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Published data on initial chamber (protoconch) diameter in 507 species, and embryonic shell (ammonitella) diameter in
231 species of Ammonoidea, and embryonic shell (nauta) diameters for 132 species of coiled Nautiloidea, were used to
examine evolutionary change in ectocochleate cephalopod reproductive strategies. Palaeotemperatures were found to be
a key factor influencing historical changes in the evolution of egg size in ammonoids and nautiloids. A negative relationship was found between egg size and warming of the Earth’s climate. Factors related to habitat were also important; in
general egg size was larger in cold-water cephalopods. Egg size in Lytoceratina and Phylloceratina in the deep waters of
the upper continental slope was much larger than in epipelagic Scaphitidae, as in modern fish and squids. Small eggs and
high evolutionary rates helped ammonoids to colonise new habitats and develop high biological diversity, but involved
them in planktonic food webs making them more vulnerable to abiotic variability (e.g., climatic changes), ultimately
leading to their extinction. Large eggs helped nautiloids to persist through geological history, but at the cost of lower biological diversity, lower evolutionary rates and restricted options for colonising new habitats. Large-egged species such
as nautiloids are more vulnerable to ecological, biotic disasters such as the appearance of new predators, including modern fishery. Independence from the planktonic food web is likely to be very important for a taxon’s long-term survival
over evolutionary history, as demonstrated also by Coelacanthiformes and Elasmobranchia. • Key words: Ammonoidea,
Nautiloidea, reproductive strategy, mass extinction, climate change, egg.
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Reproductive strategy is an important choice that species
face continuously during their evolutionary history.
A trade-off exists between fecundity and egg size (numbers
vs “quality” of hatchling) because generative production in
every species is restricted by body size, available food and
longevity (Kasyanov 1999). Understanding these competing strategies led to the idea of r- and K-selection in life
histories (MacArthur & Wilson 1967, Pianka 1970). It involves a bet-hedging concept that assumes that maximizing strategies are more advantageous in stable and predictable environments where variance is minimal, while
minimizing strategies can enhance long-term fitness in periodically variable environments. Because of this,
r-populations tend to inhabit unpredictable or ephemeral
DOI 10.3140/bull.geosci.1351

habitats, whereas K-populations tend to inhabit environments that are relatively stable (Slatkin 1974, Frank & Slatkin 1990).
The r- and K-strategy model is no longer considered to
be a satisfactory framework for the entire life history theory, because a species’ life history also involves parameters such as longevity, growth rate, and body size to name
but a few (Stearns 1992). However, it is still a useful tool to
describe the relative position of a species’ strategy within a
taxon-specific r-K continuum, particularly in respect to
egg size when other life history parameters are considered
to be relatively equal.
The coiled ectocochleate cephalopods Ammonoidea
and Nautiloidea were abundant and diverse in Late
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Palaeozoic and Mesozoic seas. Both taxa co-existed and
co-evolved over about 330 millions years. Ammonoidea
appeared and instantly occupied the water column during
the Devonian nekton revolution (Klug et al. 2010) and almost immediately displayed a variety of life styles (Klug
2001). Nautiloidea appeared in the Ordovician and persist
to the present day. Ammonoidea produced smaller eggs
with smaller offspring (Landman 1988), and can be considered r-strategists compared to Nautiloidea. They also had
higher rates of origination of genera and families and
higher biological diversity, as well as shorter average duration of genera compared to coiled nautiloidea (Teichert
1967, Ward 1980, Stephen & Stanton 2002, Wani 2011),
though this still has to be demonstrated with respect
to speciation and individual species longevity. Both
ammonoids and nautiloids were active swimming marine
non-herbivorous molluscs with external shell protection
and a mechanism to maintain neutral buoyancy, though
shell shape generally differed between the two groups
(Ward 1980). Their evolutionary fate was also different;
the Nautiloidea successfully survived all major extinctions despite lower biological diversity and slower recovery, i.e. fewer variants to meet drastic changes in environment. Conversely, the morphologically and ecologically
diverse Ammonoidea narrowly passed through a number
of mass extinction events before eventually becoming extinct at the end of the Cretaceous. As underlined by Wani
(2011 and references within) this contradicts a generally
accepted point of view that species with planktonic eggs
and larvae – so wider dispersal – exhibit lower probability
of speciation and extinction, and therefore lower species
richness.
This paper aims to investigate the history of nautiloid and
ammonoid reproductive strategies throughout their parallel
evolution from the late Palaeozoic onwards, and to determine
potential environmental factors influencing egg size (and
hence offspring viability), which “is one character that can be
used to estimate other life-history characters” (Jaeckle 2001).
This is particularly true for ammonoids in which the strategy
of early ontogenetic stages (expressed in protoconch and
ammonitella size, shape, and ornament) was crucial for survival through extinction events and consequent quick radiation of survivors in contrast to slow recovery of nautiloid
fauna (House 1996, Manda & Turek 2011).

Material and methods
To describe evolutionary changes in ectocochleate cephalopod reproductive strategies we used published data on
the diameter of initial chamber (so-called “protoconch”,
though not homologous to that of Gastropods) (PD, mm) in
508 species of Ammonoidea, and 231 measurements of
embryonic shell (ammonitella) diameter (AD, mm) were
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also used (a total of 524 species; Appendix 1). The diameter of the nauta (the embryonic shell with a nepionic constriction at its aperture) (ND, mm) was found for 134 species of coiled Nautiloidea (Appendix 2). The dataset we
compiled on extinct cephalopod reproductive features (Appendix 3) was about twice as large as the largest previous
such dataset (267 ammonite species in De Baets et al.
2012). All sizes given were assumed to be the median between minimum and maximum values, which is how they
have typically been reported. The size was taken as a single
value when a single embryonic shell was measured. We assume that egg size of ammonoids was similar to that of the
ammonitella, not of the protoconch (House 1996, Landman et al. 1996). However, we used PD because primary
data were more abundant, and both AD and PD were closely related (AD = 1.63768 PD + 0.1063; Spearman r =
0.873, P < 0.0001 – our data set). Similarly, egg size of extinct nautiloids was assumed to be equal to the size of the
nauta, as in extant Nautilus and Allonautilus. All statistical
analyses were done using GraphPad Prism ver. 4.03 2005,
and Brodgar Statistical Software ver. 2.5.1. Boundaries of
chronostratigraphic units were taken from Gradstein et al.
(2008). Jurassic and Cretaceous ammonites were arbitrarily
divided into two major groups. 1) Tropical and subtropical
species that included fossils collected well away from polar
areas, and that lived at temperatures more or less similar
to those in recent seas between latitudes 40°N and 40°S.
2) Temperate species that were collected in the polar areas of
that time. Data on latitudinal variability of the Earth’s climate were obtained from a range of publications (Kurushin
& Zakharov 1995, Zakharov et al. 1999, Ross et al. 2002,
Golonka 2007, Donnadieu et al. 2006, Takashima et al.
2006, Dera et al. 2011, Wierzbowski & Rogov 1911). Because of uncertainties related to ammonite ontogenetic latitudinal and bathymetric migrations, shell transport by currents, and short-term climate variability during individual
geologic epochs, we did not attempt more precise species allocation to particular biogeographic ranges.

Results
Ammonoids
Both PD and AD varied significantly during the entire
330 million year history of ammonites: from 0.2 to 1.6 mm
(Fig. 1) and from 0.54 to 2.6 mm respectively. The largest
protoconchs were associated with the earliest ammonoids
(Fig. 2) from the early and middle Devonian. Protoconch
size began to decrease from middle to late Devonian, and in
the Mississippian PD was mostly between 0.3 and 0.8 mm
(AD mostly 0.6–1.4 mm). From the Mississippian to the
Early Triassic mean PD was the lowest in the entire history
of ammonoids (Kruskal–Wallis test, P < 0.0001; Dunn’s
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Figure 1. Historical changes in embryonic shell size in Ammonoidea
(A) and Nautiloidea (B).
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Figure 2. Temporal change of ammonoid protoconch size in Cretaceous.

multiple paired comparison post test, P from < 0.001 to
< 0.01). From the Middle Triassic PD began to increase
again until Early Cretaceous. This trend in change of initial
shell size (PD) with geological age (MYA) is most evident
in temperate ammonites (Pearson r = 0.51, P < 0.0001 at
α = 0.05), but was relatively weak in tropical and subtropical ammonites (Pearson r = 0.29, P < 0.0001 at α = 0.05).
For an entire combined sample of Mesozoic ammonites
this correlation was also statistically significant (Pearson r
= 0.20, P < 0.0001 at α = 0.05) but less obvious because of
climatic and taxonomic bias. In the Cretaceous, the average
PD decreased from the Aptian–Albian (0.496 ± 0.027) to
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the Middle–Late Turonian (0.418 ± 0.040), and then increased again until the Maastrichtian (0.0569 ± 0.038), Kruskal–Wallis test (P < 0.0001) with Dunn’s multiple comparison post-test (P from < 0.001 to < 0.05; Figs 2, 3).
Cold-water (temperate) ammonoids produced larger
protoconchs than tropical-subtropical species [Mean PD
0.70 (confidence, interval, CI 0.61–0.78) vs 0.50 (CI
0.49–0.52), Mann Whitney U = 1726, P < 0.0001 in a combined Jurassic-Cretaceous sample]. The PD in Cretaceous
ammonoids collected around Japan was also inversely
related to historical changes in estimated paleotemperatures, Spearman r = –0.354, P = 0.002 (Fig. 4).
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There were also differences between ammonites occurring in different habitats of the same area. Late Cretaceous
Phylloceratina, and Lytoceratina from the North Pacific that
lived in near-bottom layers over the continental slope (Moriya et al. 2003) produced relatively larger eggs (mean PD =
0.56 mm, AS = 1.06 mm, n = 82) than shelf and epipelagic
Scaphitidae with an upward orientation of aperture that were
adapted to live in upper layers of water column (Seilacher &
Labarbera 1995, Landman et al. 2012) – mean PD = 0.41 mm,
mean AD = 0.73 mm (n = 18). Differences were significant
both between PD (Mann – Whitney, 185, P < 0.0001) and in
AD (Mann – Whitney, 59, P < 0.0001).

Nautiloids
Nauta size in coiled nautiloids was very diverse throughout
the Palaeozoic era (Fig. 1), but showed a decrease between
the Permian and the Triassic. Further evolution of this feature in Mesozoic temperate seas followed the same pattern
as in ammonoids: it increased from the Triassic to the Late
Cretaceous (Pearson r = 0.63, P = 0.0009 at α = 0.05). However, in tropical and subtropical seas it decreased with time
(Fig. 1; Pearson r = –0.42, P = 0.0009 at α = 0.05), with a
particular drop in the Early Cretaceous. Where comparison
was possible, cold-water species were found to produce
larger eggs. For example, among the Cenomanian-Maastrichtian nautilids the largest nauta of about 30 mm was
found in polar Cymatoceras yabei from Chukotka (Shimanski 1975) and Eutrephoceras subplicatum from Antarctica (Cichowolski et al. 2005), whereas the remaining tropical and subtropical nautiloids from Middle Asia,
Caucasus, south USA and the Far East had embryonic shells
of 10–25 (mean 16.9) mm. Even among this warm-water cohort, the largest nauta of 25 mm was found in a relatively
cold-water species – Cymatoceras sp. from Sakhalin (Shimanski 1975). It is also noticeable that nauta size in modern
Nautilus and Allonautilus (23–29 mm) that live in the relatively cold climate of the Holocene (as well as far away from
surface waters) is larger than those in Cretaceous-Paleogene
species that lived in a warmer epoch, even if we omit the
unusual r-strategist Aturia spp. (8–23 mm in Eutrephoceras,
Hercoglossa, Cimomia, Teichertia, and extinct species of
Nautilus; Shimanski 1975, Wani et al. 2011).

Discussion
Climatic impact on egg size
Egg size in both nautiloids and ammonoids depended on
latitudinal changes of climate. The negative relationship
between egg size and environmental temperatures (socalled Thorson–Rass rule) is a well known phenomenon

Figure 3. Box plot of Protoconch Diameter in Cretaceous ammonites
(min., max., median; the box extends from 25 to 75 percentile).

that exists at both interspecific and intraspecific levels and
as phenotypic plasticity (Rass 1935, Thorson 1950, Marshall 1953, Laptikhovsky 2006) but is currently poorly understood. It has been described in extant invertebrates, fish,
amphibians and insects, and it can be assumed that similar
trends applied in the habitats of the past. Drushchits & Doguzhaeva (1981) were the first to demonstrate that the ammonitella of Late Mesozoic boreal ammonites were larger
than those of warm-water species. Our data on both studied
ectocochleate taxa support this suggestion.
However, egg size did not only vary with latitude, but
also with global changes in climate. The general decrease in
ammonite protoconch size between the Middle and Late Devonian could be explained by climatic change: during this
period global temperatures increased (Joachimski et al.
2009) so production of progressively smaller eggs by invertebrates was to be expected. The early Triassic minimum in
PD ended with a trend towards increased protoconch size
that lasted until the Early Cretaceous. This evolutionary
trend coincided with gradual cooling during this period
(Barash 2008, Mutterlose et al. 2009; Föllmi 2012) and was
particularly marked in high latitudes. During strong
Turonian global warming (Takashima et al. 2006)
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ammonite protoconch size decreased, and started to increase
again during the gradual Turonian-Maastrichtian cooling.
Egg size of nautiloids was also related to changes in environmental temperatures during geological history and,
for example, decreased between the very cold early Permian and the very hot Triassic. However, nautiloid reproductive strategy was probably more dependent on the species’
position in trophic webs and other biotic interactions and in
contrast to that of ammonoids does not reveal important
correlations with global climate changes.

Habitat impact on egg size
The ecological position of Ammonoidea was not fixed over
its evolutionary history, particularly in the late Mesozoic
when it was characterised by a gradual shift offshore and
into deeper seas (Westermann 1996, Westermann & Tsujita
1999), possibly away from predatory marine reptiles (Ward
1996). By the end of the Cretaceous most adult stages of ammonites were oceanic to suboceanic (distal neritic), deep
epipelagic to mesopelagic and only juveniles occurred in
surface waters (Ward & Bandel 1987, Shigeta 1993, Landman et al. 1996, Moriya et al. 2003, Tajika & Wani 2011).
Evolutionary rates were low, and cosmopolitanism was
high – features characteristic of oceanic pelagic deep-water
taxa (Ward & Signor 1983, Ward & Bandel 1987). This
change of habitat during the ecological history of ammonites
should obviously have had its impact on reproductive strategy. In Lytoceratina PD increased from Middle Jurassic to
Late Cretaceous (Landman et al. 1996). This phenomenon is
known but not explained. The same trend might be observed
in another ammonite group – Phylloceratina. The general
evolution of both taxa was directed to life in ocean depths
(Westermann 1996, Westermann & Tsujita 1999) and in the
end of the Cretaceous they inhabited demersal layers of continental slope (Moriya et al. 2003). The fact that these
near-bottom ammonites produced much larger eggs than offshore pelagic vertical migrants, Scaphitidae (Westermann
1996, Westermann & Tsujita 1999) is in agreement with
reproductive strategies of extant fish and cephalopods in
which a similar trend in egg size exists. Small size of eggs in
species reproducing in unstable and unpredictable
sub-surface waters is due to increase of mortality at early
stages, so – necessity to increase fecundity (Marshall 1953,
Nigmatullin & Laptikhovsky 1994).
There are no indications that coiled nautiloids changed
their life style, since post-Triassic nautilids evolved hypoxia
tolerance and moved from neritic to slope habitats that is testified by their uncommon occurrence in shallow-water facies and abundance of rhyncholites in deep-water deposits
(Riegraf & Shmidt-Riegraf 1995, Schlögl et al. 2011).
Spawning style was not changed either except possibly
Aturia in the Palaeocene, just after the extinction of
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ammonites left a wide range of ecological niches empty in
the open ocean. That genus at that time possessed the smallest embryonic shells (4–5 mm) in the entire history of the
coiled nautiloids. Aturia quickly became cosmopolitan,
probably because of improved possibilities for juvenile dispersal. This genus was also characterised by the most complex sutures, and an ammonoid-shaped shell (Ward 1980),
so it was an evolutionary attempt to restore not just the
ammonoid reproductive strategy but the entire life style.
However, Aturiacea appeared to not adopt small,
ammonite-like eggs. Probably they were similar to the
near-bottom shelf-slope predators and scavengers, with their
distribution restricted by the need to lay large eggs on the
bottom, like “normal” coiled nautiloids.

Ammonoids vs nautiloids  alternative
cephalopod reproductive strategies
in the past and present
Earliest evolution of ammonoid reproductive strategies in
early – middle Devonian displayed evolutionary trends to
decrease in egg size and increase fecundity because of tighter coiling and a size reduction in embryonic shells, ammonitellae (De Baets et al. 2012). Further shift to r-strategy in
late Devonian was due to changes in protoconch and ammonitela sizes (Landman et al. 1996). Eventually egg dimensions of ammonites became closely resembling those
of modern epi-mesopelagic coleoids: the squid families
Ommastrephidae, Brachioteuthidae, Enoploteuthidae, Pyroteuthidae, Thysanoteuthidae, Heteroteuthinae, and octopods Argonautoidea, the hatchlings of which are epipelagic (Sweeney et al. 1992). Other extant cephalopods that
live either at the bottom or in the meso-bathypelagic layers
produce larger eggs (except some dwarfs like Idiosepius).
This clearly indicates an epipelagic life style for ammonite
juveniles, which is in accordance with suppositions of other
authors (Landman 1988, Westermann 1996). Generally,
adult ammonites might spawn anywhere, even in deep
seas, whereas their hatchlings might quickly rise to surface
waters to forage there as happens in the modern abundant
and diverse squid families Onychoteuthidae Gonatidae,
Cranchiidae and some others (Nesis 1985, 1995). Hypothetically, low positive buoyancy in deep-sea ammonite hatchlings might facilitate such ascension with juveniles automatically achieving neutral buoyancy at the border with the
upper, less dense water layer – their natural habitat.
Throughout evolutionary history, nautiloids always produced much larger eggs than ammonoids, with no overlap
between these taxa (Ward & Bandel 1987). Extinct coiled
nautiloids normally produced eggs with nauta > 10 mm, and
in tropical species nautas could sometimes be extremely
large – up to 40–70 mm with the hatchling size similar to
that of many adult ammonites. No vulnerable epipelagic
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Figure 4. Temporal change of Protoconch Diameter (N = 76; dashed line) in Late Cretaceous ammonoids in North Pacific and paleotemperatures (solid
line) in Sakhalin – Hokkaido area estimated from ammonoid shells (Zakharov et al. 1999). A – historical changes, B – correlation.

early stage ever existed, though fecundity was probably low,
and juvenile dispersal was restricted. The absence of very
large eggs in cold-water nautiloids throughout their evolutionary history seems surprising taking into account the
Thorson–Rass rule. It may be explained by the excessive time
that would be required for their embryonic development. In

modern tropical Nautilus with eggs of moderate size
(22–29 mm) embryonic development takes 269–362 days at
temperatures 22–24 °C (Uchiyama & Tanabe 1999). The
development time required for 40–70 mm cephalopod eggs
in temperate seas would be unfeasibly long, and would involve too great a risk of predation or destruction.
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Analysis of egg size variation within the r-K continuum
in molluscs, echinoderms and fish revealed that there
is usually not a taxon-specific modal size somewhere in
between the minimum and the maximum, but rather two
modes clustering around the extremes (Sewell & Young
1997, Laptikhovsky 1998, North 2001, Jaeckle 2001). This
agrees with the mathematical model of Vance (1973a, b),
which predicted that only the extremes in the possible
range of egg size and method of nutrition (i.e.
planktotrophy, lecitotrophy) are evolutionarily stable strategies. The evolution of reproductive strategies in ectocochleate cephalopods with two modal sizes of eggs (large
in Nautiloidea and small in Ammonoidea) perfectly fits
this theory.
Small egg size with pelagic offsprings (regardless adult
life style and spawning habitat – just like in modern
coleoids) allowed ammonoids to occupy surface waters at
early ontogenetic stages making juveniles largely independent of near bottom anoxic events (Westermann 1996,
Mapes & Nützel 2009, De Baets et al. 2012). Because of
the small eggs, they obviously evolved high fecundity
(Landman 1988) to compensate for increasing mortality of
a long and vulnerable post-hatching pelagic stage, and high
potential for dispersal of early stages by oceanic currents
and consequent colonisation of new habitats. These
epipelagic planktonic early ontogenetic stages were characteristic of the whole evolutionary history of ammonoids.
Species with such a developmental type can maintain gene
flow over wider geographic areas, and their populations are
supposed to be less subjected to geographic isolation, thus
– to allopatric speciation. Because of this it was supposed
that sympatric speciation played the principal role in driving their macroevolutionary patterns (Wani 2011).
On the other hand, high fecundity also involves high
mortality, thus high selective pressure of the environment
and high evolutionary rate because of more intensive elimination of less successful variants. In modern coleoid
cephalopods and fish with pelagic eggs and larvae most of
this mortality (> 90%) occurs at early stages during the first
days and weeks of life (Cushing 1974, Laptikhovsky et al.
1993 and references within). This means that the larval,
rather than the adult morphotype, is most strongly subjected to natural selection, which at this stage might switch
on such a powerful evolutionary tool as heterochronies
(Minelli 2003). Paleozoic ammonoids that survived extinction events generally show novelty in external and internal
morphology of the embryonic shell (House 1996) indicating some changes in larval development. An evolutionary
increase in egg size could have been a mechanism providing a simple developmental basis for multiple
heterochronic changes as an evolutionary response to selection on larval life history traits (Kligenberg 1998 and
references within). These developmental changes probably
became irreversible in coiled nautiloids that never evolved
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any small-egged species from late Paleozoic onwards. Natural selection in this group probably most strongly affected
animals with adult body morphology.
Because of high evolutionary rates and wide larval dispersal, ammonites were quick to recover after major catastrophes. The entire evolutionary history of ammonoids is a
series of major extinction and recovery events, generating
a “boom and bust” pattern (McGowan 2004). During the
Frasnian-Famennian, Devonian-Mississippian, PermoTriassic, and end-Triassic mass extinctions the ammonoids
were almost completely eliminated, but recovered very
quickly. After the Permo-Triassic mass extinction it took
less than 2 m.y. for a single surviving genus to surpass the
biological diversity that had existed prior to the extinction
(Brayard et al. 2009), while ammonite recovery after Triassic-Jurassic extinction was even faster (Guex et al. 2012).
Eventually ammonites became extinct at the K/T boundary, with a very sudden, major catastrophe that affected
oceanic plankton communities. Ammonoidea became extinct together with another dominant small-egged
cephalopod group – the coleoid Belemnitida possibly because of oceanic acidification (Arkhipkin & Laptikhovsky
2012). The most prominent teleost fish that became extinct
at the same time were five families that were ecological
siblings of modern large-bodied predators like tuna and
billfishes (Friedman 2009), which also are small-egged
broadcast spawners.
Nautiloids had to lay eggs on the bottom (Chirat 2001,
Mapes & Nützel 2009), and in contrast to ammonoids, had
demersal life style from hatching, and did not depend so
much on zooplankton (Westermann 1996). Because of
demersal spawning nautiloids were restricted in their offshore distribution – ammonites can lay their eggs in pelagic
waters above deep seas, whereas nautiloids can not reproduce there. Such an attachment to particular near-bottom
habitats probably reduced the evolution of new life styles
and it is the most important reason for their lower biological diversity in respect to ammonites. Thus, from the late
Paleozoic, nautiloids never developed the morphological
diversity seen in the ammonoids from the late Paleozoic to
the end of the Cretaceous (Westermann 1996). However, the
absence of a vulnerable paralarval stage related to planktonic food webs possibly saved them from extinction at the
end of the Cretaceous period. This boundary was also
crossed by Sepiida – another large-egged cephalopod group,
as well as by squids and octopods. Among fish, the extremely large-egged Elasmobranchii and Coelacanthiformes
persisted through K/T boundary unharmed as they did
through many other extinction events (Laptikhovsky et al.
2010, Wani 2011). Independence of the planktonic food
chain was indispensable for long-term survival of taxa.
There is one contradictory case from a “pre-ammonitic
epoch” at the Silurian-Devonian boundary of Bohemia,
when and where small-egged cephalopods with pelagic
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Table 1. Distribution and occurrence (% of hauls) of cephalopods with
different reproductive strategies over the shelf and slope of Namibia
(50–500 m) (from Laptikhovsky 1990). Rare oceanic and deep-sea species removed. Large-egged demersal species are bolded. Upwelling area
with intensive inflows of anoxic waters and sporadic occurrence of H2S
poisoned mud is shadowed.
Species

Latitude °S
17–19 19–21 21–23 23–25 25–27 27–29

Sepiella ornata

3.4

Sepia bertheloti

3.4

S. elegans

3.4

S. orbygniana

24.1

2.9

Rondeletiola minor

17.2

2.9

< 0.1

< 0.1

Alloteuthis sp.
Loligo reynaudi
Illex coindeti

6.8

5.8

27.5

20.5

6.6
2.6

Ornithoteuthis sp.

?

?

?

Argonauta nodosa

3.4

8.7

5.1

Todaropsis eblanae

24.1

26.4

33.3

2.8

2.3

10.0

Todarodes angolensis

31.0

64.7

61.5

38.1

50.0

23.3

Lycoteuthis diadema

22.2

31.0

26.6

Abraliopsis gilchristi

14.0

4.6

Stoloteuthis leucoptera
Sepia australis

2.8

?

?
3.3

3.3
30.0

offspring performed much better than non-pelagic largeegged cephalopods (Manda 2008, Manda & Frýda 2010)
because of upwelling of anoxic-hypoxic waters. Exactly
the same situation exists now on the Namibian shelf and
slope, where over a huge area of intensive upwelling between 21°S and 27°S outbreaks of toxic H2S gas are a seasonally recurrent feature (Emeis et al. 2004). In this area
only cephalopods with small pelagic eggs are able to reproduce, whereas to the north and to the south of this,
large-egged bottom dwellers are very common (Table 1 –
from Laptikhovsky 1990 MS). Therefore, such a phenomenon represents a geographical event that has the potential to
become a true evolutionary event in the case of global
change.

Conclusions
We may conclude that seawater temperatures were the key
factor provoking historical changes in the evolution of ammonoids and nautiloids. Eggs were larger in temperate species with respect to inhabitants of equatorial areas. During
global warming egg size decreased, and increased when
the Earth’s climate became colder. When taxa shifted into
deeper and colder habitats during evolution it also provoked an increase in protoconch size: a phenomenon similar
to that observed in modern fish and squids. However, in

spite of all changes in egg size there were always two
non-overlapping strategies in ectocochleate cephalopods.
Ammonites never evolved large eggs even in the polar regions, and the smallest known nauta of coiled nautiloids
were still 3–4 times bigger in volume than the largest
known ammonitella.
Small eggs provide a relatively short-term (in the geological sense) ecological success with high evolutionary
rates, biological diversity and the possibility of colonisation of new habitats. Large eggs help taxa to persist through
geological history, but at the cost of lower biological diversity, lower evolutionary rates (as demonstrated also by
Coelacanthiformes and Elasmobranchia) and less possibility to colonise new habitats, which would obviously be
achieved first by small-egged species with a pelagic larval
stage. Small-egged and highly fecund species are more
vulnerable to disasters of a climatic, or abiotic character
(extraterrestrial impact, volcanism, glaciation). Low fecundity, large-egged species are more vulnerable to disasters of ecological, biotic character such as the appearance
of new predators. These conditions are still true today with
the added impact of human activities.
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