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The static, gravitational, component on each axis i (x, y and z) was extracted from the
raw signal at each time ¢ by replacing each data point Tlt by the average of the points within a

window of width w centred on ¢, so that:

w
]—t+?

1 —

SAlt = ; LJ
, w
j=t—

Unlike what is usually done (Brown et al. 2013), these data were not used to assess the
posture of the fish, as no known behaviour in shad involves change of posture. Instead, we
hypothesized that it may reflect the shape of the fish. Indeed, since the accelerometer was
pinned on the dorsal part of the fish’s flank, the angle 8 between the x-axis of the tag and the

vertical may be linked to the roundness of the fish, a proxy of its energetic reserves. This angle

could be computed at any data point of static acceleration, as 8, = cos™*(SA.), where 6 is

the angle at time ¢ and SA, . is the static acceleration computed on the x-axis at time ¢ (Fig.
1.A). To track change in body roundness through the season, #was estimated for each fish from

SA, + computed over w=180 000 points (i.e. 1 h at a 50Hz sampling frequency) every eight

hours (6AM, 2PM, 10PM), from its release until its death.

A B
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249  Figure 1. Allis shad were tagged with a radio transmitter on the left flank and an accelerometer

250  on the right flank. The accelerometer continuously recorded acceleration on three axes. A. The
251  static component of acceleration recorded on the x-axis at time ¢, SA—x,t), corresponds to the
252  orthogonal projection of gravity, which is vertical by definition, on this axis. Hence, the angle
253 H@between the x-axis and the vertical can be computed for any time ¢ as 6; = cos‘l(SA—x,t)). B.

254  The dynamic component of acceleration (smoothed with a 250-point wide median filter) can be
255  used to detect spawning acts, characterized by increased acceleration on both x (red), y (green)
256  and y (blue) axes, resulting in a peak in the norm of the 3-dimensional acceleration vector
257  (black), and accompanied by a decrease in hydrostatic pressure (purple).

258

259 The dynamic component of acceleration was computed at every time point on each
260  dimension i (m) as the raw signal minus the static acceleration computed over w=250 points
261 (=5 s at 50 Hz). This was used to quantify the activity of the fish through Tail Beat Frequency
262  (TBF), computed as the number of zero-crossings of WAZ; per second. TBF can be computed
263  at every instant, but for further analysis we used average computed for every minute.

264 We estimated the energy consumption for every minute of each individual's
265  reproductive season, using its tail beat frequency (computed as described above), the
266  temperature recorded by the individual logger, and equations derived from the data of Leonard
267 et al. (1999) and Castro-Santos & Letcher (2010) on American shad, Alosa sapidissima.
268  Leonard et al. (1999) measured oxygen consumption and tail beat frequency of 18 American
269  shad in a swimming respirometer with water temperature varying between 13°C and 24°C. On
270  their data, we fitted a linear mixed model (Imer function in Ime4 package; Bates et al. 2014)
271  with individual random intercept and fixed effects of temperature and TBF, on log-transformed
272 oxygen demand (MO2, in mmol O2.kg!.h'!). Then, assuming that 0.4352 kJ of somatic energy

273  are burnt per mmol O> (Brett and Groves 1979), we used the three parameters of the mixed

12
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274  model (average intercept = 1.0064, slope of temperature = 0.0531, and slope of TBF = 0.2380)
275  to compute the amount of energy E;; (in kJ) consumed by each fish i for each minute ¢ of its
276  spawning period, from its body mass M;; (in kg), the average temperature recorded by its logger
277  during that minute 7;, (in °C), and its average tail beat frequency during that minute 7BF;; (in

278  beat per second):

279 Ei,t - 6_10 X 0.4352 X Mi,t X e1.0064+0.0531><Ti‘t+0.2380><TBFi,t (Equation 1)

280  Since energy consumption continually reduces fish mass, we iteratively modelled fish mass and
281  energy expenditure at each minute of the spawning season. For this, we assumed that shad get
282 69% of their energy from lipids and 31% from proteins to fuel their metabolism (Leonard &
283 McCormick, 1999), and that one gram of fat yields 39.54 kJ, against 23.64 kJ per gram of protein

284  (Craig et al. 1978), so fish mass at the /" minute was:

_ _ Ei,t -3 .
285 Myr =M 0.69%39.54+0.31x23.64 " 10 (Equation 2)

286 The dynamic acceleration was also used to count the number of spawning events
287  performed by each tagged shad. To do this, the acceleration pattern typical of spawning act was
288  first described in a controlled experiment and then searched in the field-collected data. To
289  characterize the typical pattern associated with spawning act, a male and a female shad were
290  captured at Uxondoa trap, tagged as described above, and observed for one month (June 2016)
291  inabasin (400 m?, 0.6 m water depth) at the INRAE experimental facilities in St Pée sur Nivelle
292 (ECP 2018). Eight spawning acts were recorded on video or audio, which could be paralleled
293  with acceleration data. The typical pattern of acceleration associated to the spawning act was a
294  rise in the norm of the 3D acceleration vector, which stayed above 3 g for at least 3 seconds,
295  mainly driven by acceleration on the z-axis corresponding to TBF reaching up to 15 beats per
296  second. A decrease of hydrostatic pressure was typically associated to this pattern, due to the
297  fish reaching the water surface during the spawning act (Fig. 1.B). These criteria for
298 identification of spawning acts were robust, as they were always detected when spawning was

13
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299  visually observed (no false negative) and never observed when spawning was not visually
300 observed (no false positive). These criteria were implemented in an algorithm to scan the
301  accelerograms collected in the field in 2017. This automated identification was validated by
302  visual comparison of accelerogram sequences automatically identified in 2017 with sequences
303  of eight acknowledged spawning acts recorded in 2016.

304 Finally, the exact timing of each individual’s death was detected as a clear change in the
305  acceleration signal, where the gravitational component indicated that the fish switched from
306  upright posture to lying on its side or upside down, and the only dynamic component left was
307 the tenuous jiggling due to water flowing over the tag.

308
309  Statistical analysis

310 All analyses were performed on R (R Development Core Team 2008). A zero-inflated
311  mixed regression (package glmmTMB; Brooks et al. 2017) was used to test the effect of
312 temperature on the number of spawning acts performed by each individual on each night. The
313 Binomial component of the model informed on the effect of temperature on the probability to
314  perform any spawning act, while the Poisson component tested the effect of temperature on the
315  number of spawning acts. Individual was used as a random effect on both components. At a
316  finer timescale, we tested whether females spawning in the same night synchronized their
317  spawning acts. To do this, we performed 10 000 permutations of the hour of spawning acts
318  recorded along all nights, and compared the median of the delay to the nearest spawning act for
319  actual data and for simulated data. Because our aim was not to test the synchrony between acts
320  performed by the same female, only the first act performed by each female on a given night
321  was considered in this analysis.

322 As mentioned above, TBF was computed for every minute of each individual’s

323  spawning season, to track its energy expenditure. As an indicator of fish activity, average TBF

14
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324  was also aggregated over eight-hour time windows corresponding to three periods of the day:
325  morning (6AM-2PM), afternoon (2PM-10PM) and night (10PM-6AM). The limits of the night
326  period correspond to the earliest and latest hour of spawning activity classically recorded on
327  spawning grounds (Cassou-Leins and Cassou-Leins 1981). To test whether shad adopted a
328  different behaviour at different periods of the day, linear mixed models with individual random
329  intercept and period of the day as a fixed effect were fitted to TBF, temperature and depth. For
330 TBF, we also added a binary covariate indicating whether the fish had been tagged for more or
331 less than three days, to test whether recent tagging impaired activity (Fere et al. 2020 Apr 21).
332  Depth was estimated by computing hydrostatic pressure (1hPa.cm™) as the difference of
333  pressure recorded every second by each tag and the atmospheric pressure recorded every 20
334  minutes by a meteorological station situated at the INRAE facilities, less than one kilometre
335  from the spawning ground. All mixed models were fitted using the package Ime4 for R (Bates
336 et al. 2014), significance of fixed effects was tested using the likelihood ratio test (LRT y?)
337  between the model including the fixed effect and the nested model excluding it. Marginal and
338  conditional R? (R%y and R%), indicating the proportion of variance explained by the fixed effects
339  and by the whole model, respectively, where computed using R package MuMIn (Barton 2009).
340 To our knowledge, static acceleration has never been used to assess changes in animal
341  body roundness. We tested three predictions resulting from the hypothesis that the angle &
342  between the x-axis of an individual’s accelerometer and the vertical was an indicator of body
343  roundness. First, we fitted a Pearson correlation between Fulton condition coefficient
344 (100*weight (in grams)/length (in centimetres)?®) and €, both measured at the initial capture and
345  atdeath. Second, a linear mixed model, with individual random intercept and slope was used to
346  test whether 8 decreased with time since individual release. Third, to test if change in 8 over
347  the breeding season was proportional to change in condition, a correlation was performed

348  between the differences in #and in Fulton condition coefficient from release to death. Finally,

15
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349  to test whether the decrease in € could be linked to temperature, activity, energy expenditure or
350  the moment of the days, we fitted linear mixed models with the difference in &between the first
351 and the last hour of each 8-hour period and an individual random intercept. Four models were
352  tested, 1) the null model with only random intercept, 2) a model with average temperature and
353  TBF during the 8-hour period as fixed effects, 3) a model with cumulated energy expenditure
354  during the 8-hour period as a fixed effect, and 4) a model with the moment of the period
355 (morning, afternoon, night) as a fixed effect. To compare mixed models corresponding to
356  alternative hypotheses, we used Akaike Information Criterion corrected for small sample bias
357  (AICc) on R package MuMIn (Barton 2009).

358 The R code for statistical analysis and the data sets on which they were performed are
359 available in the institutional data repository of the INRAE (French National Institute for

360  Agriculture Food and Environment): https://doi.org/10.15454/NTFYCC.

361
362 Results
363 The nine female shad tagged in 2017 survived between 20 and 37 days (mean=26 days),

364  and all tags were retrieved within one or two days after fish died, although one tag stopped
365 recording data after ten days. The 2018 campaign was much less successful: two fish died one
366  week after tagging, before any spawning acts were recorded; two fish lost their tags three and
367  four days after tagging. The eleven remaining fish were radio tracked throughout the spawning
368  season, until two exceptional floods (on June 7% and 16") flushed them down to the estuary and
369  the ocean where high water conductivity prevented further radio tracking, hence tag retrieval.
370  Eventually, among the 25 tagged shad, only eight fully exploitable and one partially exploitable

371  accelerograms could be collected. This sample of eight females represented half of the females

16
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that passed the Uxondoa weir in 2017, but the power of Spearman correlations to detect even a

strong correlation of 0.5 between variables observed at the individual level was only 0.22.
According to their accelerograms, the eight female shad performed 7, 9, 12, 14, 14, 17,

24 and 26 spawning acts (mean=15.75). The total number of spawning acts performed by each

female was correlated to none of the individual variables tested (Fig. 2).

Q )
b’z’* NOMINCAN

day.capture -25 -83 41 12 -53 43 33 38 -29 -55
0.8
day-death.-4o 6 51 -40 24 -4 4 -

L 0.6
longevity -47 -3 68 -44 -26 -16 22 37
L 0.4
Iength. 41 60 -51 -25
0.2
init. mass 73 68 -75 -29
L0
init.fulton -31 24 11 -8 4
t-0.2
final.mass | 77 70 -72 -44
t-0.4
final.fulton 55 .76 -59
+-0.6
gonad.mass -20 -34
-0.8

n.spawnings 63
-1

Figure 2. Spearman coefficient of correlation (expressed as percentage) between biometric and
reproductive variables of female Allis shad. In order, day of capture, day of death, number of
days between capture and death, body length, initial mass, initial Fulton coefficient of
condition, final mass, final Fulton coefficient of condition, final gonad mass, number of

spawning acts, number of nights with at least one spawning act.

For each female, spawning acts were distributed in three to six nights (mean=4.87) each
separated by zero to eight nights (mean=3.55) without spawning acts, resulting in individual
spawning seasons ranging from 14 to 24 nights (mean=18.12) from the first spawning act to the

17
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388  last (Fig. 3.A). The tagged females performed their first spawning act zero to eight days after
389  tagging (mean=3). Only on eight occasions did a female perform a single spawning act during
390  anight, so the 137 remaining acts were performed in volleys. At the individual level, an active
391  night comprised from two to eight acts (mean=3.23) performed in two to 84 minutes
392 (mean=29.7). The mixed zero-inflated Poisson regression indicated that water temperature
393  during the night had a positive effect on the probability that a female performed at least one
394  spawning act (negative effect on the zero inflation; z=-1.95, p=0.05) but no effect on the number
395  of spawning acts in the volley (the Poisson component; z=-1.44, p=0.15). Cumulated over all
396  the season, the temporal distribution of spawning acts within the night followed a Normal
397  distribution, centred on 3AM, with 95% of spawning acts occurring between 0:30AM and
398  5:30AM. However, the permutation test on the hour of spawning acts indicated synchrony
399  between acts performed by different females on the same night: the median time lag to the
400 nearest act was one hour for observed data, which corresponds to the first percentile of

401  simulated data (Fig. 3.B).
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404  Figure 3. The temporal distribution of spawning acts by eight Allis shad females in the river
405  Nivelle in spring 2017. A. Cumulated number of spawning acts for each night of the season.
406  Each colour corresponds to an individual. The line above the bar plot represents the average
407  water temperature measured each night between 10PM and 7AM. B. Synchrony of spawning
408 acts performed by different females within a night (only the first act of the night, for each
409  female). The red vertical line represents the median time lag between nearest spawning acts for
410  observed data. The histogram represents the same thing for 10 000 permutation of the hour of
411  the acts.

412

413 Average tail beat frequency (TBF), temperature and depth were computed for 312 840
414  minutes across all individuals’ spawning seasons (eight complete and one partial). Tail beat
415  frequency ranged from 1.3 to 9.5 beats per second (mean=3.2), temperature ranged from 13.5
416  to 23.8°C (mean=18.3), and depth ranged from 0 to 400 cm (mean=186).

417 From equations (1) and (2), the estimated instantaneous rate of energy expenditure
418  ranged from 0.09 to 0.89 kJ.min'! (mean=0.17), and energy expenditure cumulated by each of
419  the eight individuals from initial capture to death ranged from 4 395 to 8 361 kJ (mean=6 277;
420  Fig.4.A). The corresponding weight loss was estimated to range from 127 to 241 g (mean=181),
421  making from 9% to 17% of initial weight (mean=12%). The shad died 44 to 182 hours
422  (mean=98.62) after their last spawning act. They had lost between 33% and 53% of their weight
423  (mean=42%), and their ovaries weighed 25.9 to 141.5 g (mean=79.7). No correlation was found
424  between weight loss and ovary weight (Spearman S=89.3; rho=-0.06; p=0.888). The predicted
425 and observed weight lost during the season were positively correlated, (Spearman S=8.55;
426  rho=0.9; p=0.002; Fig. 4.B), but the predicted weight loss was on average 1.5 times less than

427  the actual loss (479 g difference on average).
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429  Figure 4. A. Energy expenditure over the spawning season for nine female Allis shad, estimated
430  from temperature and TBF using equations (1) and (2). B. Observed weight loss and weight
431  loss modelled with equations (1) and (2) over the spawning season. The straight line in B is the
432 one on which points should lie if the modelled weight loss would fit the observations. Colours
433 are as in Fig. 3, with black line in A for the individual whose tag stopped recording before the
434  end of the experiment.

435

436 Aggregating TBF, temperature and pressure data over 8-hour periods (morning: 6AM-
437  2PM, afternoon: 14PM-10PM, night: 10PM-6AM) produced 649 8-hour periods (Fig. 5). Shad
438  stayed closer to the surface at night than during the morning and afternoon (LRT y2=238.9;
439  p<0.0001; R?,,=0.14; R?:=0.69), and underwent warmer temperature in the afternoon than in
440  the night than in the morning (LRT %?=15.8; p<0.0001; R?>,=0.02; R%=0.05). TBF was higher
441  atnight than in the afternoon than in the morning (LRT %?=26.8; p<0.0001) and was also higher

442  during the first nine periods (three days) just after tagging than afterwards (LRT y?=37.6;

20
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443 p<0.0001; R24=0.06; R2:=0.36 for the model including both effects). The estimated energy
444  expenditure was the highest at night, followed by afternoon and morning (LRT y?=24.8;
445  p<0.0001; R?,=0.03; R%.=0.34). The mass of eggs remaining at death was not correlated to the
446  energy expenditure cumulated across mornings (Spearman S=66; rho=0.21, p=0.619),
447  afternoons (Spearman S=64; rho=24; p=0.582), nights (Spearman S=76; rho=0.09; p=0.84), or

448  the whole season (Spearman S=64; rho=0.24; p=0.582).

449
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452  Figure 5. Depth (A), temperature (B), tail beat frequency (C) and estimated energy spent (D)
453 by nine female allis shad during the morning (6AM:2PM), afternoon (2PM:10PM) and night
454  (10PM:6AM) of their spawning season. Box plots show the distribution of the variables
455  averaged (A, B, C) or cumulated (D) across 8-hour periods for each individual (colours as in
456  Fig. 3, black for the individual whose tag stopped recording before the end of the experiment).
457  In C, energy spent was computed from temperature and TBF using equations (1) and (2).

458
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459 As expected, the & angle between the x-axis of the accelerometer and the vertical was
460  positively correlated to the individual’s Fulton coefficient of condition (Pearson's r=0.63;
461  p=0.006), although the effect seemed to be due to within-individual difference in condition and
462 0 at the beginning and at the end of the season rather than inter-individual variability in
463  condition and @ (Fig. 6.A). Moreover, the @ angle globally decreased over time for all
464  individuals (LRT %?=516.9; p=0.001; R?,=0.29; R2%=0.78; Fig. 6.B), with a slope of -0.21
465  degree per eight hours, although it increased during some 8-hours periods. However, contrary
466  to our expectation, the difference of the #angle between initial capture and death was not related
467  to change in body condition between initial capture and final recapture (Spearman S=76,
468  rho=0.09, p=0.84). The best mixed model to explain the shift in & during a 8-hour period was
469  the one with the moment (morning, afternoon or night) of the period as the independent factor
470  (LRT %*=56.7; p<0.0001; R%,=0.08; R2.=0.08), followed by the null model including
471  individual random effect only (AAICc=51), the model including estimated energy expenditure
472  as the independent variable (AAICc=56), and the model including both temperature and TBF
473  asindependent variables (AAICc=58). According to the best model, the shift in d was negative
474  during mornings (mean =+ standard deviation -1.25° + 3.08), slightly negative during afternoons
475  (-0.23° + 2.36), and positive during the nights (0.89° + 3.15).

476
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478  Figure 6. The 6 angle between the x-axis of the accelerometer and the vertical as an indicator
479  of fish body roundness A. Temporal evolution of & computed each day along the spawning
480  season for nine Allis shad. B. Relationship between Fulton coefficient of condition and &, angle
481  atinitial release (triangles) and at recapture after death (points). Each individual is represented
482  with the same colour as in Fig. 3, and black is for the individual whose tag stopped recording
’483 before the end of the experiment.

484

485 Discussion

486 In this study, we used acceleration data to quantify the dynamics of spawning acts,
487  energy expenditure and thinning of Allis shad females throughout their spawning season. The
488  results indicate that the spawning schedule of shad females, although constrained by the serial
489  maturation of oocyte batches, was also influenced by temperature and social factors: individual
490  females had a higher probability to spawn during warmer nights, spawned repeatedly during

491  most of their active nights and females that spawned on the same nights synchronized their
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492  spawning acts. Tail beat frequency and water temperature recorded by the loggers showed that
493  energy expenditure was slightly higher during night time than during daytime, and may have
494  been too high to allow shad to spawn all their eggs. Finally, the original use of gravitational
495  acceleration to monitor fish thinning, although perfectible, seems a promising method in animal

496  ecology.
497  Dynamics of spawning acts and energy expenditure

498 The number of spawning acts performed by female Allis shad ranged from 7 to 26, with
499  an average of 15.75. So far, the average individual number of spawning acts was indirectly
500  estimated to be either five (Acolas et al., 2006) or 12 (Fatin and Dartiguelongue 1996) by
501  counting the number of acts heard upstream a dam where all passing individuals were censused.
502  Such method provides no estimate of interindividual variability. In a first attempt to work at the
503  individual level, Acolas et al. (2004) marked three females and three males with acoustic tags,
504  and based on the number of detections of the tags near the surface (assessed by the reception
505  power by hydrophones immersed at different depth), estimated that zero, one and two acts were
506  performed by the females and three, 38 and 60 acts by the males. Here, despite a small sample,
507  we estimated a more representative distribution of the number of acts per individual, as their
508  detection on accelerograms is certainly more reliable than the method used by Acolas et al.
509  (2004). This distribution, as well as the timing of spawning acts, is crucial to build a model
510  estimating the number of shad in a river from the acoustic survey of spawning acts, as it is
511  routinely done in European rivers (e.g. Chanseau et al. 2004). Such a model, simulating shad

512 spawning behaviour in an Approximate Bayesian Computation framework (ABC; Csilléry et

513  al. 2010) is available in French here: https://ctentelier.shinyapps.io/alose_abc/. The number of
514  acts per female could be correlated to none of the few biometric variables collected, but the

515  very small sample implied a weak statistical power.
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516 Beside oocyte maturation and temperature, the temporal distribution of spawning acts
517  was aggregated within and among females. While each female was active for most of the
518  population’s spawning season, the individual spawning season was punctuated by three to six
519  nights of activity generally corresponding to volleys of two to eight acts performed in a few
520  tens of minutes, and separated by on average 3.5 nights of inactivity. The schedule of spawning
521  acts must be constrained by the fragmented maturation of oocytes (Cassou-Leins and Cassou-
522 Leins 1981; Olney et al. 2001), but also depended on temperature. Interestingly, while data
523  collected at the population level indicate that spawning activity increases with temperature
524  (Paumier et al. 2019), our data collected at the individual level showed that temperature
525  increased the probability that a female performed some acts during the night, but not the number
526  of acts it performed. In fact, two results suggest that the dynamics of spawning acts within a
527  night might be influenced by social factors. First, the temporal proximity of acts performed by
528  agiven female in a given night in this study, and the high proportion of acts performed without
529  oocyte expulsion reported by Langkau et al. (2016) remind of female trout’s ‘false orgasm’
530  (Petersson 2001) or female lamprey’s ‘sham mating’ (Yamazaki and Koizumi 2017). For both
531  ofthese species, it has been suggested that repeated spawning simulations enable the female to
532  exert mate choice, by both exhausting the sperm stock of an unwanted courtier and signalling
533  its mating activity to peripheral males. Second, spawning acts of different females in a given
534  night were more synchronous than expected from the hour of spawning acts across all nights of
535  the season. This suggests that a female which is ready to spawn (mature batch of oocytes) in a
536  propitious night (warm temperature) may trigger its spawning acts when another female does
537  so. Such fine scale synchrony may again affect sexual selection, reducing the environmental
538  potential for polygyny by making it difficult for the same male to monopolize several females

539  at the same time (Emlen and Oring 1977).
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540 The final point in the spawning schedule of semelparous organisms is death, which
541  struck female shad two to seven days after their last spawning act, and before they laid all their
542  eggs, which suggests that energetic reserves were exhausted before egg stock. Combining
543  acceleration and temperature data collected in the field to equations parametrized in laboratory
544  experiments, we estimated that the energetic expenditure of spawning shad during three weeks
545  of spawning ranged from 4 395 to 8 361 kJ (mean=6 277). This is surprisingly of the same order
546  as female American shad, which entered the Connecticut river with a stock of 12 000 kJ, of
547  which approximately 5 000 kJ were consumed along their 228-km and seven-week long
548  upstream migration in waters warming from 10 to 22°C (Leonard & McCormick, 1999).
549  Extreme pre-spawning energy expenditure caused by long migration, obstacle crossing or warm
550  water can reduce the reproductive lifespan of semelparous females and hinder their ability to
551  spawn their full egg stock (Hruska et al. 2011). While the spawning ground used by shad in our
552 study is only 13 km from the river mouth with only one obstacle to pass (Uxondoa, where we
553  captured them), the median daily temperature recorded in the Nivelle for May and June 2017
554  was 18.4°C, the second warmest spring since the beginning of record in 1984, the maximum
555  being 18.5°C in 1989, the minimum 14.6°C in 2013, and the median 16.9°C. According to our
556  analysis of data from Leonard et al. (1999; our equation 1), an increase in temperature from
557  16.9 to 18.4°C would raise the energy expenditure of 8.3%, giving both a possible explanation
558  for the inability of shad to spawn all their eggs before they die and a hint of the impact of global
559  warming on the breeding performance of such species.

560 As expected from visual observations on spawning grounds, shads were more active at
561  night than during the day, and stayed deeper during daytime when water was warmer. Although
562  nocturnal spawning is usually interpreted as a strategy to decrease predation risk on spawners
563  oreggs (Robertson 1991), resting in deeper, hence fresher, water during the warm hours of the

564  day may also save energy for spawning at night. However, contrary to our predictions, the
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565 individuals who spent less energy during mornings or afternoons and more during the night did
566  not have fewer residual eggs at death.

567
568 Methodological considerations

569 According to calculated energy expenditure, the energetic model predicted that shad
570  should have lost on average 12% of their initial weight, which was much less than the observed
571  42% loss. Of course, the energetic model did not account for egg expulsion, which must
572  represent a large proportion of weight loss, given that ovaries can represent up to 15% of
573  somatic weight at the onset of the spawning season (Cassou-Leins and Cassou-Leins 1981;
574  Taverny 1991). Moreover, the equations used to convert TBF and temperature to energy
575  expenditure and weight loss were not parametrized with data obtained on A. alosa but on A.
576  sapidissima (Castro-Santos & Letcher, 2010; Leonard et al., 1999; Leonard & McCormick,
577  1999) which is the species most closely related to 4. alosa for which such reliable information
578  exist. Although American shad and Allis shad have the same morphology and ecology, some
579  elements suggest that results on American shad could not exactly apply to our study on Allis
580  shad. First, although the range of temperatures used by Leonard et al. (1999) were similar to
581 the temperatures encountered by shad in our study, TBF of Allis shad in the field exceeded the
582  fastest swim tested by Leonard et al. (1999). In particular, the brief bouts of very high TBF
583  which correspond to spawning acts may represent anaerobic efforts, which are more costly than
584  the aerobic effort observed by Leonard et al. (1999). The volleys of spawning acts performed
585 by females in a few tens of minutes could even lead to sexual selection of traits affecting the
586  recovery after sprint (Kieffer 2000). Second, the relationship linking swim speed to oxygen
587 demand (MO:) varies between species, even closely related, and American shad seems to have
588  a particularly high metabolism compared to other clupeids (Leonard et al. 1999). This would

589  have led to an overestimation of energy expense for A. alosa. Third, the relative contribution of
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590 lipids and proteins as metabolic fuel may differ between the iteroparous American shad and the
591  semelparous Allis shad. Indeed, as migratory iteroparous fishes have to spare proteins,
592  especially in the red muscle, for their downstream migration, semelparous species can exhaust
593  their protein stock to complete spawning (Schultz 1999). Also, Leonard & McCormick (1999)
594  measured the relative expenditure of lipids and proteins in migrating American shad, while we
595  monitored spawning Allis shad. It has been shown that most anadromous fishes catabolise
596  proteins only when lipid reserves have been exhausted, in a way that lipids mainly fuel
597  migration while proteins fuel spawning (Idler and Bitners 1958; Beamish et al. 1979; Jonsson
598 etal. 1997; Hendry and Berg 1999). Given that proteins have a lower energy density than lipids,
599  the surprising high energy consumption and the low weight loss predicted by the energetic
600  model may be explained by spawning Allis shad relying more on proteins than on lipids.

601 While the presence of the radio tag and the accelerometer may have imposed an
602  energetic cost on shad due additional weight (less than 2% of initial fish weight) and drag,
603  several indicators suggest that our tagging method did not impact shad behaviour as heavily
604  than the commonly gastric implants which result in high mortality rate or long post-tagging
605  downstream movements (Steinbach et al. 1986; Verdeyroux et al. 2015; Tétard et al. 2016).
606  Such downstream movements were only observed in 2018, after exceptional floods which have
607  probably also wiped away untagged shad, especially after the spawning season. Although the
608  dead individuals we retrieved in 2017 showed clear depigmentation, neither severe abrasion nor
609  fungal proliferation was observed, even after one month in water at 18° C. Moreover, the eight
610 females for which complete accelerograms were retrieved all spawned, three of them spawned
611  the night directly following tagging, and the median of 14 spawning acts was above the five to
612  twelve acts per individuals estimated by Acolas et al. (2006) and Fatin & Dartiguelongue
613  (1996). Tagging did not seem to impair swimming activity either, as tail beat frequency (TBF)

614  was not lower in the three days following tagging than in the remaining of the season. TBF was
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615  actually higher during the first three days, probably because the fish were finishing their
616  upstream migration, before settling near spawning grounds (unpublished radio tracking data).
617  This absence of negative impact suggests that external tagging under the dorsal fin, provided
618  fish are continually kept immerged and rapidly handled, is a suitable tagging technique for Allis
619  shad (Jepsen et al. 2015; Breine et al. 2017).

620 On top of the estimation of energetic costs from dynamic acceleration, the continuous
621  estimation of body roundness from static acceleration is a promising yet perfectible application.
622  Gravitational acceleration is commonly used to infer the posture of the animal, assuming that
623  the position of the accelerometer on the animal is constant (Brown et al. 2013). Here, assuming
624  that shad stayed upright for most of the time, gravitational acceleration was used as an indicator
625  of change in body shape. In particular, we hypothesized that the angle &between the x axis of
626  the accelerometer and the vertical may indicate body roundness. For all individuals, € was
627  higher at the beginning of the season than at the end, when the fish had thinned, and globally
628  decreased along the spawning season. The accelerometer was attached under the dorsal fin,
629  where the cross-section is the broadest, which probably maximized the sensitivity of
630  acceleration data to fish thinning. Furthermore, shad mainly store energy for migration and
631  spawning as subdermal fat and interstitial fat in the white muscle (Leonard and McCormick
632  1999), whereas the limited consumption of visceral and liver fat may not have affected 6.
633  However, interindividual variability in @ was not correlated to interindividual variability in
634  body condition, and the shift in € was not correlated to individual weight loss during the
635  spawning season. This could be due to interindividual differences in the exact position of the
636  accelerometers on the fish, or in the relationship between body condition and roundness. Indeed,
637  weight loss due to gamete expulsion was probably undetectable by the accelerometer attached
638  to the back of the fish. Given that ovaries can represent up to 15% of a shad weight at arrival

639  on spawning grounds (Cassou-Leins and Cassou-Leins 1981; Taverny 1991), a significant loss
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640  of weight was probably not reflected in the rotation of the accelerometer across the spawning
641  season. In fact, shift of & across eight hour periods increased with neither TBF, temperature,
642  nor estimated energy expenditure, contrary to what was expected from the relationship linking
643  TBF and temperature to energy consumption in American shad (Leonard et al. 1999).
644  Additionally, @ increased during some periods (especially nights), and fluctuated a lot
645  especially at the end of the season, so it was clearly affected by other processes than fish
646  thinning. In particular, while the attachment wires were tightened during the tagging procedure,
647  fish thinning loosened them so the accelerometer must have jiggled more and more as fish
648  thinned, thereby increasing the noise in acceleration data. Hence, using the angle of the
649  accelerometer to quantitatively track change in weight or body roundness will certainly require
650  further tuning, such as laboratory experiment with repeated weighing and image analysis of the
651  fish's cross-section, and drastic standardization of attachment procedure, but we consider it a
652  promising method to monitor individual condition in the field. Once refined, this approach
653  could be used to detect the many ecologically or behaviourally relevant changes in animal shape
654  beyond thinning due to energy consumption, such as parturition, massive food intake in large
655  predators (Cuyper et al. 2019), inflammatory swelling (Duncan et al. 2016), or inflation as a
656  courtship or defence behaviour (Wainwright and Turingan 1997). Combined with dynamic
657  acceleration, such data could be used to test whether these changes in shape are associated to

658  global activity or to the expression of specific behaviours.
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