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Abstract The timing of entry into freshwater by 
mature anadromous fishes is an important compo-
nent of their migration phenology. In iteroparous 
anadromous species, identifying the migration cues 
that influence the timing of entry into freshwater, and 
annual variability in these timings, is important in 
assessing the extent of individual repeatability. Here, 
passive acoustic telemetry tracked 71 twaite shad 
Alosa fallax (‘shad’) returning to the River Severn’s 
upper estuary over successive spawning seasons, pro-
viding individual information on river entry timing 

and the associated migration cues. The timing of shad 
returning to the river (defined as their first detection 
on an acoustic receiver in the upper estuary) was con-
sistent between years and strongly predicted by pho-
toperiod (as increasing day length), whereas water 
temperatures and flow rates were weak predictors 
and highly variable between years. Timings of river 
entry of individual shad were also consistent across 
consecutive spawning migrations, indicating high 
individual repeatability. The application of acous-
tic telemetry in this study thus revealed high repeat-
ability in the timing of annual spawning migrations, 
which were cued mainly by increasing day length 
and that, being seasonally predictable, should ensure 
entry into freshwater with sufficient time to arrive in 
spawning areas when in-river environmental condi-
tions are favourable.

Keywords Phenology · Estuary movements · Day 
length · Acoustic telemetry · Fish tracking

Introduction

Animals that live in seasonal environments migrate 
to maximise their fitness, especially where temporal 
changes in habitat quality are predictable (Skov et al., 
2013; Lok et al., 2015). In anadromous fishes, the tim-
ing of entry of adults into freshwater must facilitate 
their arrival at spawning areas further upstream when 
conditions are favourable for spawning (Tillotson 
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et  al., 2021). The drivers of these spawning migra-
tions can be complex, involving the interaction of fac-
tors in both the marine (e.g. abiotic conditions, tim-
ing of migration cues, distribution; Bal et  al., 2017; 
Agha et al., 2021) and freshwater environments (e.g. 
river flows, anthropogenic modifications). The envi-
ronmental cues that stimulate spawning migrations 
can differ between species and even between popula-
tions of the same species, where some anadromous 
brown trout Salmo trutta (Linnaeus, 1758) popula-
tions are cued primarily by photoperiod (Garcia-Vega 
et al., 2022) and others by the interaction of river flow 
and temperature (Goetz et al., 2021). In anadromous 
fishes that are also iteroparous, the tracking of spawn-
ing movements over multiple years suggests that at 
the individual level, the timing of the annual migra-
tion back to riverine spawning grounds is consistent 
between years, as observed for populations of Arctic 
charr Salvelinus alpinus (Linnaeus, 1758) (Jensen 
et al., 2020), brown trout (Eldøy et al., 2019; Jensen 
et  al., 2020; Birnie-Gauvin et  al., 2021), and pike 
Esox lucius (Linnaeus, 1758) (Tibblin et al., 2016).

There are a number of anadromous species within 
the Clupeidae (herring) family (e.g. European shads, 
alewife Alosa pseudoharengus (Wilson, 1811)) that 
have ecological significance through their provision 
of strong marine-freshwater nutrient fluxes (Wal-
ters et  al., 2009; West et  al., 2010), including being 
important prey resources for both freshwater (Hossain 
et al., 2019; Nolan et al., 2019) and marine predators 
(Dias et al., 2019). Recent declines in many anadro-
mous clupeid populations have been associated with 
over-exploitation, degraded water quality, and barri-
ers in their spawning rivers that impede their access 
to spawning grounds (Limburg & Waldman, 2009; 
Hall et  al., 2012). An example is the twaite shad 
Alosa fallax (Lacépède, 1803), whose population 
declines have resulted in their listing on Annex II and 
V of the Habitats Directive and Appendix III of the 
Bern Convention (Antognazza et al., 2019, 2021). In 
Britain, the iteroparous twaite shad undertakes annual 
spawning migrations into four rivers that drain into 
the Bristol Channel. The timing of their initial entry 
into the lower Severn Estuary has previously been 
linked to a water temperature threshold being reached 
(e.g. fishery by-catch data suggested peak periods 
of entry occurred between 10.6 and 12.3°C), with 
peak captures in a static net fishery relating to tidal 
state (Aprahamian, 1988; Aprahamian et  al., 2010). 

However, there are still considerable knowledge gaps 
about the timings of entry into the upper reaches of 
the estuary. Given that spawning migrations can incur 
substantial energetic costs (Leonard & McCormick, 
1999), it is possible that shad may conserve energy 
by utilising periods of high tidal influence to move 
through the estuary, as has been observed in other fish 
species (Beaulaton & Castelnaud, 2005; Kelly et al., 
2020). The period of freshwater residency during 
twaite shad spawning migrations extends from April 
to June (Aprahamian et al., 2003; Antognazza et al., 
2021), but with the relationship between the timing 
of arrival of fish in the upper estuary and the timing 
of arrival on upstream spawning grounds being com-
plicated by the presence of several navigation weirs in 
the lower river; these impede shad upstream migra-
tions through passage over the structures being influ-
enced by factors, including river level (Davies, 2022).

Determining the timing and environmental driv-
ers of the annual return of individual shad to their 
spawning river has been inhibited by difficulties in 
tracking fish in large open systems and over succes-
sive years. However, recent advances in contempo-
rary tracking technologies, such as acoustic telemetry, 
provide novel opportunities for the migratory move-
ments of iteroparous shad species to be assessed in 
finer detail (Davies et  al., 2020; Gahagan & Bailey, 
2020; Mack et al., 2021). Acoustic telemetry usually 
involves the internal implantation of long battery life 
acoustic transmitters (‘tags’) into fish that enables 
their long-term movements to be measured on arrays 
of acoustic ‘receivers’ (Matley et al., 2022). For itero-
parous twaite shad, the method enables the timing of 
the return of individuals to their spawning river to be 
detected over successive years (Bolland et al., 2019).

Here, acoustic telemetry was applied to twaite shad 
(‘shad’) in the River Severn to identify their timings 
of entry into the river (downstream of known spawn-
ing grounds) for the first time during their annual 
spawning migrations (where initial detection was in 
the upper reaches of the estuary) and the influence of 
abiotic variables on this timing (e.g. water tempera-
ture, photoperiod, river flow, lunar tidal cycle). More-
over, with twaite shad being iteroparous, the use of 
long-life acoustic transmitters enabled these timings 
of river entry and the factors influencing this to be 
tested across successive spawning periods for individ-
ual fish (i.e. the extent of the repeatability in the tim-
ing of river entry). We posit that shad enter the River 
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Severn once warming water temperatures in spring 
reach a critical value, with the timing of river entry 
earlier in warmer years and later in colder years, but 
with the potential for river flow and lunar tidal cycle 
to also influence the exact timing of river entry. Con-
sequently, we also predict that individuals that return 
to the river in successive years might also adjust their 
timing of river entry as a response to inter-annual dif-
ferences in environmental conditions.

Methods

Study system

The area of study in the River Severn was the upper 
estuary and upstream to the first barrier to migration 
in the river (Fig.  1). The area of the upper estuary 
used was upstream of where the river is influenced 
by neap tides (the point during the lunar tidal cycle 
when tidal amplitude is at its lowest), but is still sub-
ject to saline intrusion, especially during spring tides 
(the point during the lunar tidal cycle when tidal 
amplitude is at its highest). Consequently, the spatial 
area of interest commences at ‘Stonebench’ in the 
upper estuary and then upstream to the normal tidal 
limit (NTL), at two weirs located on a split channel, 
at Maisemore Weir (S1a) and Llanthony Weir (S1b) 
(Fig.  1), which have not been modified to facilitate 
shad passage but are periodically drowned out during 

the high spring tides. Upstream of these weirs is the 
Upper Lode Weir (S2) (Fig. 1) located in the entirely 
freshwater section of the river but is occasionally 
drowned out by the highest spring tides and has a 
‘notch’ at the upstream end that helps facilitate shad 
passage.

Shad capture, transmitter implantation, and tracking

The period of shad capture and transmitter implanta-
tion was in May 2018 and 2019, prior to their period 
of freshwater residency and spawning (Table 1). Cap-
ture methods combined rod and line angling down-
stream of S1a and S2, where shad migration is often 
delayed (Davies, 2021), and the use of a manually 
operated trap positioned at the upstream exit of the 
notch in weir S2. Shad were captured between Julian 
days 129–144 (median: 136) in 2018 and 122–136 
(median: 133) in 2019. Following their capture, indi-
vidual shad were anaesthetised (ethyl 3-aminoben-
zoate methanesulfonate; MS-222), measured (fork 
length, nearest mm; mass, to 5 g), and scale samples 
taken (for age analysis). Across both years, 173 shad 
were internally (peritoneal cavity) tagged with a V9 
acoustic transmitter (29 × 9  mm, 4.7  g in weight in 
air, 69 kHz; www. innov asea. com) using the protocol 
of Bolland et  al. (2019). The transmitters were pro-
grammed with a randomised 1-min pulse interval 
(minimum–maximum interval between signals 30 and 
90 s) in their spawning period (April to July) before 

Fig. 1  Map of study area, 
showing its location in 
relation to the islands of 
Great Britain and Ireland 
(inset a) and the locations 
of acoustic receivers (red 
circles) used in this study 
(inset b), in relation to the 
River Severn, the neigh-
bouring River Wye, and the 
Bristol Channel, as well as 
the locations of the normal 
tidal limit (NTL) at weirs 
S1a and S1b (inset b; black 
rectangles), tagged shad 
release locations at weirs 
S1a and S2 (orange circles), 
and the locations at which 
environmental data were 
collected (black circles)

http://www.innovasea.com
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switching to a 10-min pulse interval until reverting 
to their randomised 1-min pulse interval the follow-
ing April. The rationale of this programming was that 
it extended transmitter battery life to approximately 
three years, enabling the spawning migrations of 
these individuals to be measured for up to three con-
secutive spawning migrations (Davies et al., 2020). At 
the time of transmitter implantation, a uniquely coded 
passive integrated transponder (PIT tag) was also 
inserted to enable recaptured shad to be identified 
(and so avoid re-tagging), as well as for associated 
fish pass efficiency studies (unpublished data). Sexing 
was possible only where gametes were observed inci-
dentally during the tagging process, which allowed 
for the identification of 35 female and 36 male indi-
viduals, with sex undetermined for the remaining 102 
fish. All surgical procedures were completed under 
UK Home Office project licence PD6C17B56.

Once tagged, shad were released when they were 
able to hold orientation in the water and swim away as 
normal. Shad were released either up- or downstream 
of the weir they were captured at (Table  1). Their 
movements were then tracked on an array of acoustic 
‘receivers’ (VR2W; www. innov asea. com). Although 
there were a wider array of receivers deployed across 
the lower River Severn basin to track movements 
further upstream (Davies et al., 2021), for this study 
only four receivers were used, allowing the timing of 
entry of shad into this section of river to be identi-
fied (Fig. 1). In all cases, where ‘river entry’ is used, 
it refers to the day/time when a shad (implanted with 
an acoustic transmitter during a previous spawning 
migration) was first detected in the upper estuary and 
thus it was assumed these fish were then motivated to 
continue moving upstream into freshwater to spawn. 

Specifically, two acoustic receivers were deployed in 
the unobstructed reach downstream of the confluence 
of the channels where S1a and S1b are located and 
one receiver directly downstream of each of S1a and 
S1b. River entry for all but one individual in 2019, 
two in 2020, and one in 2021 was able to be defined 
as when an individual tagged shad was first detected 
at the most downstream (Stonebench) receiver and for 
the remaining individuals, when first detected at one 
of the three receivers further upstream (Fig. 1).

Environmental data

To enable testing of the environmental cues that influ-
enced the timing of entry into the River Severn by 
returning shad, river level data at Minsterworth and 
river temperature data at Gloucester (Fig.  1) were 
provided as 15-min interval data by the Environment 
Agency (EA), a publicly funded environmental regu-
latory agency. Daily sea surface temperature (SST) 
at Severn Beach (Fig.  1) were obtained from www. 
seate mpera ture. info (last accessed 30/09/2021). Daily 
tidal amplitude was estimated from the Minsterworth 
river level data, and river temperatures were con-
verted to daily mean river temperature (RT), as the 
initial entry of shad into the array was analysed at a 
daily resolution. Sea surface temperatures were con-
verted to 7-day rolling mean sea surface temperature 
(7-day SST) to control for daily fluctuations and to 
be more representative of the sea temperatures expe-
rienced by shad prior to their entry into the river. 
Daily river flow data from the EA Haw Bridge gauge 
(Fig. 1) were obtained from www. nrfa. ceh. ac. uk (last 
accessed 12/11/2021). Photoperiod was identified in 
the R package ‘geosphere’ (Hijmans et al., 2021), for 
the latitude of the most downstream acoustic receiver 
(51.83471). The point in the lunar tidal cycle was 
determined through identification of peaks in spring 
and neap tides using water level data for Portbury 
(Fig.  1), the closest available location to the River 
Severn with a > 0m tidal amplitude during neap tides, 
from www. bodc. ac. uk (last accessed 06/07/2022). 
Over the course of a full lunar tidal cycle, the day 
with minimum tidal amplitude (neap tide) was 
given a value of 0 and 1 (representing the start and 
end of the lunar tidal cycle, respectively) and the 
day of peak amplitude (spring tide) given a value of 
0.5 (mid-cycle). Due to the circular nature of these 
data, points in lunar tidal cycle were split into their 

Table 1  Details of the capture location, capture method, and 
release location of shad implanted with acoustic transmitters in 
May 2018 and 2019

Year Capture 
location

Capture method Release location n

2018 S1a Rod and line Upstream S1a 20
S2 Rod and line Downstream S2 1
S2 Rod and line Upstream S2 24
S2 Trap Downstream S2 6
S2 Trap Upstream S2 22

2019 S1a Rod and line Upstream S1a 50
S2 Trap Upstream S2 50

http://www.innovasea.com
http://www.seatemperature.info
http://www.seatemperature.info
http://www.nrfa.ceh.ac.uk
http://www.bodc.ac.uk
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sine and cosine components for inclusion in linear 
models. Sine components related to the direction of 
change in tidal amplitude (positive value = increasing 
amplitude, negative value = decreasing amplitude), 
and cosine components related to the proximity to the 
neap and spring tides (1 = neap, − 1 = spring).

Data and statistical analyses

Testing of inter-annual variation in the timing of river 
entry, and the environmental conditions influencing 
this, used non-parametric Wilcoxon rank sum tests 
with continuity correction that compared Julian day of 
year, 7-day SST, RT, river flow, and daily tidal ampli-
tude at river entry between years. To avoid issues of 
pseudo-replication, shad returning for a third tracked 
spawning season were not compared with shad 
returning for a second season in the previous year. In 
order to test the influence of daily variation in river 
flow and tidal amplitude on river entry, Wilcoxon 
rank sum tests with continuity correction were also 
used to compare flow and tidal range on days with 
and without shad entering the river for the first time 
within each year. The period over which days were 
compared consisted of all days from the first to the 
last Julian day that a shad had been detected entering 
the river for the first time in that year, so as to encom-
pass the entire period that daily variations in flow and 
tidal amplitude may have had an influence on river 
entry. To then test the significance of the lunar tidal 
cycle on shad river entry, Hermans–Rasson tests were 
used (R package ‘CircMLE’ (Fitak & Johnsen, 2020)) 
to analyse how river entries compared to a uniform 
distribution about the lunar tidal cycle, with each year 
tested separately due to differences in environmental 
conditions between years and to avoid pseudo-repli-
cation. These tests were used in preference to Ray-
leigh tests due to their increased power for testing 
non-uniform data distributions that do not conform 
with the von Mises distribution (Landler et al., 2019). 
Point in lunar tidal cycle on the day of first detection 
in the upper estuary was plotted as a separate rose 
diagram for each year. Given the high proportion of 
unsexed shad in the dataset (59%), then the influence 
of sex on the timing of, and environmental conditions 
influencing, river entry was not tested.

To determine the influence of each of the environ-
mental variables (photoperiod, 7-day SST, RT, river 
flow, lunar tidal cycle, daily tidal amplitude) on the 

probability of river entry of acoustic tagged shad, 
environmental predictors were entered into a general-
ised linear mixed model (GLMM; binomial distribu-
tion (Rizopoulos, 2022)). The response variable was 
a binary representation of whether an individual shad 
had entered the river on each Julian day up to—and 
including—the day of their river entry in that year. 
Correspondingly, for each returning fish, a value of 0 
was given for each day prior to their detection in the 
array (taken from day 7 of the year so as to include 
7-day SST from Julian day 1 of the year) and then 1 
for the day that the fish was first detected.

The environmental variables were all entered into 
the GLMM as fixed factors, with fish ID as a random 
factor. The time, location, and method of shad capture 
varied within and between years, thus time of cap-
ture was not used to predict time of river entry in the 
tagging year. It was thus not possible to control for 
day of capture when modelling the predictors of river 
entry. Prior to building the full GLMM, the environ-
mental variables were tested for co-linearity (Pear-
son’s correlation coefficient); where two variables 
were highly correlated (r ≥ 0.7), one was removed 
(Online Resource 1). This resulted in the omission 
of daily tidal amplitude (keeping the cosine compo-
nent of lunar tidal cycle, due to the inclusion of the 
sine component of lunar tidal cycle in the model) 
and Julian day of year (keeping photoperiod, due to 
photoperiod being known to influence migration tim-
ing in various species (Robart et  al., 2018; Garcia-
Vega et  al., 2022)). However, photoperiod was also 
highly correlated with 7-day SST and RT, and 7-day 
SST highly correlated with RT (Online Resource 1). 
Given these variables all potentially represent impor-
tant migration cues, then resolving which variable to 
retain was important.

The method of selection for the co-linear environ-
mental variable(s) to be retained in the full GLMM 
was based on analysis by Burnside et al. (2021) and 
was completed by building three separate GLMMs 
(lme4 package (Bates et  al., 2015)), with either 
photoperiod, 7-day SST or RT at river entry as the 
response variable, and fish ID used as a random fac-
tor. The fixed factor was an annual reference tem-
perature, taken as the 7-day SST on the mean day of 
river entry across the entire 2019–2021 study period 
(Julian day 122) for that year. Akaike Information 
Criterion (AICc) values (corrected for small sample 
size) were compared between these models and the 
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corresponding models with the fixed factor (annual 
reference temperature) removed (Online Resource 
2a–c) in ‘AICcmodavg’ (Mazerolle, 2020), with pre-
dictor effects plots built using the ‘effects’ R package 
(Fox & Weisberg, 2019) to allow for visual compari-
sons between each pair of models. Where the model 
with the fixed factor removed had an AICc value 
of ≥ 2 higher than the model retaining the fixed factor, 
the model retaining the fixed factor was the best fit-
ting model and thus annual variation in the response 
variable (i.e. photoperiod, 7-day SST, or RT at river 
entry) was predicted by annual reference temperature. 
Where the model retaining the fixed factor was the 
best fitting model, the response variable (i.e. photo-
period, 7-day SST, or RT) was omitted as a predictor 
from the full model predicting river entry. The justi-
fication for this selection method was that if annual 
reference temperature was a significant positive pre-
dictor of either 7-day SST or RT at river entry, then 
annual variation in temperature likely did not influ-
ence annual variation in timing of river entry and thus 
the response variable (i.e. 7-day SST or RT) could be 
disregarded as a potential migration cue, whereas if 
annual reference temperature was a significant nega-
tive predictor of photoperiod at river entry, annual 
variation in temperature likely did influence annual 
variation in timing of river entry and thus photoper-
iod could be disregarded as a potential migration cue.

The full GLMM predicting the environmental 
variables responsible for triggering river entry was 
built using the ‘GLMMadaptive’ package (Rizopou-
los, 2022). Model selection was via backward step-
wise selection through comparisons of AICc values 
(Online Resource 3). This model selection dictates 
that the best fitting model is that with the lowest AICc 
value; however, a model within 2 AICc can instead 
be taken as the ‘best fitting model’ should it retain 
fewer predictors, thus being more parsimonious. 
Where the selected model retained greater than one 
predictor, the odds ratios for each predictor were cal-
culated in order to determine their relative influence 
on river entry, using the ‘sjPlot’ package (Lüdecke, 
2022). Predictor effects plots were created to visualise 
how the probability of an individual shad entering the 
river in any given year was influenced by the environ-
mental predictors retained in the best fitting model(s) 
(‘effects’ R package (Fox & Weisberg, 2019)).

To investigate individual repeatability in timing of 
river entry between years, Julian day of river entry 

was tested for individual repeatability (R) in ‘rptR’ 
with a GLMM and parametric bootstrapping of 1000 
iterations (Stoffel et al., 2017). The GLMM contained 
Julian day of river entry as the response variable and 
the random variable fish ID as the only predictor. 
Julian day of river entry was considered individually 
repeatable between years if R differed significantly 
from 0. Julian day of the year, rather than photoper-
iod, was used for this analysis, so that our analysis 
followed the standard methods seen in other studies 
where photoperiod does not correlate with timing of 
river entry, due to river entries occurring during peri-
ods of both increasing and decreasing photoperiod 
(Eldøy et al., 2019; Jensen et al., 2020; Birnie-Gauvin 
et al., 2021).

Results

Inter-annual variability in timing of shad river entry

Of 173 acoustic tagged shad (2018: 73; 2019: 100), 
71 ‘returners’ entered the River Severn in their sub-
sequent spawning year (2019: 33; 2020: 38). Of 
these 71 returners, 21 were then detected returning 
for a third spawning period (2020: 7; 2021: 14). Of 
all returning fish, only one entered the neighbouring 
River Wye (Fig. 1) before entering the River Severn 
within the same year.

Across the three years, tagged shad entered the 
river between Julian day 107 and 153. This timing did 
not vary significantly between years (2019: 109–143 
(median = 120); 2020: 107–153 (median = 120); 
2021: 111–136 (median = 116); p > 0.05; Table  2b). 
The environmental conditions on days with shad 
detected entering the river varied considerably 
between years (Table  2). On days with at least one 
shad detected entering the river for the first time, 
7-day SST varied between 9.5 and 16.6°C, RT 
between 10.9 and 20.1°C, and river flow between 
24.3 and 152.0  m3  s−1. Shad entered the river at 
significantly lower 7-day SST and RT in 2021 ver-
sus 2019 and 2020 (Table 2b), as both SST and RT 
were significantly lower in 2021 versus 2019 and 
2020 (Online Resource 4). Whilst mean daily river 
flow was significantly different between all study 
years (Online Resource 4), the only years where shad 
entered the river at significantly different flows were 
2019 and 2020, with shad entering the river at higher 
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flows in 2019 (Table 2b). However, at a yearly reso-
lution river flow on days with and without a tagged 
shad entering the river for the first time were not sig-
nificantly different (Wilcoxon rank sum tests with 
continuity correction: 2019: P = 0.96; 2020: P = 0.11; 
2021: P = 0.22).

Daily tidal amplitude did not differ significantly 
at river entry between years (Table 2b), nor did tidal 
amplitude differ significantly between days with 
and without shad entering the river for the first time 
(Wilcoxon rank sum tests with continuity correc-
tion: 2019: P = 0.86; 2020: P = 0.68; 2021: P = 0.18). 
The timing of river entries in relation to the lunar 
tidal cycle differed significantly from a uniform dis-
tribution in all years (Hermans–Rasson test: 2019: 
T = 6.95, P = 0.05; 2020: T = 12.55, P < 0.01; 2021: 
T = 8.48, P = 0.02), with peaks in river entry associ-
ated with different periods of the tidal cycle in each 
year (Fig. 2).

Environmental influences and individual repeatability 
of timing of river entry

Photoperiod at river entry was the only one of three co-
linear variables determined to be independent of annual 
reference temperature, with the 7-day SST and RT at 
river entry being significantly positively correlated with 
annual reference temperature, whilst the photoperiod at 
river entry was similar in all years, regardless of yearly 

variations in annual reference temperature (Fig.  3; 
Online Resource 2). Thus, photoperiod was deemed to 
be a candidate environmental cue for shad river entry, 
whilst 7-day SST and RT were not. Photoperiod was 
therefore included in the full GLMM over 7-day SST 
and RT. After backward stepwise selection, the model 
predicting river entry that had the lowest AICc retained 
photoperiod and the sine component of the lunar tidal 
cycle as significant positive predictor variables, with the 
cosine component retained as a non-significant negative 
predictor variable (Fig.  4, Table  3b; Online Resource 
3). Odds ratios indicated that photoperiod was the main 
predictor of river entry in this model (Table 3c), which 
is supported by the most parsimonious model (within 
2 AICc of the lowest AICc model) that only retained 
photoperiod as a predictor, with shad entering the river 
on days with a photoperiod of 14 h and greater (Fig. 4a, 
Table 3a; Online Resource 3). For the 21 shad return-
ing to the river for three tracked spawning migrations, 
timing of river entry had high individual repeatability 
(R = 0.75, P < 0.001), with Julian day of river entry in 
the second and third spawning seasons positively cor-
related (Fig. 5).

Discussion

There was relatively high variation in sea surface tem-
perature, river temperature, and flow regime of the 

Table 2  (a) Summary of the median (25th–75th percentile) 
Julian day, the means (± 95% confidence interval) of 7-day 
mean sea surface temperature (SST), and mean daily river tem-
perature (RT), river flow (Flow), and tidal amplitude on tagged 
shad being detected entering the river for a second and third 

spawning migration (‘Spawning season’) in each study year 
and (b) Wilcoxon rank sum tests with continuity correction, 
comparing between years for Julian day, SST, RT, and river 
flow on first detection

Year Spawning 
season

n Julian day SST (°C) RT (°C) Flow  (m3  s−1) Tidal amplitude (m)

(a)
 2019 2 33 120 (113 – 134) 11.3 ± 0.4 13.5 ± 0.4 57.6 ± 5.4 1.13 ± 0.31
 2020 2 38 119 (113 – 125) 11.7 ± 0.3 13.9 ± 0.4 41.3 ± 1.9 1.29 ± 0.26
 2020 3 7 130 (126 – 136) 12.9 ± 1.3 15.2 ± 1.8 39.2 ± 7.9 1.66 ± 0.90
 2021 3 14 116 (113 – 129) 10.5 ± 0.3 12.0 ± 0.2 75.7 ± 26.2 1.25 ± 0.55

Years Julian day SST RT Flow Tidal amplitude

(b)
 2019/2020 W = 681; P = 0.54 W = 473; P = 0.08 W = 503; P = 0.15 W = 1071.5; P < 0.001 W = 558; P = 0.43
 2019/2021 W = 251.5; P = 0.64 W = 318; P = 0.04 W = 394; P < 0.001 W = 258; P = 0.54 W = 225; P = 0.90
 2020/2021 W = 67.5; P = 0.18 W = 95; P < 0.001 W = 98; P < 0.001 W = 36; P = 0.35 W = 61; P = 0.39
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River Severn between the three study years, yet the 
timing of river entry of the returning tagged shad did 
not differ significantly between years. Tagged shad 
entered the river’s upper estuary in periods when both 
sea surface and river temperatures were relatively low 
(2021), as well as relatively high (2019, 2020). They 
also tended to enter the river during higher flows in 
years with higher flows, without adjusting their tim-
ing of river entry in relation to daily fluctuations in 
flow. Although an increasing influence of the lunar 
tidal cycle on river level had some influence on the 
timing of river entry, the distribution of shad river 
entries across the lunar tidal cycle differed between 
years, and daily tidal amplitude had no significant 
influence on river entry. Indeed, the most parsimoni-
ous model retained only photoperiod as a predictor 
of river entry, with the critical day length period for 
shad entering the river being 14 h.

Previous research on twaite shad migration phe-
nology has suggested that the timing of entry into 
the lower Severn Estuary is associated with water 
temperature (Aprahamian, 1988). This suggestion 
resulted from data on shad by-catch in a static net 
(‘putcher’) fishery between 1979 and 1988, with this 
fishery located approximately 35-km downstream of 
the ‘entry’ location of our study (i.e. the Stonebench 
receiver) and with the putcher rank extending only 
107 m from the river bank, thus only partially sam-
pling the river channel (Aprahamian, 1988). Corre-
spondingly, the results of that study and those from 
the acoustic telemetry data here are not directly com-
parable, as shad may use different environmental cues 
at different stages of their migration. However, we 
are highly confident that our use of passive acoustic 
telemetry here provided a robust approach for accu-
rately identifying the timing of shad returns to the 
river (at least at the most downstream receiver in the 
upper estuary and where it was assumed the return-
ing fish were motivated to enter freshwater to spawn) 
and provided data that enabled testing against the 
environmental variables that might influence this tim-
ing, where photoperiod was identified as the primary 
migration cue.

To maximise their fitness, anadromous fish must 
time their spawning migrations to ensure timely 
arrival on their upstream spawning grounds that 
maximises their opportunity for reproductive suc-
cess (e.g. high mate choice and environmental 
conditions most appropriate for high egg survival 

Fig. 2  Rose diagrams illustrating the relationship between 
the number of tagged shad entering the River Severn and the 
point in the lunar tidal cycle in a 2019, b 2020, and c 2021. 
The points of the lunar tidal cycle with the least (neap) and 
most (spring) influence on water levels are indicated on the 
plots, with the direction of cycle progression illustrated by the 
arrows, with increasing (+) and decreasing (−) influence of the 
lunar tidal cycle on water levels between the neap and spring 
tides



1627Hydrobiologia (2023) 850:1619–1634 

1 3
Vol.: (0123456789)

and development). In twaite shad, embryo develop-
ment is reliant on temperature (Aprahamian et  al., 
2003), with successful recruitment in the River Sev-
ern population related to both high summer tem-
peratures and relatively low flows (Aprahamian & 
Aprahamian, 2001). High annual variability in the 
recruitment of many other riverine fish species in 
England is also related to annual variation in these 
environmental conditions (Nunn et al., 2007, 2010; 
Antognazza et  al., 2019). However, shad are una-
ware of the conditions on their spawning grounds 

when initiating their migration, and high river 
flows in May have previously been shown to not 
negatively impact shad recruitment (Aprahamian & 
Aprahamian, 2001). Correspondingly, that photo-
period was a stronger predictor of the timing of river 
entry is likely to relate to it being the most reliable 
predictor of seasonality available to these migrating 
shad when out at sea and moving through the estu-
ary (given the independence of photoperiod from 
local weather conditions) (Kudoh, 2019). Thus, 
the use by shad of photoperiod as a migration cue 

Fig. 3  Predictor effects 
plots from GLMMs testing 
the relationship between the 
annual reference tempera-
ture (fixed predictor) on a 
photoperiod; b 7-day mean 
SST; and c mean daily river 
temperature at river entry 
(blue lines), compared with 
GLMMs with the fixed 
predictor (annual refer-
ence temperature) removed 
(black lines). Labels above 
points indicate the year for 
each set of river entries
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enables their entry into the river at a relatively con-
sistent time each year, with decisions on the timing 
of spawning only taken once in the river and in rela-
tion to the environmental conditions experienced in 
their spawning areas. Indeed, this is a migration and 
spawning strategy already recognised as optimal in 
the semelparous allis shad Alosa  alosa (Linnaeus, 
1758), where the fitness costs of arriving late onto 
the spawning ground and risking arriving after opti-
mal spawning conditions have passed are greater 
than the fitness costs associated with arriving early 

onto spawning grounds and potentially having to 
wait for optimal spawning conditions to occur (Pou-
let et  al., 2021). Probability of river entry may be 
influenced by photoperiod due to the photoneuroen-
docrine regulation of gamete production frequently 
observed in temperate teleost fishes (Migaud et al., 
2010), which may result in shad being ready to enter 
the river once their gametes have reached a critical 
level of maturation due to increasing day lengths. 
There is also potential for other environmental vari-
ables to act alongside photoperiod to cue shad river 

Fig. 4  Predictor effects 
plots of a the most par-
simonious GLMM and 
a–c the GLMM with the 
lowest AICc, assessing the 
probability of river entry in 
relation to a photoperiod, b 
the sine component of lunar 
tidal cycle, and c the cosine 
component of lunar tidal 
cycle. Note difference in 
scale on Y-axes
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entry during these spawning migrations. However, 
these environmental cues were not detected dur-
ing the study period, despite relatively high inter-
annual variability in environmental conditions 
across the study. The lack of apparent influence 

of these environmental conditions might relate to 
them always being at an acceptable level to stimu-
late river entry once the critical day length was 
reached in all study years (i.e. they were ‘silenced 
cues’), but with the possibility that their influence 

Table 3  Summary of the retained coefficients in (a) the most 
parsimonious generalised linear mixed model (GLMM) and 
(b) the GLMM with lowest AICc, predicting the environmental 

conditions at river entry for tagged shad. (c) The odds ratios, 
with 95% confidence intervals (CI), of the retained coefficients 
in the GLMM with lowest AICc

Predictors Estimate ± SE z value P

(a)
 (Intercept)  − 60.28 ± 9.48  − 6.36  < 0.001
 Photoperiod 3.93 ± 0.65 6.07  < 0.001

(b)
 (Intercept)  − 59.78 ± 9.36  − 6.39  < 0.001
 Photoperiod 3.90 ± 0.64 6.09  < 0.001
 Sine component of lunar tidal cycle 0.35 ± 0.17 2.00 0.046
 Cosine component of lunar tidal cycle  − 0.25 ± 0.18  − 1.37 0.17

Predictors Odds Ratios CI P

(c)
 (Intercept) 0.00 0.00–0.00  < 0.001
 Photoperiod 48.95 14.00–171.23  < 0.001
 Sine component of lunar tidal cycle 1.41 1.01–1.98 0.046
 Cosine component of lunar tidal cycle 0.78 0.55–1.11 0.17

Fig. 5  Scatter plot showing 
Julian day of river entry in 
second (x-axis) and third 
(y-axis) tracked spawning 
season for individual shad 
(n = 21) tracked over three 
successive spawning sea-
sons. Colour indicates the 
year in which an individual 
was first tagged. Dashed 
line indicates the 1:1 line
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on timing of river entry could be stronger in years 
with more extreme environmental conditions.

In this study, photoperiod was the main predictor 
of river entry and Julian day of arrival was consist-
ent between years for individual twaite shad. Other 
elements of migration behaviour have previously 
been identified as individually repeatable in twaite 
shad, with individuals showing high fidelity for both 
spawning river (Davies et al., 2020) and home range 
within their spawning river (Davies, 2021), as well 
as in barrier passage success between years (Davies, 
2021). However, the current study is, to our knowl-
edge, the first to identify individual repeatability in 
the timing of migration in a shad species either in 
Europe or North America. Individual repeatability 
in timing of migration is relatively common in birds 
(Franklin et al., 2022), with these migrations cued by 
both temperature (Burnside et  al., 2021) and photo-
period (Meunier et al., 2008), although fewer studies 
have identified comparable behaviour in fish (Bell 
et  al., 2009). Recent studies have, however, sug-
gested that iteroparous anadromous salmonids can 
exhibit high individual repeatability in migration tim-
ings (Eldøy et al., 2019; Jensen et al., 2020; Birnie-
Gauvin et al., 2021), and this has also been observed 
in anadromous non-salmonids (Tibblin et  al., 2016). 
Although in some studies this individual repeatabil-
ity in timing of river entry is relative to between-year 
variations in population migration timing, related to 
variations in environmental conditions (Tibblin et al., 
2016; Jensen et  al., 2020), we found that for twaite 
shad, there was no significant variation in their timing 
of river entry between years, despite high inter-annual 
variation in environmental conditions.

It has been suggested that male twaite shad tend to 
begin their spawning migrations earlier than females 
(Claridge & Gardner, 1978; Aprahamian et al., 2003). 
In anadromous salmonid fishes, males often also 
return to the spawning river before females, with 
this associated with their earlier arrival on spawn-
ing grounds to establish dominance over other males, 
with females then requiring further cues to move 
upstream (e.g. Esteve, 2017). We were, however, una-
ble to test differences in the timing of, or the environ-
mental variables associated with, river entry between 
sexes, due to the relatively low proportion of fish that 
were sexed during transmitter implantation, where it 
was important that the surgery was completed in a 
timely fashion to minimise impacts on fish welfare 

and thus severely limiting the time available for inter-
nal examination of gonads (Bolland et  al., 2017). 
Nonetheless, with strong individual repeatability in 
the timing of river entry being apparent across the 
dataset relating to photoperiod, then photoperiod is 
likely an important migration cue regardless of sex. 
However, it is recommended that in the future work, 
more emphasis is placed on sexing tagged shad so 
that the effect of sex on both the timing of river entry 
and the environmental cues influencing river entry 
and subsequent arrival onto spawning grounds can be 
tested rigorously.

Species that rely primarily on photoperiod as a 
migration cue are predicted to exhibit weaker pheno-
typic plasticity than those using temperature as a cue, 
arguably making them less able to adjust the timing 
of their migration in relation to environmental change 
and so potentially increasing the potential for mis-
matches between migration timing and spawning and 
emergence conditions (Anderson et al., 2013). How-
ever, with individually repeatable behaviour having 
the potential to be heritable or determined by condi-
tions experienced during early life history, using pho-
toperiod as a cue could allow for some intergenera-
tional advancement in migration phenology in twaite 
shad in response to a warming climate. Evidence of 
shad species advancing their timing of river entry in 
response to increasing water temperatures has been 
found in North America (Nack et  al., 2019; Lom-
bardo et  al., 2020), although photoperiod may not 
be the environmental variable stimulating river entry 
in these cases. As we only had the ability to identify 
timing of river entry in the second spawning season 
at the earliest (and potentially only after multiple 
spawning migrations) then further work is needed to 
investigate the possible influence of early-life envi-
ronmental conditions on migration phenology. This 
could be based on otolith microstructure and chemis-
try that has already been applied to investigating shad 
early life history (Lochet et al., 2008).

The Severn Estuary is subject to the second high-
est tidal range in the world (Binnie, 2016), and with 
the effort of spawning migrations known to have 
energetic costs for shad species (Leonard & McCor-
mick, 1999), shad may be able to conserve energy by 
utilising these tides during their riverward migrations. 
Here, we found a relatively low influence of the lunar 
tidal cycle on river entry and thus upstream move-
ments through the upper estuary were seemingly not 



1631Hydrobiologia (2023) 850:1619–1634 

1 3
Vol.: (0123456789)

aligned with spring (rather than neap) tides as a way 
to conserve energy during their riverward migration. 
However, it is possible that movements of twaite shad 
through the lower Severn Estuary were more greatly 
influenced by the lunar tidal cycle, as was observed 
in allis shad in the lower rather than upper Gironde 
Estuary (France) (Rochard, 2001). Some fish species 
also use selective tidal stream transport (STST) as an 
energetically efficient strategy to move through estu-
aries during an individual tidal cycle (Beaulaton & 
Castelnaud, 2005; Kelly et al., 2020), and a previous 
study by Aprahamian (1988) found that peaks in by-
catch of twaite shad in a static net fishery in the lower 
Severn Estuary coincided with ebb tides, suggest-
ing that twaite shad may utilise the individual tidal 
cycle to conserve energy whilst moving through the 
estuary. Although this was not found to be the driver 
behind tidally influenced allis shad movements in the 
lower Gironde Estuary (Rochard, 2001), the acoustic 
receiver array in the current study did not have the 
spatial coverage to investigate STST. Thus, whilst we 
cannot dismiss STST as a potential mechanism used 
by twaite shad in the Severn, further work would be 
needed to determine the extent to which individuls 
use tides in this way. Furthermore, the influence of 
the lunar and individual tidal cycle on onward migra-
tion into freshwater, including at weirs known to be 
influenced by spring tides (i.e. S1a, S1b, and S2), was 
not investigated here and so could still be an impor-
tant driver of the timing of shad arrival at freshwater 
spawning areas.

Conclusion

In summary, photoperiod was found to be the pri-
mary variable predicting the timing of twaite shad 
entry into the River Severn upper estuary, prior to 
commencing their upstream migrations to riverine 
spawning areas, with a small influence of the lunar 
tidal cycle and no apparent influence of temperature 
or river flow. High individual repeatability in the tim-
ing of river entry was apparent across years, irrespec-
tive of variations in environmental conditions. This 
suggests that individuals follow a specific migration 
strategy influenced primarily by increasing day length 
that allows them to be present on their upstream 
spawning grounds when conditions for reproduction 
are favourable and mate choice is high.
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