosa species: twaite
shad Alosa fallax (Lacépéde 1803) and American shad Alosa sapidissima
Wilson 1811 (Aprahamian et al., 2003; Hasselman et al., 2013). High
variability in environmental conditions in their spawning rivers at
higher latitudes results in iteroparous populations, whereas more sta-
ble conditions at lower latitudes result in semelparous populations
(Hasselman et al., 2013; Ranta et al., 2002). The benefits of iteroparity
include higher lifetime fecundity for iteroparous individuals compared
to semelparous individuals. Despite having lower reproductive success
in their first spawning season, as observed in steelhead Oncorhynchus
mykiss Walbaum 1792 (Christie et al., 2018), iteroparous individuals
can compensate for poor reproductive success in their first spawning
season in future spawning seasons, whereas semelparous individuals
cannot (Hasselman et al.,, 2013; Ranta et al., 2002). The spawning
migrations of semelparous anadromous fishes are generally upstream
only, whereas iteroparous species that survive spawning must then
emigrate downstream to return to marine feeding grounds
(Aprahamian et al., 2003; Walter & Olney, 2003). These emigrations
from fresh water may require individuals to pass multiple barriers in a
downstream direction, despite already having passed them during
their upstream migration. Emigration occurs post-spawning, at which
point body condition is likely to be poor (Walter & Olney, 2003),
which can have important carryover consequences for survival and
fitness (Baktoft et al., 2020; Boe et al., 2022). For example, in post-
spawned Atlantic salmon Salmo salar L. 1758, emigrating fish with rel-
atively high lipid densities had higher subsequent river return rates
than those with low lipid densities (Boe et al., 2022). Where the
fitness impacts of encountering barriers during these downstream
migrations are high, there is the potential for them to diminish
the benefits of iteroparity, for example, by causing high mortality rates
in delayed individuals (Baktoft et al., 2020; Castro-Santos &
Letcher, 2010).
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FIGURE 1 Map showing the River Severn study area, featuring
the (a) weir locations (black rectangles) and acoustic receivers (circles),
where point color relates to Upper (purple), Middle (orange), and
Lower (green) “unobstructed reach” (as defined in Table 2), and
outside of named reaches (white). Environment Agency gauging
station locations (red square) are also marked. The normal tidal limit
(NTL) is located at weirs S1a and S1b. (b) The locations of acoustic
receivers in the context of weirs S1a and S1b located on the
bifurcated channel; and (c) the location of the study area in the
context of Great Britain and Ireland and the neighboring River Wye.

Studies on the riverine emigrations of diadromous fishes have
focused mainly on juvenile anadromous species, such as salmonid
smolts, and silver eel forms of catadromous European eel Anguilla
anguilla L. 1758. In S. salar, where smolts have to pass through novel
environments, such as standing bodies of water located within river
systems, high mortality rates are often incurred through predation, as
individuals struggle to navigate downstream (Hanssen et al., 2022;
Lilly et al., 2022). Anthropogenic barriers can severely impede the riv-
erine emigration of the silver form of A. anguilla, with the presence of
multiple passage routes at the Bois Joli Dam on the Frémur River,
France, resulting in migration delays of varying duration (median
delays: 1.1-16 days) (Trancart et al., 2020). In a hydropower regulated
river, S. salar kelt survival was reduced by approximately 20% by dam
presence, where emigration delays were of approximately 6 days
(Babin et al., 2021). For post-spawned S. salar kelts passing freshwater
hydropower plants, the consequent migration delays depleted their
remaining energy reserves (Baktoft et al., 2020).

Although large dams are strongly associated with causing sub-
stantial fragmentation, low-head barriers (<5 m) also represent a major
barrier to fish migration (Jones et al., 2019) and account for most in-

river barriers globally (Grill et al., 2019). Where downstream migrating
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fish approach these low-head barriers, they can encounter relatively
high hydraulic head (height difference of water level upstream and
downstream), high velocity gradients, and shallow head of water
above weir crests (Trancart et al., 2020; Vallazza et al., 2021; Vowles
et al., 2014). Reductions in the hydraulic head across weirs have
increased the passage probability of bighead carps Hypophthal-
michthys spp. Bleeker 1860 (Vallazza et al., 2021). When high-velocity
gradients are encountered at weirs, fish often express avoidance
behaviors, such as positive rheotaxis (facing against flow) and swim-
ming upstream against the flow (Haro et al, 1998; Russon &
Kemp, 2011; Vowles et al., 2014). For example, fish passage has been
measured as significantly slower over weirs than passive particles,
suggesting avoidance, with S. salar smolts' passage delays at weirs
being significantly related to the velocity gradient of water across the
structure, with longer delays occurring at higher velocities (Haro
et al., 1998).

The River Severn, Western Britain, is an important population
stronghold for A. fallax, an iteroparous fish species that is increasingly
threatened across its range (north-eastern Atlantic and Mediterra-
nean) (Aprahamian et al., 2003; Mota et al, 2016; Rambonilaza
et al., 2023). Substantial declines are apparent in their populations,
driven at least in part by river fragmentation and overexploitation
(Aprahamian et al., 2003; Degroot, 1990). Their population declines
have resulted in the species having international conservation
designations (e.g., on Annex Il and V of the European Union Habitats
Directive [Council of the European Communities, 1992]). As previous-
spawned fish can represent over 50% of the spawning run in the
northern part of their range (Aprahamian et al., 2003), successful emi-
gration is important for population sustainability. The lower River
Severn is highly fragmented by a series of low-head navigation weirs
(Figure 1), and upstream migrants must pass at least one weir to reach
suitable spawning habitat. The weirs located furthest downstream
have high upstream passage efficiencies (~100% of returners in 2019
and 2020), with a high proportion of migrating shad passing upstream
of at least two weirs (64% and 82% of returners in 2019 and 2020,
respectively) (Davies et al., 2023). Despite this relatively high passage
rate, the weirs do incur delays in the upstream passage of both
A. fallax (Davies et al., 2023) and semelparous sea lamprey Petromyzon
marinus L. 1758 (Davies et al., 2021, 2022). The effects of these weirs
on the emigration of post-spawned A. fallax are, however, unknown.
Although these weirs can be drowned out during periods of elevated
flow and, for weirs located in tidal areas, during periods of high tidal
influence, emigrating A. fallax must pass these weirs in early summer
(primarily in May and June) when river flows are reduced and water
temperatures increase. Moreover, these emigrating fish are post-
spawned, and as a result, their energy levels are likely to be highly
depleted due to the interaction of spawning activities and fasting
while in fresh water (Bayse et al., 2018; Leonard & McCormick, 1999;
Walter & Olney, 2003).

As weirs may compromise the ability of A. fallax to emigrate from the
lower River Severn post-spawning, the aim here was to assess how these
low-head weirs influenced the downstream migrations of these fish

through the application of a series of acoustic-telemetry-derived migration
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metrics. We examined how emigrating A. fallax moved downstream
through the river, how this was influenced by characteristics of their
upstream spawning migrations, and how their emigration was
impacted by weir presence and environmental conditions. We posit
that some emigrating A. fallax incur considerable passage delays as
they pass weirs, but that weir passage will be facilitated by periods of
elevated river levels that result from increased flows and/or high tidal

influence.

2 | MATERIALS AND METHODS

21 | Studyriver

This study in the River Severn basin occurred between 2018 and
2022. The study area began at the most downstream acoustic
receiver, which is located in the upper estuary at “Stonebench”
(Figure 1), and primarily covered eight artificial in-river barriers
(“weirs”): four on the Severn (S1a, S1b, S2, and S3), two on the Teme
(T1 and T2), and two on the Avon (A1 and A2). There were no modi-
fications to facilitate fish passage at weirs S1la or Slb that are
located at the normal tidal limit (Figure 1). However, both weirs on
the Teme were modified prior to the 2019 spawning migration (T1:
lowered and partially removed; T2: rock ramp installed to reduce
approach gradient), and there was a “notch” fish easement present
on the upstream end of S2 for the entirety of the study period
(Figure 1). Weir S2 was also occasionally drowned out during large
spring tides that resulted in the reversal of freshwater flows. Also,
there were no modifications at either Al or A2 to facilitate fish pas-
sage, with no fish known to approach A1l or pass upstream of Al or
A2 in any year.

The study area upstream of S1a and S1b was divided into three
“unobstructed reaches”: upstream of Sla/b, but downstream of S2
and A1 (Lower); upstream of S2, but downstream of T1, A2, and S3
(Middle); and upstream of T1 (no returning fish passed upstream of
S3 during the study period) (Upper) (Figure 1). River temperature
(Deerhurst), flow (Saxons Lode), and river level (Minsterworth and
Haw Bridge) were obtained as 15-min interval data from Environment
Agency gauging stations (Figure 1). River level at S1a/b and S2 was
calculated by adjusting levels recorded at Minsterworth and Haw
Bridge by 30 and 45 min, respectively, to account for the observed
delay in tidal influence.

2.2 | Fish sampling and tracking

A. fallax capture and transmitter implantation took place in May 2018
and 2019, as well as in April-June 2021 (Table 1a). No fish could be
captured in spring 2020 due to the COVID-19 lockdown in England.
The capture methods involved rod and line angling downstream of
S1a (n = 70) and S2 (n = 77), and the use of a manually operated trap
positioned at the upstream exit of the notch in S2 (n = 123). Fish
were captured between day of the year 129 and 144 (median: 136) in

95U8917 SUOLUWOD SAIIa1D 3|l [dde auy Aq peusenob ae sajole YO ‘8sn J0 Se|nl Joj Akeiqiauluo AS|IA UO (SUOIPUOI-PUe-SLLSI W0 A3 | I Aleld U1 |UO//:SANY) SUONIPUOD pue SWis 1 8y} 88S *[202/c0/8T] Lo Alq1aulluo Ao|IM 891 AQ €T/ST'Q4/TTTT OT/I0p/W02 Ao 1M Akelq1jpuluo//Sdny woly pepeoumod ‘0 ‘6798560



10958649, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jfb.15713 by Test, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
m
s uoljes3iws
M (960-£L¥'0) 680 960-€C0 (16'0-150)SL0 00T-0C0 (€£0-¥C0)TS0 00T-600 (980-¥¥0)S¥'0 98°0-0£0 (£80-150)¥90 00T-TT0 (560-S¥'0)99°0 00T-600 Jo Ajisonpio]
0
m T>m_u wy
Juonesdiws
(0¥1-Tz€)€S  T¥S-9T (891-6€)TL 005-0C (CT1-¥'1)5€  L62-80 (€9-6T)LS 9ST-¥1 (EV¥T-S€)T6  L6T-60 (r61-v'€) €S  T¥5-80 40 paads JoN
sAep/awn
uojjessiwa
(68T-6%) 00T €¥E-60 (6C1-60)L9 €12-01 (CL1-127)89 1'62-80 (SC1-08)L8 691-0C (6CT-L7)SY  89C-80 (8¥1-97)08 £€¥€-60 |e3oL
W{/3UaIxa
weaJisdn
(8'65-8'€S)8'SS  6'£9-LTS (6'6¥-9'8Y) 6’6y 9TG-T'LT (9€T-9€T)9ET 9€C-9€T (6'6V-9€T) 6’6 6'6v-9CC (6'6V-9°€C) 8'8E 865-9€CT  (9'T5-€8V) 667 6L9-9°€C Isaypnd
sAep
Juonesdiwa
Jo uels
3y 03 Joud
(97 L2C 8TE-TYL (LeF) V9T 0TS-SV (65¥)LvT STv-8¢€ 9vF) ¥'1€ T'8€-T9¢ (8'€F) 6T STr-8°€ (TSHTST 0TS-SP JOAL Ul swl |
SAep/JaALl
(8TTIF)T9E £G5-L81 (Tex)8CE 17TG-T6 (LyF)TEE Vv'8Y-T8L (LTRvor €vp-L9€ (0eF) 1€ v'8Y-8'GT (LVvF)GEE L'GS-T6 ulswi |ejol
uoljes3iwd
JO JeaA
(T8T-€ST) 691  €81-0ST  (8GT-8¥T1)CST  /8T-TE€T (ST9T-9¥T)IGT  [9T-LET  (6VT-¥PT)SPT  S9T-CTPl  (PST-8YT)IST  £9T-6E€T (STLT-0ST)8ST  /L8I-I€L ay1 jo Aeg
Aajua
J9AL JO JedA
(SET-LTT)¥ET  TYT-LIT  (0€T-CIT)6TT  €bI-SOT  (2ZT-OTT)STT  €PT-90T  (90T-GOT)90T  6TT-SOT  (VCT-TTT)6TT  €VI-LOT (PET-SVTT)LZT  €P1-60T ay3 Jo Aeq
q
ues|p/ueIpaly  Xe|-UIN ues|p|/UeIpal  Xe-UIN ues|p|/UeIpaly  Xe|-UIN ues|p|/UeIpa|  Xe-UIN ues|pl/UeIpa|\ XN -UIN ues|nj/UeIpa|\  XeN-UIN ILETN]
(s = u)saddn (€€ = u) AIPPIN (ST = u)samo (s =u)zzoz (sz = u)ozoz (ez =u) 610C
dnous uonesSin JLEYN
% (8TT-L1T) LTT 8GT-/1T Ly 1¢0¢
(SeT-8¢T) €€T 9€T-¢Cl 00T 610¢
m (c¥T-0€T) 9€T Yr1-6C1 €L 810¢
m e
% uelps Xe-UllN u JeaA
H uonjejuejdwi Jajiwsues) Jo aeah jo Aeq
m "uoljel31ws Jo 1els ay3 0} Joud JSAL Ul Swiy
3 pue JSALI Ul SWI} [210) JOJ (1D %G 4F) UBSW PUB ‘WNWIXeW ‘WNWIUiW pue uoljel3iwa Jo A}ISonio} pue ‘uoljeldiws Jo paads Jau ‘Swl) uoljes3Iws |e10] Jualxs weaisdn 3sayiny ‘uoijessiws Jo Jesh

ay3 Jo Aep ‘A1jus J9AU JO Je3A BY] Jo Aep Joj (S3ipuadtad YiG/-YiGZ) UeIpaw pue {(Xen) WnwixXeuw ‘(UljA) wnwiuiw sy} Suisn paziewwns souaw Yim {(dnoas uoijeldijn) 03 pausdisse alom sjenplAlpul
9591 dnoJ3 uojes3iw ay3 pue (JesA) ul pasindd0 uoneldiw siy3 JeaA ayy Aq padnous ‘(u) 3ui33e) Jayje JeaA ayj ul suonresdiws |ny Sune|dwod xbjjpf bsojy Jo Jaquinu ay] (q) *1eaA yoes ul 3ui33e) Jo
1eaA Jo Aep (s9|13uadiad YiG/ -yigg) Ueipaw pue ‘(Xeja) wnuwixew (UljA) wnwiuiw ayj pue sisjjiwsuel) d13snode ym pajuejdwi Ajed13ans (U) xojjpj bsojy 40 Jaquinu ayj (e) Jo Alewwns T 379V .L

4



YELDHAM ET AL.

2018, 122 and 136 (median: 133) in 2019, and 117 and 158 (median:
117) in 2021 (Table 1a).

Following their capture, individuals were anaesthetized (ethyl
3-aminobenzoate methanesulfonate; MS-222; 0.4 g per 10L of
water), measured (fork length, nearest millimeter; mass, to 5 g), and
internally (peritoneal cavity) implanted with a V9 acoustic transmitter
(29 x 9 mm, 4.7 g in weight in air, 69 kHz; www.innovasea.com) using
the protocol of Bolland et al. (2019), with 220 individuals tagged
across all seasons. The transmitters were programmed with a random-
ized 1-min pulse interval (minimum-maximum interval between sig-
nals 30-90s) during their spawning period (April-July), before
switching to a 10-min pulse interval until reverting to their random-
ized 1-min pulse interval the following April. The rationale for this pro-
gramming was that it extended transmitter battery life to
approximately 3 years, enabling the spawning migrations of these
individuals to be measured for up to three consecutive spawning
migrations (Davies et al., 2020). At the time of transmitter implanta-
tion, a uniquely coded passive integrated transponder (PIT tag;
23-mm) was also inserted to enable recaptured fish to be identified
(and to avoid retagging of recaptured fish in subsequent years), as well
as for use in associated fish pass efficiency studies (unpublished data).
Sexing was possible only where gametes were incidentally observed
during the tagging process, which allowed for the identification of
53 female, and 58 male individuals, with sex remained undetermined
for the remaining 109 fish. Once tagged, fish were recovered in the
river and were released when they were able to orientate themselves
in the water and exhibit normal swimming behaviors (Bolland
et al., 2019). Individuals were released either upstream or downstream
of the weir where they were captured (supporting information:
Table S1a), with release sites (upstream or downstream of a weir)
determined by the requirements of a complementary study (Davies
et al., 2023). Movements were then tracked on an array of acoustic

receivers (VR2W; www.innovasea.com; Figure 1).

2.3 | Data analyses

A total of 79 individual A. fallax reached spawning habitats upstream
of weirs S1a/b in the year after they were implanted with an acoustic
receiver (33 in 2019, 37 in 2020, and 9 in 2022), with a series of
migration metrics (cf. Table 2) calculated for individuals that survived
to complete a full spawning migration and emigrate from the river
(h=57:24in 2019, 28 in 2020, and 5 in 2022; 72% riverine survival).
These returning migrants were used to avoid including tagging effects
on emigration in the year of tagging and enabled the entire spawning
migration to be tracked (i.e., entry to and exit from the acoustic array).
Four fish were removed from analyses as they either entered the
River Wye (Figure 1) or reentered the Severn after exiting the array
(i.e., their spawning migration was incomplete). Mortality during emi-
gration was not investigated due to the complex nature of identifying
whether an individual was emigrating when it died. For the purposes
of these emigration analyses, the fish were categorized into three dif-

ferent migration groups based on the reach where their emigration
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commenced (i.e., their furthest upstream extent; Table 2), where the
groups were “Upper” (nh=5), “Middle” (n=33), and “Lower”
(n = 15). Summary information for individuals that emigrated in each
year and migration group (Table 1b) is provided, with means reported
for metrics with normally distributed data and medians reported for
metrics with non-normally distributed data. Error around the mean
represents 95% confidence limits, and variation around median values
represents the interquartile range (25th-75th percentiles), unless oth-
erwise stated.

Differences in migration metrics between the migration groups,
years, and unobstructed reaches were assessed using parametric tests
(i.e., t-tests) for normally distributed data and nonparametric tests (i.-
e., Kruskal-Wallis x?tests and Wilcoxon rank sum tests) for non-
normally distributed data. Migration metrics were compared between
sexes using these same tests, but sex was excluded from further ana-
lyses due to the relatively low proportion of sexed individuals and
non-significant differences between sexes for all migration metrics
tested (Wilcoxon rank sum tests and t-tests: p > 0.05; Table S1b,c).
Speed through the unobstructed reach and tortuosity of downstream
movements in unobstructed reaches (cf. Table 2) were compared
between reaches for individuals using Wilcoxon signed-rank tests due
to the non-normal distribution of data. Statistical tests were con-
ducted only when the minimum sample size of each group in the anal-
ysis was n = 5. However, sample sizes of below 5 are still reported in
tables and figures for illustrative purposes, and when the data are also
used to calculate ungrouped summary statistics.

The influence of time spent in the river prior to the start of emi-
gration and the furthest upstream extent on the net speed of emigra-
tion (cf. Table 2) were tested using generalized linear models (GLM:
gamma distribution [log-link]; Ime4 in R [Bates et al., 2015]), to assess
whether downstream emigrations of individuals were influenced by
their upstream migrations. The influence of the day of the year of
river entry on the net speed of emigration was also tested to assess
whether individuals behaved differently during emigration depending
on whether they arrived earlier or later into their spawning river. The
influence of the tortuosity of emigration (cf. Table 2) on the net speed
of emigration was also tested to determine how the net speed of emi-
gration was influenced by individuals making upstream movements
during their emigrations. The significance of the influence of fixed
predictors on the net speed of emigration was assessed by comparing
models to their null (intercept only) model using the AIC (corrected for
small sample size; AlCc [Mazerolle, 2020]). The fixed predictor was
determined to significantly influence the net speed of emigration
when the AlCc of the null model was 22 higher than the model retain-
ing the fixed predictor.

To assess how the weirs influenced emigration, individuals' weir
passage speeds were compared to their speeds through the unob-
structed reach (cf. Table 2) immediately upstream of each weir, using
Wilcoxon signed-rank tests. Weir passage delays (cf. Table 2) at each
weir were compared between fish from different migration groups
(i.e., Upper, Middle, Lower) using Wilcoxon rank sum tests and
between weirs for individuals using Wilcoxon signed-rank tests. To

assess how delays impacted shad movements, correlations between
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TABLE 2 Summary of Alosa fallax migration metrics, method of calculation, and whether each metric was considered to be included in the full
generalized linear mixed effects models (GLMMs) for downstream passage success at weirs.
Included in
Migration metric Calculation GLMMs
Furthest upstream extent River distance (from Stonebench receiver) of the most upstream acoustic receiver with a detection, Yes
except for fish recorded in both the Severn and the Teme upstream of their confluence, when the
most upstream detection during the last movement upstream of the confluence was used.
Last time at furthest Time of last detection at “furthest upstream extent.” No
upstream extent
Time in river prior to the Time between entry into the receiver array (first detection on Stonebench receiver) and “last time at No
start of emigration furthest upstream extent.”
Total emigration time Time between “last time at furthest upstream extent” and leaving the receiver array (last detection No
on Stonebench receiver).
Net speed of emigration “Furthest upstream extent” divided by “total emigration time.” No
Tortuosity of emigration “Furthest upstream extent” divided by total distance moved (regardless of direction) during No
emigration.
Speed through the Distance between most upstream and downstream receivers in each unobstructed reach (e.g., Upper, Yes
unobstructed reach Middle, and Lower) divided by time between last detection on the former and first detection on
the latter.
Tortuosity through the Distance between most upstream and downstream receivers in reach (e.g., Upper, Middle, and Yes
unobstructed reach Lower) divided by total distance moved between last detection on the former and first detection
on the latter.
Observed weir passage time  Time difference between first detections at closest receivers upstream and downstream of weir No
during downstream passage.
Weir passage speed Distance between closest receivers upstream and downstream of weir divided by “observed weir No

passage time.” Passage speed was used for analysis, rather than time, as distances between
receivers were not equal between the weirs.

Expected weir passage time

Distance between closest receivers upstream and downstream of weir divided by “speed through the No

unobstructed reach” immediately upstream of weir.

Weir passage delay “Observed weir passage time” minus “expected weir passage time.” No

Cumulative downstream Sum of “weir passage delays™ at all significant barriers. No
passage delay

Expected emigration time “Total emigration time” minus “cumulative downstream passage delay.” No

Percentage increase in total “Cumulative downstream passage delay” divided by “expected emigration time” times by 100. No
emigration time

Days since arrival into array Number of days since the first detection at the Stonebench receiver. Yes

Days since last at furthest Number of days since “last time at furthest upstream extent.” Yes

upstream extent

length of delay and distance moved during delay were assessed at
each weir using Pearson's correlation coefficient. In 2019, due to a
receiver lost at S2 during a major flood event, no data were available
to calculate weir passage speeds or weir passage delays at this weir
for individuals approaching after day 149 of the year (n = 13). To
assess the overall impact of weirs on emigration, cumulative down-
stream passage delay, as well as the associated percentage increase in
total emigration time (cf. Table 2), was calculated for all individuals
where downstream passage delays at S2 and S1a/b were known and
compared between migration groups using Wilcoxon rank sum tests.
¥? tests were used to assess whether shad were more likely to both
first approach and pass a particular weir (i.e.,, S1a or Sib; Figure 1)
during emigration through the Lower reach.

To test the factors influencing downstream weir passage, a total
of 73, 86, and 75 generalized linear mixed effects models (GLMM:

binomial distribution; Ime4 [Bates et al., 2015]) were built for weirs
S1a, S1b, and S2, respectively. The response variable was a binary
representation of daily downstream passage success at a weir (days
with a downstream passage = 1, days with a weir approach but no
downstream passage = 0, with days having upstream passage and
no downstream passage removed). Individual fish ID was the random
predictor variable, with mean daily environmental conditions (flow,
temperature, and tidal influence on river level) as fixed predictors, as
were day of the year, fish length at tagging, and certain individual
migration metrics (Table 2), with no interactions between predictors
tested. Model selection used backward selection, with AlICc compared
between models as per GLMs; the best fitting model was identified
based on the lowest AlCc, and models with AAICc <2 were also con-
sidered to have strong support if they were parsimonious. At S1a, fur-

thest upstream extent and speed through the unobstructed reach
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directly upstream of the weir were identified as colinear (Pearson's
correlation coefficient: r = 0.7) (Figure S1b) and at 52, mean daily tem-
perature was colinear with day of the year and mean daily flow
(Figure S1). The colinear predictors retained in full models were deter-
mined based on their significance in predicting passage at S1b, where
no predictors were identified as colinear.

2.4 | Ethical statement

The care and use of experimental animals complied with UK Home
Office animal welfare laws, guidelines and policies as approved by UK
Home Office project license PD6C17B56.

3 | RESULTS

3.1 | Migration metrics

The immigrating A. fallax entered the acoustic array between days
105 and 143 of the year, emigrated between days 131 and 187, and
spent between 9.2 and 55.8 days in the river (Table 1b,c). Furthest
upstream extent varied between 23.6 and 67.9 km, with individuals
beginning their emigrations between 3.8 and 51.0 days after entering
the river and taking 0.8-34.3 days to complete this emigration at net
speeds of 0.8-54.1 km day™?, at a tortuosity ranging between 0.09
and 1.00 (Table 1b,c). Differences between migration groups for day
of the year of emigration, total emigration time, net speed of emigra-
tion, and tortuosity of emigration were not significant (Kruskal-Wallis
X’tests, p > 0.05; Figure S2; Table S2a). Day of the year of emigration
did differ significantly between years (x* = 6.22, df = 2, p = 0.045),
with individuals emigrating earlier in 2020 versus 2019 (Wilcoxon
rank sum test: W = 383.5, p = 0.048) (Figure S2; Table S2b). Total
emigration time, net speed of emigration, and tortuosity of emigration
did not differ significantly between any years (Kruskal-Wallis x? tests,
p > 0.05) (Figure S2; Table S2a).

Individuals that spent longer in the river prior to the start of their
emigration had significantly faster net speeds of emigration (GLM;
Figure 2a; Table S3), but neither furthest upstream extent
(GLM; Figure 2b; Table S4a) nor day of the year of river entry (GLM;
Figure 2c; Table S4b) significantly influenced net speed of emigration.
Tortuosity of emigration was a significant and positive predictor of
net speed of emigration, with more direct emigrations having faster
net speeds (GLM; Figure 2d; Table S5).

3.2 | Emigrations through unobstructed reaches

Speed through the unobstructed Middle reach was not significantly
different between migration groups (Wilcoxon rank sum test:
W = 40, p = 0.07) (Figure 3a; Table Séd). However, there were signif-
icant differences between all migration groups in the Lower river
reach (Kruskal-Wallis ¥? test: x?=19.9, df=2, p<0.01), with

individuals from the Upper reach moving fastest and the those from
the Lower reach moving slowest (Figure 3a, Table Sée). Individuals
migrating through multiple reaches were faster in the Lower river
reach compared to the Middle river reach (Wilcoxon signed-rank test:
V = 11, p < 0.001) (Figure S3a; Table Séf).

Tortuosity through the unobstructed reach was always 1.00 in
the Upper reach (Figure 3b; Table Séa), but it varied between 0.12
and 1.00 in the Middle reach (Figure 3b; Table Séb), with no signifi-
cant differences observed between individuals emigrating from the
Upper and Middle reaches (W = 54, p = 0.21) (Figure 3b; Table Séd).
Tortuosity in the Lower reach varied between 0.09 and 1.00
(Figure 3b; Table Séc), with movements of fish emigrating from the
Lower reach being significantly less direct than those from the Middle
reach (W = 177.5, p = 0.04; Figure 3b; Table Sée). Individuals emi-
grating through multiple reaches were significantly more direct in the
Lower reach compared to the Middle reach (V =26, p < 0.001)
(Figure S3b; Table Séf).

3.3 | Influence of weirs on emigrations

Weir passage speeds were highly variable between weirs and migra-
tion groups (Figure 4a; Table S7). Fish emigrating from the Upper
reach were significantly faster compared to those emigrating from the
Middle reach when passing S2 (W = 33, p = 0.03; Figure 4a). Weir
passage speed at Sla/b was also significantly different between
migration groups (x> = 8.53, df = 2, p = 0.014; Figure 4a), with fish
emigrating from the Lower reach moving significantly slower than
those emigrating from both the Middle and Upper reaches (W = 144,
p = 0.02; W = 12, p = 0.03 respectively), whereas fish from Middle
and Upper reaches showed similar speeds (W =45, p=0.11)
(Figure 4a; Table S7). Although weir passage speeds at T1 did not dif-
fer significantly from speeds through the unobstructed Upper reach
(Wilcoxon signed-rank test: V = 5, p = 0.63) (Figure 4a), weir passage
speeds at both S2 and S1a/b were significantly slower than speeds
through the unobstructed Middle and Lower reaches, respectively
(V =300, p<0.001; V=1170, p < 0.001, respectively) (Figure 4a;
Table S7). Consequently, T1 was not identified as a significant barrier
to downstream passage, with weir passage delays being minimal
(<0.1 day), whereas S2 and S1a/b were significant barriers, resulting
in longer, more variable delays (Figure 4b; Table S7). At S1a/b, individ-
uals emigrating from the Lower reach experienced longer delays com-
pared to those emigrating from the Middle reach (Wilcoxon rank sum
test: W = 329, p < 0.01) (Figure 4b), with the distance moved during
weir passage delays being positively correlated with the length of
delay at both S2 and Sla/b (Pearson's correlation coefficient:
r=0.78, df =22, p<0.001; r=0.87, df =47, p <0.001, respec-
tively; Figure 4c).

Fish with known weir passage speeds at both S2 and Sla/b
(n=22) had weir passage delays between <0.1 and 18.4 days
(median: 0.4 [0.2-1.9] days) at S2 and between <0.1 and 4.4 days
(median 0.5 [0.3-1.1] days) at S1a/b, with the differences between
weirs not being significant (Wilcoxon signed-rank test: V =117,
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FIGURE 3 Boxplots comparing differences between Alosa fallax migration groups in (a) speed and (b) tortuosity through the unobstructed
reach in the Upper, Middle, and Lower reaches (left to right). Horizontal lines indicate the 25th, 50th, and 75th percentiles; vertical lines indicate
the minimum and maximum values within 1.5 times the interquartile range of the 25th percentile and the 75th percentile, respectively; and points

indicate values outside of this range.

p = 0.77). The cumulative downstream passage delay varied between
<0.1 and 19.6 days (median: 1.4 [0.6-6.5] days), with the median
increase in emigration time due to these delays being 61% (23%-
166%) (Table 3). There were no significant differences in cumulative
downstream passage delay (Wilcoxon rank sum test: W = 165,
p =0.56) or percentage increase in emigration time (W = 180,
p = 0.28) between fish emigrating from the Middle and Lower
reaches. The sample size of fish emigrating from the Upper reach was
too low for statistical analysis (n = 1). In the Lower reach, the propor-
tion of fish that first approached S1a (n = 25) and S1b (n = 28) during
their emigration did not significantly differ from equality (x*> goodness
of fit: )(2 =0.17, df =1, N =53, p = 0.68). All 28 fish that initially
approached S1b subsequently passed S1b (100%). However, among

the 25 that first approached S1a, only 12 subsequently passed S1a
(48%), whereas the remaining 13 passed S1b (52%). This resulted in a
significant difference between the proportions passing Sla (n = 12)
and S1b (n = 41), indicating that fish were more likely to pass S1b
than Sla during their emigration ()(2 =159, df=1, N =53,
p < 0.001).

There was one GLMM with strong support predicting the suc-
cessful downstream passage at each of weirs S2 and S1a, with three
models with strong support at S1b (Table S8). The best-fitting GLMM
for the successful downstream passage at S2 retained a significant
positive influence of day of the year, days since first arrival into the
array, and mean daily flow on probability of downstream passage

(Figure 5a; Table 4a). For S1a, the only significant predictor retained

FIGURE 2

Scatterplots indicating the relationship between the net speed of emigration of Alosa fallax versus (a) time in river prior to start of

emigration, (b) furthest upstream extent, (c) day of the year of river entry, and (d) tortuosity of emigration. Black lines indicate a significant
generalized linear regression (gamma distribution [log-link]). Migration group is indicated by color (purple = Upper, orange = Middle, and

green = Lower). Numbered points (1-3) refer to individuals with: (1) a high furthest upstream extent, long time in river prior to start of emigration
and fast net speed of emigration; (2) a low furthest upstream extent, short time in river prior to start of emigration, and a slow net speed of
emigration; and (3) an intermediate individual, with these spawning migrations represented as tracks (panels 1-3, respectively), where red lines
indicate the distance upstream of the Stonebench receiver against time, the vertical lines indicate last time at furthest upstream extent, and

horizontal lines represent weirs on the Severn (dashed) and Teme (dotted).
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FIGURE 4 Boxplots indicating (a) difference between the logarithm of weir passage speed and speed through the unobstructed reach
immediately upstream of the weir for individual Alosa fallax. (b) Difference in weir passage delay between migration groups, where horizontal lines
indicate the 25th, 50th, and 75th percentiles; vertical lines indicate the minimum and maximum values within 1.5 times the interquartile range of the
25th percentile and the 75th percentile, respectively; and points indicate values outside of this range. (c) Scatterplots indicating the relationship
between weir passage delay and distance moved during delay, where “r” is the Pearson's correlation coefficient. Panels represent weirs T1, S2, and
S1a/b (left to right). In plots (a) and (c), migration group is indicated by color (purple = Upper, orange = Middle, and green = Lower).

was the negative influence of days since last at furthest upstream
extent (Figure 5b; Table 4b). At S1b, furthest upstream extent was
retained in all three models with strong support as a significant posi-
tive predictor of downstream passage; year was also a significant pre-
dictor of passage, with passage probability significantly lower in 2020
versus 2019 (Figure 5c; Table 4c, Table S9). All other predictors
retained in these models were non-significant (Table 4, Table S9), with
a non-significant positive influence of mean daily flow and mean daily
tidal influence on river level retained in the best-fitting model for the
successful downstream passage at S1a (Table 4b), and no environmen-
tal variables retained in any of the three models with strong support
for passage at S1b (Table 4c; Table S9).

4 | DISCUSSION

There was high individual variability in time spent in the river and fur-

thest upstream extent reached by individual A. fallax prior to starting

their emigration, with fish that spent considerably longer in the river
before emigrating tending to undertake faster, more direct emigra-
tions. These results suggest that A. fallax were not simply entering the
river and then moving upstream as far as possible to spawn before
then emigrating. Indeed, as fractional spawners, female A. fallax pro-
duce multiple batches of eggs across a spawning season (Pina
et al., 2003), with individuals in the River Severn identified as occupy-
ing areas of varying spatial size in which they may have spawned
(Davies, 2021). Thus, across this population, it appears that individuals
use a range of different migration and spawning strategies, similar to
those already observed in alewife Alosa pseudoharengus Wilson 1811,
which can make multiple movements between the estuary and
upstream spawning grounds during their spawning migrations
(McCartin et al., 2019).

For individual A. fallax that reach their furthest upstream extent
relatively slowly but then emigrate quickly, it is speculated that some
spawning occurs during their upstream migrations, with fish emigrat-

ing when spent or having depleted their energy reserves below a
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Summary of the number of Alosa fallax (n Fish) in each migration group emigrating from the River Severn in their second tracked
spawning season, the number of weirs they were required to pass (n Weirs) during this emigration, their minimum (Min), maximum (Max), and
median (25th-75th percentiles) cumulative downstream passage delay, and percentage increase in emigration time resulting from these delays.

Migration group

Lower

Middle

Upper

All

n Fish / Mean daily tidal inlfuence (m)

FIGURE 5

proportion of the bar colored blue represents the proportion of those detected individuals to successfully pass the weir in a downstream direction

(@)

—
(¢
~—"

N

N

Cumulative downstream passage delay (days)

Percentage increase in emigration time (%)

n Fish n Weirs Min-max Median Min-max Median

14 1 <0.1-16.5 2.1(0.5-11.6) <0.1-3386.8 70.0 (53.4-265.5)

21 2 0.2-19.6 1.1 (0.6-2.3) 3.5-1215.8 60.2 (22.7-97.5)

1 >2 NA 2.0 NA 11.7

36 <0.1-19.6 1.4 (0.6-6.5) <0.1-3386.8 61.1(23.0-165.9)
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Daily downstream passage summaries of Alosa fallax at (a) Weir S2, (b) Weir S1a, and (c) Weir S1b in years 2019, 2020, and 2022
(left to right). Size of each bar represents the number of emigrating individuals (n Fish) detected upstream of the weir on that day, and the

on that day. Black lines represent the mean daily river flow, and purple lines represent the mean daily tidal influence on river level in the reach
downstream of the weir.

threshold level (Castro-Santos & Letcher, 2010). However, for those
reaching their furthest extent quickly before then emigrating slowly, it
is speculated that some spawning activity is likely to also occur during

this downstream emigration. This is supported by A. sapidissima,
which are thought to spawn during their downstream migration,
which is suggested as an energetically favorable strategy, with
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TABLE 4 Summary of the fixed predictors in the best-fitting
generalized linear mixed effects models (GLMMs; binary distribution)
predicting probability of successful downstream passage of Alosa
fallax at weirs (a) S2, (b) S1a, and (c) S1b, with fish ID as the random
predictor and 2019 as the reference year where year is retained as a
predictor. Fixed predictors include Day of year (DOY); mean daily
flow (flow); mean daily tidal influence on river level (tidal influence);
days since river entry, days since last at furthest upstream extent
(days since FUE), furthest upstream extent (FUE), and year.

Fixed predictors Estimate + SE z value p

a
(Intercept) 0.50 + 0.44 1.14 0.25
DOY 2.48 £ 0.91 2.73 0.006
Flow 1.88+0.73 2.60 0.009
Days since river entry 1.55+0.57 2.70 0.007

b
(Intercept) —211+1.52 —1.38 0.17
Flow 3.88 +£ 3.08 1.26 0.21
Tidal influence 8.07 £ 4.65 1.74 0.08
Year: 2020 -3.45+1.88 -1.84 0.07
Year: 2022 —3.73 + 6.47¢° 0.00 1.00
Days since FUE —-1.33+0.66 —2.03 0.04

c
(Intercept) 2.04 +0.97 211 0.04
FUE 1.08 £ 0.32 3.37 <0.001
DOY 0.80 £ 0.45 1.80 0.07
Days since FUE -0.51+0.31 —-1.67 0.10
Year: 2020 —2.67 £1.03 —2.58 0.0099
Year: 2022 -0.99 £ 1.22 -0.81 0.42

upstream movement less energetically costly in the lower tempera-
tures at the beginning of the spawning migration (Castro-Santos &
Letcher, 2010). There is also evidence in A. sapidissima that the spatial
extent of spawning moves downstream over the course of the spawn-
ing season (Maltais et al., 2010) and that high proportions of emigrat-
ing females are only partially spent (Olney et al., 2001). The finding
that A. fallax emigrating from more upstream reaches were faster and
more direct when moving through the Lower river reach compared to
fish emigrating from more downstream reaches could therefore relate
to them having differing spawning status. For example, individuals
emigrating from upstream reaches may have been fully spawned once
they had passed weir S2, whereas those spending their entire spawn-
ing migration downstream of S2 may still have been exploring and/or
spawning in the river after reaching their furthest upstream extent.
This must, however, remain speculative here, as acoustic telemetry
only provides information on the spatial and temporal movements of
the fish, not their actual behavior (e.g., when and where individuals
spawned).

Previous research on immigrating A. fallax in the River Severn
found that weirs delayed upstream migrations by a median of 4.6 days
(Davies et al., 2023), which is longer than the 1.4 days observed for

the downstream passage of emigrating fish in this study. However,
these downstream delays still accounted for a substantial increase
(median: 61%) in emigration time. This is consistent with Alosa spp. in
North America, where cumulative delays at culverts were found to
increase upstream migration times of A. pseudoharengus and blueback
herring Alosa aestivalis Mitchill 1814 by 119%-149% and downstream
migration times by 63%-83% (Alcott et al., 2021). These delays during
emigration could have important implications on individual fitness, as
emigrating A. fallax are likely to be in relatively poor body condition
compared to their pre-spawned condition, as also observed in
A. sapidissima (Walter & Olney, 2003). Indeed, delays to downstream
migration further deplete energy reserves, which can potentially result
in mortality or the curtailment of any further spawning downstream
(Castro-Santos & Letcher, 2010). Even short-term passage delays at
barriers may have energetic costs that could potentially lead to
reduced survival and return rates, as detected in S. salar kelts (Baktoft
et al., 2020). The risk of mortality can also increase due to the delayed
emigration being completed in suboptimal conditions. For example,
delays in S. salar smolt emigration increased their likelihood of moving
through river stretches of potentially lethal water temperatures
(Marschall et al., 2011). When downstream passage delays result in
significant fitness costs, through reduced survival or future fecundity,
these can diminish the benefits of an iteroparous life history (Baktoft
et al., 2020; Castro-Santos & Letcher, 2010). Therefore, the impacts
of these delays on survival and future reproductive effort warrant fur-
ther investigation.

Increased river flows elevate river levels, which reduces the
hydraulic head across weirs and increases the head of water above
weir crests (El-Belasy, 2013). Reduced hydraulic head can facilitate
downstream passage, as observed in Hypophthalmichthys spp. in the
upper Mississippi River, USA (Vallazza et al., 2021), and increased
head of water above a spillway crest was found to increase A. anguilla
passage on the Frémur River, France (Trancart et al., 2020). Further,
when river levels are elevated such that the weir crest becomes sub-
merged, velocity gradients across the weir can be reduced (Fleit
et al., 2018). This is potentially important, as high-velocity gradients at
weirs can elicit avoidance behaviors and delay weir passage in various
species (Haro et al, 1998; Russon & Kemp, 2011; Vowles
et al., 2014). Nevertheless, we detected that increased flow only sig-
nificantly influenced the probability of downstream passage of indi-
viduals at the most upstream (S2) of the three significant barriers to
downstream passage, despite this being the only significant barrier
modified to facilitate fish passage (with the presence of a notch fish
easement). Further, the only weir studied that did not significantly
delay passage was T1, which had been lowered and partially removed,
suggesting that downstream passage of A. fallax can be better facili-
tated through barrier remediation rather than mitigation.

Downstream passage rate varied between the two weirs at the
tidal limit, with 41 fish passing over S1b compared to just 12 passing
over Sla, despite similar numbers first approaching each weir (Sla:
25; S1b: 28), with neither flow nor tidal influence on river level signifi-
cantly influencing passage at either weir. This suggests that differ-

ences between weir characteristics allowed them to be passed with
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differing ease by emigrating A. fallax. Although the hydraulic head at
Sla is known to be ~0.1 m greater than Slb at Q95 (Davies
et al., 2023), little information is available regarding the construction
or dimensions of these weirs. Therefore, further research is required
to identify the drivers of these differences in passage rate. These
drivers could include whether avoidance behaviors differ at each weir,
with emigrating fish exposed to different velocity gradients (Haro
et al., 1998; Russon & Kemp, 2011; Vowles et al., 2014).

Individuals emigrating from the Lower reach experienced signifi-
cantly more delays at S1a/b compared to those emigrating from the
Middle reach. Additionally, various aspects of individuals' spawning
migrations (i.e., furthest upstream extent, days since last being at the
furthest upstream extent, and days since arrival into the array) had
significant influences on downstream passage probability at the weirs.
As a result, there is the potential that some delays at these weirs may
not relate to a delay to a post-spawned emigration and instead relate
to a delay to accessing downstream spawning habitat (Castro-Santos &
Letcher, 2010) and/or returning to estuarine feeding grounds
between spawning events (McCartin et al., 2019). Each of these sce-
narios is likely to incur fitness costs. It is arguably not essential to (and
not possible with the methods used here) identify the exact motiva-
tion for every approach to a weir by downstream migrating individuals
to conclude that delays to downstream passage, irrespective of moti-
vation for passage, are likely to have associated fitness costs.

In summary, the emigrations of A. fallax from their spawning
grounds in the River Severn comprise not only relatively fast, unidirec-
tional downstream movements but also a range of different emigra-
tion patterns, including slower and less-direct downstream
movements of individuals. Emigrations were significantly delayed by
the presence of weirs, with these delays potentially affecting survival
rates at sea as well as future reproduction. As a result, it is argued that
the impacts of anthropogenic barriers on the downstream passage of
A. fallax, specifically, and iteroparous diadromous fishes more gener-
ally, always need consideration when assessing both river connectivity

and barrier mitigation schemes.
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