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Extraordinary sperm to egg ratios in seabirds
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Lay Summary

¢ After mating, female birds store sperm in their reproductive systems for
some time before egg production and fertilisation. It is thought that
sperm are gradually lost during storage, meaning that later in the
storage period, fewer sperm should be available for fertilisation.

e We studied the number of sperm reaching eggs in six seabird species, in
which females spend a long time feeding at sea between mating and
producing eggs.

e Surprisingly, we found that the number of sperm that reached eggs in
these species was much higher than expected, based on a known
relationship between egg size and sperm number.

e We suggest that in these species, sperm release from storage is
precisely synchronised with ovulation. This may be particularly
important in the species we studied, because they all lay a single egg
only.

e Our hypothesis implies that female birds have greater control over sperm

storage and use than previously thought.
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Abstract

Following copulation, females of many seabird species spend a prolonged
period of time away from the colony, building up reserves for egg formation
and incubation. Here, we report that the number of sperm associated with
eggs of single-egg clutch seabirds was almost an order of magnitude greater
than predicted from the relationship between ovum size and sperm numbers
in multi-egg clutch non-seabirds. Sperm numbers were also several times
greater than the estimated number necessary for maximal fertilisation
success. Our results are consistent with three unusual features of seabird
reproduction: (1) single egg clutches, (2) prolonged sperm storage, and (3) a
lag period between the end of yolk formation and ovulation. We hypothesise
that sperm release from storage is under precise temporal control in these
species, with high sperm numbers acting as an insurance against infertility in
single-egg clutches. If true, the lag period may have evolved to provide
sufficient time for sperm to be released simultaneously from storage and

accumulate at the site of fertilization prior to ovulation.

Introduction

In birds, hundreds or thousands of sperm typically reach the vicinity of the
ovum, with several sperm entering the germinal disc in a process known as
physiological polyspermy (Snook et al. 2011; Hemmings and Birkhead 2015).
This differs considerably from the situation in mammals, where the ratio of
sperm to ova at the site of fertilisation is approximately one to one (Cohen
1967), and penetration of the ovum by multiple sperm (polyspermy) is

pathological. It has been assumed that large sperm numbers are required to
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reach the site of fertilisation in birds because the germinal disc, which
contains the female pronucleus, represents a relatively small ‘target’ on the
large, yolky ova of birds (Rothschild 1956; Bramwell et al. 1995). The
presence of multiple sperm within the germinal disc (Harper 1904) had been
assumed to be a non-functional consequence of these large sperm numbers,
but recent work has demonstrated that the supernumerary sperm entering the
germinal disc of avian eggs are essential for successful early embryo

development (Mizushima et al. 2014; Hemmings and Birkhead 2015).

In birds, the window for fertilisation is brief (fifteen minutes immediately
following ovulation; Howarth 1974), so in order to maximize the likelihood of
fertilization, an adequate supply of sperm must be available at that time. This
is achieved by sperm storage — female birds (as well as those of other taxa),
store sperm for prolonged periods of time within their reproductive tract,
removing the need to synchronise copulation and fertilisation. The duration of
sperm storage varies from six to sixty days in different bird species and —
with the exception of those species laying a single egg — is positively
correlated with both clutch size and the maximum time interval between the
last insemination and fertilization (Birkhead and Mgller 1992). The main
storage sites are the sperm storage tubules located in the utero-vaginal
junction, and sperm start to be released a few days before the first ovulation,
after which they are transported to the infundibulum where fertilization occurs
(Bakst et al. 1994). In all birds studied to date (e.g. Domestic Fowl Gallus
gallus domesticus, Turkey Meleagris gallopavo, Zebra Finch Taeniopygia

guttata), sperm release from the sperm storage tubules appears to occur at a
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constant rate throughout the egg-laying period (Wishart 1987; Colegrave et al.
1995), and the released sperm accumulate in the infundibulum (Hemmings et
al. 2015). With each successive ovulation, all sperm are trapped as the
perivitelline layer forms, and removed from the infundibulum, which is then
repopulated with sperm either from the sperm storage tubules or sometimes
from additional inseminations (Bakst et al. 1994). In birds laying multi-egg
clutches, successive ova are released from the ovary at intervals of 24h (in
some species 48h or more) and hence fertilized individually. The mechanisms
controlling the storage and release of sperm from the tubules are poorly

understood (Bakst et al. 1994).

The reproductive cycles of many seabirds differ from those of most other birds
due to two key features: (1) a single egg clutch, and (2) a “pre-laying exodus”
in which the female is absent from the colony, building up reserves for egg
formation and incubation. This “exodus” varies from three to fifty days,
depending on species; it is most notable in some members of the
Procellariiformes (Weidinger 1996; Cuthbert 2004 ), but shorter absences
have been documented in other groups including the Alcids (Wanless and
Harris 1986; Hatchwell and Pellatt 1989). Females usually return the day
before egg laying. Copulation occurs prior to the exodus (e.g. Hatch 1987). In
birds that lay only a single egg, it is not known whether all stored sperm are
released simultaneously or, as in multi-egg clutch species, are released from
the sperm storage tubules over several days even though there is only a
single ovum to be fertilized. The interval between the last insemination and

ovulation may be several days or weeks (Hatch 1983; Wanless and Harris
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1986; Birkhead and del Nevo 1987; Birkhead and Mgller 1992) so it seems
biologically implausible that females would ‘waste’ sperm by releasing them
from storage before they could be involved in fertilization. However,
simultaneous sperm release would require precise female control over sperm

storage and release mechanisms.

Across multi-egg clutch species, in which sperm are released at a constant
rate over several days, the number of sperm interacting with the perivitelline
layer is positively associated with ovum size (Birkhead et al. 1994).
Therefore, if sperm are also released at a constant rate in single-egg clutch
seabirds, the number of sperm interacting with the egg should not differ
significantly from the number predicted by this relationship, given their ovum
size. Here, we examine the numbers of sperm on the perivitelline layer of the
eggs of single-egg clutch seabird species and compare them to expected
numbers given their ovum size, with the aim of deducing the pattern of sperm

release from the storage tubules.

Materials and Methods

We obtained eggs of six single-egg clutch seabird species, from two unrelated
taxa, the Alcids (Common Guillemot Uria aalge (N = 5), Puffin Fratercula arctica
(N = 2), and Razorbill Alca torda (N = 5)), and the Procellariiformes (Manx
Shearwater Puffinus puffinus (N = 3), Northern Fulmar Fulmarus glacialis (N =
2), and Storm Petrel Hydrobates pelagicus (N = 6). All eggs were collected
under license (from Natural England, Natural Resources Wales, and Scottish

Natural Heritage), on the day they were laid, from Skomer Island, Wales
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(Guillemot, Manx shearwater, Puffin, and Razorbill), the Faroe Islands,
Denmark (Storm Petrel), and Fair Isle, Scotland (Fulmar). Eggs were opened
and the yolk was fixed in 5% formalin. Once fixed, the yolk diameter was
measured with digital vernier calipers (0.01mm) to estimate mean ovum surface
area for each species. Two 0.5 cm? pieces of perivitelline layer per egg — one
from above the germinal disc and the other from the vegetal pole — were
removed from the yolk, cleaned in phosphate buffered saline (PBS) solution,
and mounted on a microscope slide for examination. 10ul of the fluorescent
DNA stain Hoechst 33342 (0.05mg/ml) was added to each perivitelline layer
sample to stain sperm nuclei, as described by Birkhead et al. (2008). The
number of sperm trapped in and holes made by sperm in the perivitelline layer
and was counted for each periviteline sample, under a fluorescence
microscope with a BP 340-380 excitation filter and a LP 425 suppression filter,
dark-field optics, and x 20 objective lens. Our methods for counting sperm and
holes were identical to those used by Birkhead et al. (1994), except that we did
not correct for a “halo” of holes in the germinal disc region, as we found no
evidence for this phenomenon in our samples. Instead, we found that the
number of sperm and holes did not differ significantly between the germinal disc
and vegetal pole (sperm: t = -0.01, d.f. = 22, p = 0.996; holes: t = 1.51, d.f. =
22, p =0.145), so we calculated the mean sperm and hole number per unit area
of perivitelline layer, and from this estimated the total number of sperm and

holes for each ovum (Table 1).

To calculate expected sperm numbers for each species, we first re-analysed

the relationship between ovum size and both (i) total sperm numbers (sperm



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

and holes combined) on the perivitelline layer and (ii) hole numbers across
species, following Birkhead et al. (1994), using data for 18 species from
Birkhead et al. (1994) and an additional two species (Mute Swan Cygnus olor
and Canada Goose Branta canadensis) (Fig 1). All original data was log-
transformed, so we log-transformed our own data for comparison. Original data
for the Guillemot and Razorbill in Birkhead et al. (1994) was excluded because
these two species are under investigation in the current study. Original data for
Domestic Fowl was also excluded, since this species is artificially inseminated
with excessive numbers of sperm (Taneja & Gowe 1961; our overall results and
interpretation do not change if Domestic Fowl is included (Supplemental
Material Appendices A & B)). We then used the relationship between ovum size
(diameter) and (i) total perivitelline layer sperm or (ii) hole numbers to calculate
the number of sperm predicted to (i) reach and (ii) penetrate the ova of each of
the single-egg clutch species, given their ovum size. We compared these
predicted values with the species mean total sperm and hole counts via paired
t-tests. Using our single-egg clutch species data combined with the original
multi-egg clutch species data from Birkhead et al. (1994), we also compared
generalised linear models of the relationship between ovum size and
sperm/hole numbers with and without clutch size (single versus multi) included
as an explanatory factor, in order to assess whether clutch size explained a
significant amount of variation in sperm numbers reaching and penetrating the
perivitelline layer. Details and outputs of models, including versions with and
without the data for Domestic Fowl, are provided in the Supplemental Material

Appendix B.
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In species laying multi-egg clutches, the number of sperm varies across
different eggs of the same clutch (Birkhead et al. 1994), so comparing mean
values from across the clutch may underestimate the maximum number that
can reach a single egg. Therefore, we also compared our mean total sperm
counts for single-egg clutch seabirds with the maximum number of sperm
recorded on any egg from eight multi-egg clutch species for which data from
multiple eggs were available (six from Birkhead et al. (1994), plus our two
additional species; Supplemental Material Appendix C), via a two-sample t-test.

All analyses were carried out in R Version 3.5.1 (R Core Team 2018).

Results

For single-egg clutch seabirds the total number of sperm reaching and
penetrating eggs varied, between ~2,500 and ~1,105,000 (Table 1), and in all
cases the numbers of sperm and holes exceeded predicted numbers by an
order of magnitude. Overall, the mean number of sperm both reaching (total
sperm) and penetrating (holes) ova was significantly higher than predicted,
based on species-specific ovum size (total sperm: t =12.38, d.f. =5, p <

0.0001; holes: t =10.57, d.f. =5, p < 0.0002; Fig 1).

Models of the relationship between ovum size and both total sperm numbers
and hole numbers had a significantly lower residual deviance and AIC when
clutch size (single versus multi) was included as an explanatory variable (total
sperm number: reduction in residual deviance = 3.73, reduction in AIC =
15.79, p < 0.0001; hole number: reduction in residual deviance = 7.56,

reduction in AIC = 19.15, p < 0.0001; see full model outputs in the
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Supplemental Material Appendix B). This indicates that clutch size explains a
significant amount of the variation in sperm numbers, consistent with the idea

that sperm numbers are greater in single-egg clutch species.

The mean total number of sperm reaching the ova of single-egg clutch
seabirds was also significantly greater than the sum total number of sperm
counted across entire clutches of eggs from seven multi-egg clutch non-
seabird species for which data was available (Welch’s unequal variances test:
t=3.332, d.f. =5.415, p = 0.018; Supplemental Material Appendix D,

Supplemental Table S1 & Figure S3).

Discussion

Our data reveal that an extraordinarily large number of sperm reach and
penetrate the ova of single-egg clutch seabirds. Across the six species
studied, observed sperm to egg ratios were consistently over an order of
magnitude greater than predicted based on ovum size. This difference was
particularly notable for the number of sperm penetrating ova (i.e. the number

of holes made by sperm in the inner perivitelline layer).

Two common but not ubiquitous features of seabird biology may explain these
large sperm to egg ratios: (i) infrequent and/or unpredictably timed copulation
relative to oviposition due to a decline in the female’s presence at the colony
prior to laying, necessitating prolonged, efficient sperm storage; and (ii) a
single egg, which renders any sperm left in storage following ovulation

redundant. An important caveat here is that clutch size (one egg versus more
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than one egg) and ecological/taxonomic group (seabird versus not seabird)

are perfectly confounded in our dataset.

A third peculiarity of seabird reproductive biology may explain how large
sperm to egg ratios can be achieved. Many seabirds have a delay or ‘lag
period’ between the end of yolk formation and ovulation, first discovered by
researchers using orally administered lipophilic dye to study yolk deposition
(Astheimer and Grau 1985; Astheimer 1986). After consumption, lipophilic dye
is rapidly deposited into a discrete layer of yolk lipoprotein on the developing
follicle, and since each yolk layer takes approximately 24 h to form, the dye
layer provides a date marker within the structure of the egg yolk (Grau 1976;
Hirsch and Grau 1981; Birkhead and Del Nevo 1987). The lag period can
therefore be deduced from the difference between the number of yolk rings
following dye deposition and the time between dosing and oviposition. It has
been generally assumed that this lag occurs between the end of yolk
formation and ovulation (i.e. pre-fertilisation), rather than later in the sequence
of egg production (post-fertilisation), since retaining a partially or fully formed
(shelled) egg in the oviduct for longer than necessary could be costly to the
female. Post-fertilisation egg retention (beyond the ~18 hours required to
produce the fully formed shelled egg) has been documented in a few species
but is unlikely to explain the delayed onset of laying that occurs in many
seabirds. The most notable example of post-fertilization egg retention occurs
in avian brood parasites where eggs are internally incubated for a short period
of time, conferring a developmental advantage to the embryo relative to host

offspring (Birkhead et al. 2010). This phenomenon has also been noted in
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domestic poultry where oviposition can be delayed as a result of stress
(Reynard and Savory 1999). However, the duration of these post-fertilisation
lags in brood parasites and in poultry is typically short (<24 hrs excluding the
time taken to produce the egg). Moreover, none of the eggs used in the
current study (obtained on the same day they were laid) showed evidence of
particularly advanced development (Supplemental Material Appendix E).
Thus, post-fertilisation delays/internal incubation are unlikely to contribute
significantly to the lag period between yolk formation and oviposition in these

species.

The length of the lag period between yolk formation and oviposition varies,
from three to four days in the Common Guillemot (Birkhead and del Nevo
1987), to four to six days in penguins (Grau 1984; Astheimer and Grau 1985),
and ten days in some albatrosses (Grau 1984), but no such delay occurs in
either the Domestic Fowl, or passerines whose reproductive biology has been

studied (Grau 1984). To our knowledge, the only non-seabird species for which an
extended lag period has been documented is the Emu (Dromaius novaehollandiae),

reported to have an average lag period of 10 days (Hirsch and Grau 1981).

The function of the lag period is unknown. We propose that in species with
prolonged sperm storage, the lag period may have evolved to provide
sufficient time for sperm to accumulate in the infundibulum (Fig 2). This in turn
provides an explanation for the relatively large numbers of sperm on the
perivitelline layer of these species: it is possible that females release their

entire store of sperm from the sperm storage tubules simultaneously over a
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just few days, stimulated — crucially — by the end of yolk deposition (i.e. the
start of the lag period), thereby giving sperm sufficient time to reach and
accumulate in the infundibulum (Fig 2). A lag period allowing time for sperm to
accumulate at the site of fertilisation would also explain the particularly high
numbers of sperm that penetrate the ovum (i.e. hole numbers; see Table 1 &
Fig 1). The exceptionally high sperm penetration rate observed in our single-
egg clutch seabird species suggests that most sperm were present in the
infundibulum at the time of ovulation, ready to penetrate the perivitelline layer.
If, in contrast, the majority of sperm was in the process of reaching/entering
the infundibulum at the time of ovulation, we would expect a greater
proportion of them to have been trapped by the glycoprotein matrix of the
outer perivitelline layer, preventing penetration. If our hypothesis is true,
variation in the duration of the lag period across species may be related to
differences in the time it takes for sperm to reach the infundibulum, perhaps

due to differences in the length of the female reproductive tract.

Consistent with the hypothesis that time is required for stored sperm to
accumulate in the infundibulum, Hemmings et al. (2015) showed that in
domestic fowl, sperm start to be released from the sperm storage tubules
about eight days before the first ovulation and accumulate in the infundibulum.
The sperm release strategy we propose here for single-egg clutch species
(Fig 2) predicts that very few sperm will remain in storage after the single
ovum is fertilized. Although no empirical data on this are available, one
previous study noted that the sperm storage tubules of three Fulmars

examined on the day of egg laying were completely empty (Hatch 1983).
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Ensuring sufficient sperm are available for fertilisation may be particularly
important in single-egg clutch species, to avoid wasting an entire breeding
season by incubating an unfertilized egg. For ethical and practical reasons,
we were unable to obtain eggs from any single-egg clutch non-seabird
species (most of which are threatened), nor from any seabirds with multi-egg
clutches, but comparing the number of sperm reaching the egg in these
species would provide an interesting test of our model — particularly since
single-egg clutch non-seabird species are unlikely to require an ‘exodus’ or
gap between copulation and egg-laying, as seabirds do. Interestingly, the
numbers of sperm found per unit area of perivitelline layer of our six seabird
species (Table 1) are all multiple times greater than the number necessary for
the maximum likelihood of fertility in domestic fowl (approximately 36 sperm
per 1cm? perivitelline layer; Wishart 1987), suggesting this is not simply an
adaptation to avoid infertility. Since the ratio of sperm to eggs is relatively high
in all birds (Birkhead et al. 1994), and can be extremely high in Domestic Fowl
artificially inseminated with large numbers of sperm (Taneja & Gowe 1961),
birds are clearly able to tolerate a considerable number of ‘excess’ sperm
reaching and penetrating the ovum. How bird eggs prevent excessive
numbers of sperm entering the germinal disc remains to be discovered;
presumably there is an upper limit to how many supernumerary sperm can be

involved in physiological polyspermy.

The mechanism by which sperm are released from the sperm storage tubules

in birds is unknown. It has been suggested that in Domestic Fowl, the timing
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and release of sperm from the storage is determined by sperm motility
(Froman 2003); sperm swim against a current within the sperm storage
tubules, and when their ability to maintain their position ends, because the
energy supply has declined, they are swept out of the tubules and into the
reproductive tract. However, there is little empirical evidence that sperm are
motile inside the sperm storage tubules, and recent studies demonstrate that
sperm release is under the influence of the female hormone progesterone (Ito
et al. 2011; Hemmings et al. 2015). Our hypothesis that sperm release from
the sperm storage tubules must be primarily under female control therefore
seems more intuitive. In order to confirm or refute the model of sperm storage
and release we have presented, we ultimately need data on the sperm
storage capacity of females and ejaculate size of males, both of which are

unfortunately lacking for seabird species in general.

In conclusion, we suggest that: (i) the relatively high numbers of sperm
reaching and penetrating the eggs of single-egg clutch seabirds is a
consequence of females releasing the contents of their sperm storage tubules
simultaneously, and (ii) the lag period has evolved to allow sufficient time for
the released sperm to accumulate in the infundibulum in readiness for
fertilization when ovulation occurs. Our hypothesis provides an adaptive
explanation for the otherwise puzzling phenomenon of the lag period and the

large numbers of sperm on the ova of birds laying a single egg.

Author contributions



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

Both authors jointly conceived the study and wrote the manuscript. The first

author collected the data and conducted the analyses.

Conflicts of interest

The authors declare no conflicts of interest.

Permits
Eggs were collected under licenses from Natural England, Natural Resources
Wales, and Scottish Natural Heritage and the Faeroese Museum of Natural

History.

References

Astheimer, L. B. (1986). Egg formation in Cassin’s Auklet. Auk 103:682-693.
Astheimer, L. B. and C. R. Grau (1985). The timing and energetic
consequences of egg formation in the Adelie Penguin. Condor 87:256-268.
Bakst, M. R., G. J. Wishart, and J. P. Brillard (1994). Oviductal sperm
selection, transport, and storage in poultry. Poultry Science Reviews 5:117—
143.

Birkhead, T.R., L. Atkin, and A.P. Mgller (1987). Copulation behaviour of
birds. Behaviour 101:101-138.

Birkhead, T. R. and A. del Nevo (1987). Egg formation and the pre-laying
period of the Common Guillemot Uria aalge. Journal of Zoology 211:83-88.
Birkhead, T. R., J. Hall, E. Schut, and N. Hemmings (2008). Unhatched eggs:
methods for discriminating between infertility and early embryo mortality. Ibis

50:508-517.



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

Birkhead, T. R., N. Hemmings, C. N. Spottiswoode, O. Mikulica, C. Moskat,
M. Ban, and K. Schulze-Hagen (2010). Internal incubation and early hatching
in brood parasitic birds. Proceedings of the Royal Society B 278:1019-1024.
Birkhead, T.R., F. M. Hunter, and J. E. Pellatt, (1989). Sperm competition in
the Zebra Finch, Taeniopygia guttata. Animal Behaviour 38:935-950.
Birkhead, T. R. and A. P. Mgller (1992). Sperm Competition in Birds:
Evolutionary Causes and Consequences. Academic Press, London.
Birkhead, T. R., B. C. Sheldon, and F. Fletcher (1994). A comparative study of
sperm—egg interactions in birds. Journal of Reproduction and Fertility
101:353-361.

Bramwell R. K., H. L. Marks, and B. Howarth (1995). Quantitative
determination of spermatozoa penetration of the perivitelline layer of the hen’s
ovum as assessed on oviposited eggs. Poultry Science 74:1875-1883.
Cohen, J. (1967). Correlation between sperm ‘redundancy’ and chiasma
frequency. Nature. 215:862-3.

Colegrave, N., T. R. Birkhead, and C. M. Lessells (1995). Sperm precedence
in Zebra Finches does not require special mechanisms of sperm competition.
Proceedings of the Royal Society B: Biological Sciences 259:223-228.
Cuthbert, R. (2004). Breeding biology of the Atlantic Petrel, Pterodroma
incerta, and a population estimate of this and other burrowing petrels on
Gough Island, South Atlantic Ocean. Emu 104:221-228.

Froman, D. P. (2003). Deduction of a model for sperm storage in the oviduct
of the Domestic Fowl (Gallus domesticus). Biological Reproduction 69:248-

253.



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

Grau, C. R. (1984). Egg formation. In Seabird Energetics (G. C. Whittow and
H. Rhan, editors), pp. 33-57. Plenum, New York.

Harper, E. H. (1904). The fertilization and early development of the pigeon’s
egg. American Journal of Anatomy 3:349-386.

Hatch, S. A. (1983). Mechanism and ecological significance of sperm storage
in the Northern Fulmar with reference to its occurrence in other birds. Auk
100:593-600.

Hatch, S. A. (1987). Copulation and mate-guarding in the Northern Fulmar.
Auk 104:450-461.

Hatchwell, B. J. and J. Pellatt (1990). Intraspecific variation in egg
composition and yolk formation in the Common Guillemot (Uria aalge).
Journal of Zoology 220:279-286.

Hemmings, N. and T. R. Birkhead (2015). Polyspermy in birds: Sperm
numbers and embryo survival. Proceedings of the Royal Society B: Biological
Sciences. 282:20151682.

Hemmings, N., T. R. Birkhead, J. P. Brillard, P. Froment, and S. Briere (2015).
Timing of sperm acceptance and release in female birds. Theriogenology
83:1174-1178.

Hirsch, K. V. and C. R. Grau (1981). Yolk formation and oviposition in captive
Emus. Condor 83:381-382.

Howarth, B. Jr. (1974). Sperm storage as a function of the female
reproductive tract. In The Oviduct and its Functions (A. D. Johnson and C. E.

Foley, editors), pp. 237-270. Academic Press, New York.



421  lto, T., N. Yoshizaki, T. Tokumoto, H. Ono, T. Yoshimura, A. Tsukada, N.

422  Kansaku, and T. Sasanami (2011). Progesterone is a sperm-releasing factor
423  from the sperm-storage tubules in birds. Endocrinology 152:3952-3962.

424 Mizushima, S., G. Hiyama, K. Shiba, K. Inaba, H. Dohra, T. Ono, K. Shimada,
425 and T. Sasanami (2014). The birth of quail chicks after intracytoplasmic sperm
426  injection. Development 141:3799-3806.

427 R Development Core Team (2018). R: A Language and Environment for

428  Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria

429  https://www.R-project.org/

430 Reynard, M. and C. J. Savory (2010). Stress-induced oviposition delays in
431 laying hens: duration and consequences for eggshell quality. British Poultry
432 Science 40:585-591.

433 Rothschild, L. (1956). Fertilization. Methuen, London.

434 Snook, R. S., D. J. Hosken, and T. L. Karr (2011). The biology and evolution
435  of polyspermy: insights from cellular and functional studies of sperm and
436  centrosomal behavior in the fertilized egg. Reproduction 142:779-792.

437 Taneja, G. C. and R. S. Gowe (1961). Effects of varying doses of undiluted
438  semen on fertility in the Domestic Fowl. Journal of Reproduction and Fertility
439  4:161-174.

440  Wanless, S. and M. P. Harris (1986). Time spent at the colony by male and
441 female Guillemots Uria aalge and Razorbills Alca torda. Bird Study 33:168-
442  176.

443  Weidinger, K. (1996). Patterns of colony attendance in the Cape Petrel

444  Daption capense at Nelson Island, South Shetland Islands, Antarctica. Ibis

445  138:243-249.



446

447

448

449

450

451

452

453

Wishart, G. J. (1987). Regulation of the length of the fertile period in the
domestic fowl by numbers of oviductal spermatozoa trapped in laid eggs.

Journal of Reproduction and Fertility 80:493-498.



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

Fig 1. The relationship between ovum size and (a) the total number of sperm
on the perivitelline layer (log1o[s] = 3.13 x log1o[d] - 0.58, where s = total sperm
number and d = ovum diameter) and (b) the number of holes left by sperm
that have penetrated the perivitelline layer (log1o[h] = 2.75 x log1o[d] - 0.73,
where h = the number of holes). Regression lines are based on open circle
data only, which are for 18 multi-egg clutch species derived from Birkhead et
al. (1994) plus two additional species collected by the authors. Regression
lines apply where 0.92 < log1o[d] = 1.94. Filled circles show the mean total
sperm and hole numbers (+ s.e.m.) on the six single-egg clutch seabird
species sampled in this study. Numbering corresponds to species listed in the
key table (the phylogenetic distribution of these species is presented in

Supplemental Material Appendix C, Figure S2).

Fig 2. Schematic diagram showing: (A) a simple model of the pattern of sperm
accumulation and release from sperm storage tubules (black line) and in
infundibulum (pale grey inset) over time (t) in multi-egg clutch species, and (B)
our hypothesized pattern of sperm accumulation and release in seabirds with
a single-egg clutch. In multi-egg clutch birds (A), copulations typically start
several days before clutch initiation, peaking in the days just prior to egg-
laying, and declining markedly after the first egg is laid (Birkhead et al. 1987;
Birkhead et al. 1989). Assuming a simple pre-laying insemination schedule
where several copulations occur just prior to egg-laying, but none after, the
number of sperm in the storage tubules increases during the days just prior to
egg-laying and sperm are passively released at a constant rate, resulting in a

gradual decline in stored sperm numbers over the course of egg-laying.
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Released sperm accumulate in the infundibulum but are removed with each
successive ovulation until clutch completion. In contrast, single-egg clutch
seabirds (B) copulate a relatively long time before egg-laying and store sperm
for a prolonged period. Our model suggests that rather than passively
releasing sperm over this time, which would result in a gradual decline in
stored sperm numbers and therefore relatively low numbers of sperm
remaining by the time the ovum is ovulated, single-egg clutch seabirds
simultaneously release all sperm just prior to ovulation. Stored sperm
numbers therefore remain relatively constant after the last insemination, until
their release is triggered by the beginning of the lag period (when yolk
deposition is complete), resulting in rapid loss of all sperm from the tubules.
Over the next few days, all sperm accumulate in the infundibulum, ready to
fertilise the single ovum. This model predicts that following ovulation all sperm

should be removed from the female reproductive tracttract.
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