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CHAPTER ONE

A Tale of Two Dogmas: The Early History
of Deep-Sea Reproductive Biology
Craig M. Young

ABSTRACT

Writings about deep-sea reproduction have traditionally been placed in
•
the context of two long-standing hypotheses, Orton's Rule and Thorson's Rule. The former, which predicts continuous reproduction in the
isothermal regions of the deep sea, has now been disproyen for many
species in numerous animal phyla. The latter hypothesis, which predicts
that deep-sea animals should brood, enjoyed widespread acceptance
until very recently, when numerous exceptions have been documented.
Thorson's Rule was originally articulated by several authors of the
Challenger Reports about a half century before it was formalized by
Thorson, but not all of the Challenger authors believed in the absence of
deep-sea larvae. Indeed, a careful search of the literature reveals more
than twenty pieces of evidence for deep-sea pelagic larvae published
before Thorson's 1936 monograph. From the earliest days of deepsea exploration, biologists could have concluded that reproduction is
accomplished in the deep sea by a diversity of mechanisms.

"Since deep-sea data are few and difficult to obtain, each school of thought
stands on a considerable body of opinion. What is only opinion and what is
known for certain are not easy to sort out in the literature."
(Carney et al. 1983 )
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The study of deep-sea reproduction, embryology, and larval biology, like the
overall field of deep-sea biology, is a relatively young science. Neither Aristotle
nor the Renaissance masters expressed opinions about how animals reproduce
at great depths. Indeed, thanks i~ part to the depauperate deep-water fauna of
the Aegean Sea and despite fragments of evidence to the contrary (reviewed by
Herdman 1923; Mills 1983), the British naturalist Edward Forbes was able to
convince a generation of biologists as late as 1844 that conditions below 300
fathoms are not suitable for life (Forbes 1844). The roots of deep-sea reproductive biology may not be deep, but they are tangled. Some of the earliest observations and most influential ideas are found scattered in the expedition reports
and taxonomic tomes published in the decades surrounding the turn of the
present century. Frequently, however, generalizations were based on "naturalist's intuition" rather than hard facts. To this day, breakthroughs are often
tied more closely to technological advances than to the development of ideas
and theories.
Research in deep-sea biology accelerated with the expeditions of HMS
Lightning in 1868, the four cruises of HMS Porcupine between 1869 and 1870
(Thomson 1874), and the circumnavigation by HMS Challenger between 1872
and 1876. Recent reviews discussing these and later oceanographic expeditions
(Menzi:s et al. 1973; Mills 1983) make it clear that observational, explorational, and descriptive studies have dominated the field throughout its history.
Even today, for example, there is an ongoing effort to explore and describe
hydrothermal vents, back-arc basins, and mid-oceanic ridges by manned and
unmanned submersibles. The testing of hypotheses in deep-sea research did not
come into its own until about thirty years ago, and the application of true
experimental approaches began even more recently. When the remarkable fauna
of hydrothermal vents was discovered in 1977, technology was already available to begin process-oriented experimental work. Consequently, physiological,
ecological, microbiological, and biochemical results flooded the literature very
quickly. Such was not the case in the early days; some ideas and hypotheses
about reproduction remained entrenched in the literature for more than a
century before they were questioned because the technology required for testing
them developed slowly. It was only natural that some of the untested hypotheses
should become practically canonized by tradition.

Hoary Hypotheses
Ideas about deep-sea reproduction may be entrenched, but they are not diverse.
In fact, a perusal of review articles that deal with the deep sea generally turns
up only two major hypotheses, both of which have remained in the literature
for a very long time, and both of which have now been tested repeatedly and
found wanting. The first is that animals ·living in the isothermal and otherwise
constant environment of the deep sea should reproduce continuously. This
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hypothesis follows logically from the idea first articulated by John Orton (1920)
that seawater temperature controls breeding. Thorson (1946) referred to this
idea as Orton's Rule, but a careful reading of Orton's paper makes it clear that
the author regarded this as nothing more than a tentative and testable hypothesis as far as the deep sea was concerned. In true Popperian fashion (Popper
1959), Orton offered the means whereby the hypothesis could be (and later
was) falsified:
Systematic records of breeding of deep-sea animals may not be available for
some time, but it would be well worth recording the sexual condition of all
animals taken from these regions .... There can be no doubt that an oceanographical expedition to the Atlantic in winter would yield most valuable biologi(Orton 1920:354)
cal knowledge, providing work could be done.

Orton's Rule was tested nearly a half century later, when several teams of
oceanographers began to evaluate deep-sea samples obtained in various seasons,
thereby demonstrating noncontinuous breeding in a several invertebrate phyla
(George and Menzies 1967, 1968; Schoener 1967; Rokop 1974, 1977; Tyler et
al. 1982; Harrison 1988). It has now become clear that numerous seasonal
processes exist in isothermal deep-sea environments (reviewed by Tyler 1988;
Scheltema, this volume) and that factors other than temperature may be important in entraining reproductive seasons (reviewed by Giese and Kanatani
1988). Interestingly, the recent discovery that detrital material arrives in annual
pulses on the deep-sea floor was first suggested by Henry Nottridge Moseley,
one of the naturalists on the Challenger expedition in 1880:

•

Life must be monotonous in the deep sea. There must be an entire absence of
seasons, no day and night, no change of temperature. Possibly there is at some
places a periodical variation in the supply of food falling from above which may
give rise to a little annual excitement amongst the inhabitants.
(Moseley 1880:592)

Because Orton's generalization was not debated much by the early deep-sea
biologists and has been put to rest by modern ones, I will not consider its
history further.
The most pervasive long-standing hypothesis about deep-sea reproduction
is that deep-sea and polar animals should undergo direct development, bypassing the pelagic embryonic and larval stages so prevalent among shallowwater invertebrates. This idea has been named Thorson's Rule (Mileikovsky
1971) after the great Danish synthesizer Gunnar Thorson (figure 1.1A), whose
dissertation research in East Greenland provided what appeared to be solid
evidence in support of the idea (Thorson 1936; but see Pearse, this volume).
Thorson articulated the rule plainly and forcefully in his 1936 and 1946 monographs and again in his oft-cited 1950 review. Where the deep sea was concerned, his hypothesis was based in part on fragmentary evidence and in part
upon logic:

/
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It is quite natural that the deep-sea species must have a nonpelagic larval
development. As the phytoplankton production, on account of the processes of
assimilation, can only take place in the uppermost water layers, the larvae of the
deep-sea species, if they are actually to pass through a pelagic larval development, must move through a water column often 2000-4000 m high or even
more from the bottom to the food-producing surface layer, to cover the same
distance after having completed their pelagic development, and sink to the
bottom. It is obvious that under these circumstances the conditions for completing the pelagic larval development are extremely unfavourable; a great number
of the larvae will be destroyed on the way ... As already stated, it is therefore
the opinion of biologists that the deep-sea animals complete their reproduction
without any pelagic larval stage.
(Thorson 1936:129-130)

Although Thorson's own data were all from the Arctic, not the deep sea, he
nevertheless pressed this hypothesis on a scientific community willing to accept
it virtually on faith. The idea actually antedated Thorson's formulation by
at least a half century, even though considerable evidence for pelagic larval
development was available from the earliest days. Thorson's Rule has been
embraced time and time again (e.g., Madsen 1961; Scheltema 1972; Crisp
1986; Emlet et al. 1987); like the phoenix, it rises from ashes with virtually
every text on marine biology or oceanography, though authors of recent books
•
devoted
to deep-sea biology have all been careful to point out the numerous
exceptions to the rule (Menzies et al. 1973; Marshall 1979; Gage and Tyler
1991).
It is not my intention to drive yet another nail into the coffin of Thorson's
Rule. Instead, I will consider the development of this idea in the eighty years or
so before Thorson popularized it. This will be done by documenting some of
the opinions of early biologists about the nature of deep-sea reproduction and
by asking whether the data available to Thorson and other reviewers in the
second half of the twentieth century supported the generalizations they made.
In the process, I hope to remind biologists of some of the important contributions to our knowledge of deep-sea reproduction, larval biology, and embryology made during the early years of deep-sea exploration.

Thorson's Rule Before Thorson: The Early Evidence
for Brooding
Sir John Murray (figure 1.1B), successor of Wyville Thomson (figure 1.1C), the
organizer of the Challenger expedition, maintained a small office in Edinburgh
(figure 1.1E). From there, he corresponded with the top biologists of the day,
organizing their efforts with the Challenger collections and editing their conttibutions. As the major editor of the Challenger Reports, Murray influenced the
course of science by selectively including certain inter~ting discoveries in those

------------------------ · ~~-

-·-

FIGURE 1.1. A: Gunnar Thorson in the 1950s (photo by Ruth Turner). B: Sir John Mur-

ray. C: Sir Charles Wyville Thomson. D: Henry Nottridge Moseley. E: The former Challenger office at 32 Queen Street, Edinburgh. It is now (1992) a real-estate office. F: Brooding
sea cucumbers, Psolus ephippifer, collected by the scientists on HMS Challenger. These are
now in the British Museum (Natural History).
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volumes that would ultimately be the most read and quoted. Volume 1, Narrative of the Cruise of HMS "Challenger" (Tizard et al. 1885), was one such
volume. It was not the first to appear (twelve volumes had earlier publication
dates), but because this volume contains a lively travelogue of the voyage, and
woodcuts that depict everything from the ship itself to a fanciful mermaid
pulling a plankton net, Narrative is by far the most often cited in popular
accounts, historical treatments, and even scientific papers. Most oceanographers
know much more about the details of biology recounted in volume 1 than the
details found in the forty-nine weightier taxonomic tomes.
Descriptions of brooding echinoderms figured prominently in volume 1,
Narrative, and also in Wyville Thomson's introduction to the Zoology reports
(Thomson 1880). Early on, Thomson planned to write about three of his own
personal interests himself: the stalked crinoids, the hexactinellid sponges, and
the brooding echinoderms (Herdman 1923). He managed to write up text only
for the echinoderms before his death in 1882. The crinoids and hexactinellids
were ultimately sent to other qualified systematists to work up. Thomson's
account of the brooding echinoderms (Thomson 1878) was published by the
Linnaean Society two years before the appearance of the first Challenger Report
in 1880 and nearly a decade before Murray's volume 1 Narrative appeared.
When ~diting volume 1 (Tizard et al. 1885), Murray quoted verbatim the
major part of Thomson's (1878) beautifully illustrated paper on brooding
echinoderms and the authors who wrote the systematic accounts of the various
echinoderm classes added little to the original descriptions of brooding; instead,
they quoted the works of Wyville Thomson again and again (Agassiz 1881;
Lyman 1882; Theel1882, 1886; Sladen 1889).
The emphasis on brooding echinoderms in the narrative report is not surprising; after finding that the deep-sea fauna was similar throughout the world
oceans, Moseley (figure 1.10) commented in 1880, "We got quite tired on the
Challenger of dredging up the same monotonous animals wherever we went"
(p. 547). It was undoubtedly exciting to obtain samples from which lifestyles
and processes could be easily inferred.
The brooding Antarctic echinoderms made such an impression on some of
the Challenger naturalists that they quickly formed the opinion that brooding
dominates in the deep sea. Perhaps the most dogmatic early statement of
Thorson's Rule comes from a speculative letter written by John Murray to the
young William Herdman in 1894 and reproduced in Herdman's 1923 biography of his mentors: "These animals without pelagic free-swimming larvae also
descended to the deep sea as the waters cooled.... Polar animals and deep-sea
animals have all a direct development" (Herdman 1923:81).
When one delves beyond Narrative, it becomes apparent that Murray's
generalization (Herdman 1923) was not justified by the data at hand, even for
the Echinodermata (see Pearse, this volume). Because we tend to think of the
Challenger voyage primarily as an effort to understand the deep sea, it is not
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commonly recognized that the brooders described by Thomson mostly occurred
in shallow water or had eurybathic distributions. The relationship between
egg size and developmental mode was incompletely understood in the days
surrounding the turn of the century, and the interpretation of reproductive
patterns was sometimes biased because only the adult stage was available for
study. Whereas brooding is easily demonstrated by the presence of young,
broadcast spawning could not at that time be inferred from morphology.
The Challenger holothurians, as described by Hjalmar Theel (figure 1.2A),
included two brooders, Cladodactyla crocea, which lived in shallow land-locked
fjords in Antarctica, and Psolus ephippifer (figure 1.1F), a eurybathic Antarctic
species (Theel 1882, 1886). Neither of these species belongs to the Elasipoda,
which is the dominant holothurian order in the deep sea; indeed, brooding
among the Elasipods was first documented in a single species, Oneirophanta
mutabilis, more than a half century later (Hansen 1968). Theel almost certainly
would have found brooded embryos if they were present; his detailed descriptions of internal and external anatomy, including reproductive structures and
gametes, are among the best from that era. However, absence of evidence did
not prevent some early biologists from speculating about developmental patterns.
For example, even though neither Thomson (1878) nor Theel (1882) found
evidence for brooding in elasipod holothurians, Thomson assumed that elasipods must brood nevertheless: "In some Echinoderms the embryo passes into
the adult condition without any free larval stage, which seems to be the case
with several shallow-water Holothurians, and doubtless even within the Elasipoda" (Tizard et al. 1885:281). He then went on to speculate about how
lecithotrophic larvae would be distributed if they existed: "If these latter were
subject to a more complicated metamorphosis, it is most probable that their
larvae would not be able to live at the surface of the sea, but keep dose to the
floor of the ocean" (Tizard et al. 1885 :281).
The American oceanographer and biologist Alexander Agassiz (figure 1.2B)
wrote the systematic description of the Challenger Echinoidea. He described 62'
species living deeper than 100 fathoms, only two of which were definite brooders, Hemiaster (now Abatus) cavernosa and Goniocidaris canaliculata. Both of
these are Antarctic species that extend froth very shallow water to bathyal
depths. Since positive evidence of brooding was available for only 3 percent of
the 62 deep-water species, it should have been impossible for Agassiz and
his contemporaries to conclude that brooding predominates among deep-sea
echinoids. However, Agassiz (1881) extended the available data with an interesting piece of circumstantial evidence. In examining the genital plates of echinoid tests, he discovered that some gonopores were larger than others and
speculated that those with large gonopores must in fact release very large eggs.
This conclusion is supported by a recent study by Emlet (1989). Agassiz reasoned that since all of the recently discovered brooders had large eggs, species
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with large eggs must all brood. In the language of the logician, this categorical
syllogism suffers from the fallacy of "undistributed middles" (Hurley 1988). In
form, the statement is equivalent to: "All brachiopods have shells and this
animal has a shell, so this animal must be a brachiopod." The animal in
question could be a brachiopod, of course, but it could also be a snail, a clam,
an ostracod, or anything else with an exoskeleton. Likewise, animals with large
eggs might be brooders, but they might also be pelagic lecithotrophs.
This fallacy of logic caused Agassiz and many subsequent workers to err
repeatedly. For example, Agassiz stated of Porocidaris elegans, which belongs to
a genus now suspected of pelagic lecithotrophy, "Large female genital openings
probably indicate that Porocidaris elegans, like Goniocidaris canaliculata, is
viviparous" (Agassiz 1881:42). He arrived at a similar conclusion with respect
to the echinothuriids, which produce floating, pelagic lecithotrophic larvae:
"Judging from the large size of the genital openings and the large size of the
eggs in one of the species, this group of sea urchins is probably viviparous"
(Agassiz 1881:73).
Agassiz was not the only author in history to mistakenly assume that large
egg sizes are always indicative of brooding. At least in his early papers, Thorson
apparently did not understand that large eggs could be produced by animals
with pelagic development. A few excerpts from his 1936 paper will serve to
illustrate this point:
Earlier authors only discuss the fact that "eggs rich in yolk" and accordingly
with direct development are more met with in the Arctic than in southern seas.
(p. 77)

The considerable egg size and the consequent nonpelagic development thus
seems to be the genotypically determined mode of reproduction characteristic of
these species. (p. 78)
There is every probability that the big eggs and the subsequent non-pelagic
development in the gastropods as well as the lamellibranchs and the shrimps is
a method of reproduction characteristic of the species throughout their area of
distribution. (p. 79)

Deep-sea biologists have generally followed the tradition of Agassiz and
Thorson by improperly inferring brooding from large egg sizes. For example, F.
Jensenius Madsen (1961), in his thoughtful monograph on the Porcellanasterid
starfish, noted: "The ripe eggs measure 0.5 to 0.6 mm in diameter which
confirms an expected nonpelagic development." As recently as 1984 Tyler and
Gage, in an otherwise brilliant paper on the abyssal cidaroid and echinothuriid
urchins of the Rockall Trough, made a similar statement: "The dominant
reproductive strategy is production of a large egg and, hence, direct development with little dispersal."

/

FIGURE 1.2. A: Hjalmar Theel. B: Alexander Agassiz. C: Carl Chun. D: Henri Prouho

(courtesy, Laboratoire Arago). E: Theodor Mortensen on the deck of the Hyatori Maru
while dredging for sea urchins in the Sea of Japan, summer of 1914. This was the same year
he successfully fertilized the embryos of Laganum diplopora (photo from Wolff 1967). F:
Mortensen's specimens of Laganum diplopora in the Zoologisk Museum, Copenhagen.
These probably came from the same dredge haul as the individuals whose gonads were macerated for embryological studies.
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As John Pearse (this volume) and Mileikovsky (1971) have shown convincingly, both polar and abyssal echinoderm faunas are dominated not by brooders
but by pelagic lecithotrophs that produce large eggs. Moreover, large eggs do
not necessarily imply low dispersal. Large yolky eggs of numerous species float
at the surface, where they may disperse widely (e.g., the starfish Mediaster
aequalis can delay metamorphosis for up to a year; Birkeland et al. 1971).
Recent data indicate that the yolky eggs of most bathyal and abyssal echinoderms also float (Young and Cameron 198?; Cameron et al. 1988; personal
observations).
The Challenger volume on asteroids (Sladen 1889) reports brooding in the
same two species that Thomson (1878) reported: Leptychaster kergulensis,
Hymenaster pellucidus, as well as a third species, Hymenaster praecoquis. These
latter two species are members of the distinctive family Pterasteridae, a number
of which retain broods under the supradorsal membrane.

Pelagic Larvae in the Early Deep-Sea Literature
As rec&ntly as 1971, Mileikovsky recognized only one definite example of
pelagic larval development in an abyssal invertebrate. However, both circumstantial and direct evidence of deep-sea larvae was available at the time of the
Challenger expedition and in the early decades of the twentieth century. Thorson (1936, 1946, 1950) was aware of some of this evidence, but was not
convinced by it (Milekovsky 1971). In this section, I will review evidence for
larval development in deep-sea benthic invertebrates that was available to Thorson in 1936.
Not all of the Challenger authors shared Murray's opinion (Herdman 1923)
about the predominance of direct development. Two years after returning from
the Challenger voyage, H. N. Moseley (figure 1.1D) wrote an eloquent threepart summary of the cruise findings for Nature (Moseley 1880) in which he
alluded several times to pelagic development in the deep sea. For example, he
noted the existence of eyed larvae in some deep-sea crustaceans which are blind
as adults and interpreted this as evidence that larvae migrate to depths where
vision might be possible. Of the deep-sea coral Cryptohelia pudica, which he
described in greater detail the following year (Moseley 1881), he observed:
"The fully developed larvae are worm-like, and when ready escape and swim
away to found each a new colony. For corals, like us, travel in their youth and
see the world, and become stationary like us only in later life" (Moseley
1880:546).
In his discussion of the plankton and nekton of the open sea, Moseley made
yet another anthropomorphic allusion to deep-sea larvae: "It seems probable
that some animals which live near the sea surface when young in all the
pleasures of warmth and sunlight, sink when fully grown to lead a sluggish life
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on the cold and dismal bottom" (p. 571). He also cited work .by Liitken, in
which the young of deep-sea angler fishes were found in the guts of surfaceliving predators: "If this deep-sea fish really develops in the early stage at the
surface, how do the eggs reach the top of the water? Poss_ibly they rise slowly
from the bottom. Perhaps some other deep-sea animals go through their early
stages at the surface" (p. 571). Remarkably, these opinions have virtually never
been cited in later literature, probably because they were overshadowed by
Thomson's more memorable drawings of brooding echinoderms.
EcHINODERMATA

In the late 1870s, Henri Prouho (figure 1.2C), who was later to gain a reputation as a great authority on bryozoans, was a graduate student at the newly
built laboratory Arago at Banyuls sur Mer. For a dissertation project, Prouho
chose to study the embryology of two species of sea urchins which could be
collected by trawl from the Bay of Biscay. One of these, known at the time as
Dorocidaris papillata, was in fact Cidaris cidaris, a eurybathic species that
occurs not only in the Mediterranean, but also to a depth of 1800 m off the
Atlantic. continental slope from Norway to the Cape Verde Islands (Mortensen
1927). The echinopluteus larvae reared from gametes by Prouho looked similar
to the larvae of other cidaroids described much later; the eggs were small and
the larvae were transparent and planktotrophic (Prouho 1888).
A large and spectacular holothurian larva with a cosmopolitan distribution
was described originally by the German oceanographer Carl Chun (figure 1.20)
and given the name Auricularia nudibranchiata (Chun 1887). Both Chu.p and
Mortensen (1921) provided some morphological evidence that this was the
larva of a deep-sea Elasipod, though MacBride (1920) took exception and
attributed it to a shallow-water synaptid because of the presence of wheel
ossicles. Later authors have sided with MacBride (reviewed by Smiley et al.
1991). The question of identity remains unresolved, but Smiley et al. (1991)
have proposed A. nudibranchiata may be the larva of an abyssal synaptid.
Using closing nets off Naples in 1886, Chun (1887) also noted the presence of
many other kinds of invertebrate larvae to depths of at least 1400 m (Mills
1983).
More than three decades after Prouho reared the first bathyal echinoid
larvae, embryos, and larvae of two other bathyal species were also cultured. In
1912, Cresswell Shearer and his colleagues obtained ripe specimens of Echinus
acutus from commercial trawlers in Plymouth. This species, which lives on the
continental slope at depths as great as 1280 meters (Mortensen 1927), yielded
small eggs that developed into planktotrophic larvae that differed in only minor
respects from the congeneric shallow-water species Echinus esculentus (Shearer
et al. 1914). Then in 1914, the Danish biologist Theodor Mortensen (figure
1.2E) dredged the clypeasteroid Laganum diplopora (figure 1.2F) from 800 m
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in the Sagami sea, macerated gonads, and reared the resulting embryos into
perfect 2-armed planktotrophic plutei (Mortensen 1921). Although he was able
to keep them alive for only a few days before departing Japan and abandoning
the culture, Mortensen did note that these deep-sea larvae resembled those of
shallow-water relatives and also that they tended to rest on the bottom of the
culture vessel. In his discussion of deep-sea reproduction, Mortensen (1921)
called attention to the holothurian larvae described by Chun and to other larvae
collected during the plankton expedition of 1889 (Mortensen 1898), all of '-- ·
which he considered as evidence that pelagic larval development occurs in the
deep sea. Mortensen (1921) speculated on the origin of these larvae:

/

Were they carried out from the coastal waters by currents, or did they rise from
the bottom? So long as we do not know the parental origin of the larvae found
in the open sea the question cannot be answered definitely. Most probably they
come from both sources. The question of whether any deep-sea Echinoderms
have truly pelagic larvae must, after what we now know, be answered in the
affirmative. Laganum diplopora has been directly proved to have pelagic larvae,
and it is almost certain that also Pedicel/aster 6-radiatus has pelagic larvae
(Stellophaera mirabilis); judging from the character of the eggs many other
deef'-sea forms must have pelagic larvae (though a great percentage of them
have large eggs and therefore certainly must have an abbreviated development.
(Mortensen 1921:248-249)

Note that Mortensen equated large eggs with "abbreviated development,"
not with brooding. Despite Mortensen's published opinion that "many deepsea forms must have pelagic larvae" Thorson (who was a graduate student in
the same department where Mortensen was a senior faculty member) attributed
the opposite point of view to Mortensen just fifteen years later: "Dr. Mortensen,
who has thoroughly studied these phenomena as regards the echinoderms, has
informed me that with a single exception, the deep-sea echinoderms must,
according to the experience gained so far, be assumed to have a nonpelagic
larval development, and the same seems to be the case with the other invertebrate groups" (Thorson 1936:129).
Whatever his real opinion about deep-sea larvae, Mortensen was troubled
by the seemingly impossible vertical migration that would be required of a
planktotrophic larva originating in the deep sea:
The occurrence of larvae of deep-sea forms at the surface of the ocean is another
problem not very easily explained (due allowance being made for the fact that
we have as yet not definitely ascertained a single case of a larva of a deep-sea
form found at the surface; we do not know exactly the depth at which Stellophaera mirabilis was taken, and we have not yet definitely proved Auricularia
nudibranchiata to belong to a deep-sea Holothurian). It seems impossible that
the larvae could rise all the way by means of their ciliary movements. One
cannot help suggesting that vertical currents may have something to do with the
transport of the larvae from the deeper layers towards the surface and the
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inverse.... Upon the whole, we are hardly in possession of facts enough even
for a definite formulation of the problems connected with the deep-sea larvae.
We can only see this much that continued researches will be sure to bring
important results.
(Mortensen 1921 :249-250)

Although he did not realize it at the time, Mortensen (1898) also described
the larva of a deep-sea ophiuroid. This species, which had been collected in large
numbers during Victor Hensen's plankton expedition, could not be_assigned to
a known adult at the time, so Mortensen (1898) called the larva Ophiopluteus
ramosus. Semenova et al. (1964) later suggested that 0. ramosus was the larva
of a bathyal ophiuroid, and Tyler and Gage (1982) finally showed it to be
Ophiocten gracilis, a bathyal species that occurs abundantly throughout the
Northeast Atlantic.
Gonads and gametes of many echinoderms were illustrated and described in
the Challenger Reports. For example: Herbert Carpenter (figure 1.3A) detailed
the structure of genital pinnules of deep-sea and shallow-water crinoids (Carpenter 1884) and Theel (1882, 1886) illustrated the positions of the gonads and
gonopores and the structure of the male and female genital tubules in elasipod
and other deep-sea holothurians. In some holothurians, Theel found genital
papillae which he called gonadal processes. In others, he illustrated multiple
gonopores, and even drew the eggs in scaled drawings that allow us to infer
their probable lecithotrophic development (Theel 1886). The anatomy illustrated in most of these species suggests free spawning rather than brooding .
BRACHIOPODA AND BRYOZOA

•

The years between 1910 and 1915 were important ones for deep-sea larval biology. While Mortensen and Shearer were rearing bathyal echinoid larvae in the
Pacific and Atlantic Oceans respectively, deep-sea brachiopod larvae were being
discovered in the Indian Ocean. The Scottish naturalist Henry Ashworth (figure
1.3B), who worked in the same department at Edinburgh as Forbes, Thomson,
and Murray, collected these larvae from the plankton while cruising not on a research ship, but on a commercial passenger vessel (Orient Lines) to Australia. He
secured permission from the master of the vessel to take plankton samples from
the seawater pump, which drew water from 18 feet below the surface and
dumped it into large tanks on deck. From these tanks, he obtained larvae of several species of inarticulate brachiopods in both the Red Sea and the Indian Ocean
(Ashworth 1915). One of these, which he described in detail, was the larva of
Pelagodiscus at/anticus, which was already known to occur at depths ranging
from 200 fathoms to 2425 fathoms. Although these larvae came from the surface
plankton, other inarticulate brachiopod larvae of uncertain affinity had already
been collected years earlier at 1000-1200 meters during the plankton expedition
(Simroth 1897) and at 3000 meters depth by the German South Polar expedition
(Eichler 1911). The larvae of inarticulate brachipods are planktotrophic and
spend up to several weeks in the plankton (Long and Stricker 1991).
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The Challenger Report dealing with brachiopods (Davidson 1880) says
nothing about reproductive processes, and only the shells are illustrated. The
same applies to bryozoans, except that many of the illustrations show ovicells
similar to those in which the embryos are brooded prior to release of lecithotrophic coronate larvae (Busk 1884, 1886).
MOLLUSCA

Beginning in about 1888, Prince Albert I of Monaco used a diversity of approaches on his oceanographic ships l'Hirondelle, Princess Alice I, and Princess
Alice II to collect deep-water plankton and benthos in the North and equatorial
Atlantic and in the Mediterranean Sea (Mills 1983). Many of the gastropods
collected by dredging in deep water had intact protoconchs, which were illustrated by Dautzenberg and Fisher (1896, 1897) and others. Examination of the
protoconch size and morphology of these animals suggests that many have
planktonic development. One of the Challenger Reports dealing with gastropods (Watson 1886) also illustrated protoconchs of some deep-sea gastropods.
Surprisingly, Pelseneer's monograph on the anatomy of deep-sea gastropods
(1888) contained very little information about reproduction .
Although the relationship between developmental mode and protoconch
size was not understood at the time, Thorson was a major proponent of the
"shell apex theory" which relied on protoconch form to infer developmental
mode. He certainly could have considered these published illustrations of protoconchs when speculating about reproduction in the deep sea. The deep-sea
malacology literature from around the turn of the century was large (Clarke
1962) and it seems likely that developmental modes could have been inferred
from protoconchs and prodissoconchs for many of the bathyal species illustrated. However, as Boucher (this volume) has noted, the larval shells of many
abyssal species are generally eroded away.

.

ARTHROPODA

Both direct and circumstantial evidence for larval development in deep-sea
crustaceans was presented in the Challenger Reports and in other papers written
by the Challenger naturalists. Rudolf von Willemoes-Suhm (figure 1.3C) died
during the expedition, but not before sending home a description of a blind
megalopa larva collected from a depth of 1675 m (Willemoes-Suhm 1876).
Other crustacean larvae were also obtained from deep water around the turn of
the century. Selbie (1914) described an unusual, large larva which was later
shown to be the young form of the deep-sea eryonid Polycheles sp. (Gurney
1939). These animals swim in the water column at great depths, but resemble
the adults so closely that Gurney (1939), without having access to earlier stages,
speculated that development might be direct. As early as 1897, Milne-Edwards

/

FIGURE 1.3. A: P. H. Carpenter. B: Henry Ashworth. C: Rudolf von Willemoes-Suhm. D:

P. P. C. Hoek. E: Richard Hertwig. F: William Herdman.
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and Bouvier demonstrated that galatheid-like shrimp in the family Uroptychidae
undergo direct development from small eggs. In his treatment of the deepsea Anomura, Henderson (1888) made the following observation about the
reproduction of galatheid crabs:
In the majority of the deep-water galatheids-with the exception of those belonging to the genus Munida-the eggs carried by the female are few in number
and of remarkably large size. It may be inferred from this that the deep sea
enemies are fewer, and the chances of each individual egg undergoing its full
development therefore relatively greater, the result being diminished production
on the part of the parents; while the large size of the ova perhaps indicates a
protracted embryonic existence.

/

The presumed relationships among larval mortality, fecundity and egg size
articulated by Henderson are reminiscent of Thorson's (1950) discussion of
larval wastage, and also of one premise of Vance's (1973) well-known model.
Dolfein (1904) examined patterns of egg size among deep-sea crustaceans.
He noted that adult crabs with reduced eyes often produce large eggs and
bypass the larval stage, whereas species with normal eyes generally have small
eggs a.Pd normal larval development. Some species with small eggs (and presumably planktonic larval development) were found in very deep water.
Cirripedes in the Challenger collection were worked up by P. P. C. Hoek
(1883, 1884), who had interests in anatomy and ecology as well as systematics.
Within the ubiquitous deep-sea genus Scalpellum, Hoek (figure 1.3D) discovered dioecious and androdioecious species (Charnov 1987) in which complemental males colonized the region near the oviducal opening of much larger
females or hermaphrodites. In some cases, Hoek found and illustrated the
cyprid larvae which metamorphosed into these complemental males. Although
he was not able to determine if cyprids actually disperse in the water column,
the larvae he pictured look similar in most respects to the cyprids of other
barnacles which most certainly do, including scalpellids from shallower fjordic
waters (Svane 1986). Hoek observed both nauplius and cyprid stages of a
specimen of Scalpellum stroemii dredged from about 1000 m depth during the
1882 cruise of HMS Triton. He noted:
On opening it, I found it contained eggs. They were large and not extremely
numerous. On studying them with the microscope I found they had passed
already the Nauplius-stage, and had arrived at the Cypris-stage. The exuviae of
the Nauplius-larva still adhered to the covering of the Cypris, though it was not
easy to make out which parts had developed from the Nauplius-appendages.
(Hoek 1884:75)

Because the nauplius exuvium was still attached to the cypris in the mantle cavity
of the female, Hoek assumed that the naupliar stage does not disperse in the
plankton. It is also possible, however, that the cyprid stage is very short lived.
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Hoek also described the Challenger pycnogonids and provided the first thorough description of reproduction in this group. His systematic treatment includes observations on numerous deep-sea species, including the giant abyssal
pycnogonids in the genus Collosendis, but he unfortunately chose a shallow-water species of Nymphon for his exhaustive description of embryology (Hoek
1881), assuming that "in general the deep-sea animals will exhibit the same anatomical structure, and pass through the same development as the littoral or shallow-water forms" (p. 100).
CNIDARIA

H. N. Moseley's descriptions of the morphology of deep-sea hydrocorals include
numerous illustrations of the planula larvae prior to release (Moseley 1881). For
example, he illustrated in detail various stages of embryogenesis and planula development in the gonophores of Errina labiata and Cryptohelia pudica, as well
as spermatogenesis in Astylus subviridis and Sporadophora dichotoma. His illustrations make it clear that many of the deep-sea hydrocorals reproduce in virtually the same fashion as shallow-water relatives. Although the text (Moseley
1881) does not indicate whether planulae crawl away or swim, Moseley (1880)
expressed the opinion elsewhere that the larvae were pelagic. Little information
is provided in the Challenger Reports on the reproduction of deep-water scleractinians or octocorals (Moseley 1881), but monographs on hydrozoans (Allmann 1883) and pennatulids (Kolliker 1880) contain illustrations of gametes.
An important contribution to our understanding of anthozoan reproduQJ:ion
came from the first of two monographs on Actiniarians by Richard Hertwig
(1882). Using well-preserved specimens of Corallimorphus rigidus collected
from 1375-1950 fathoms, Hertwig (figure 1.3E) observed and illustrated large
yolky eggs residing in the entoderm and migrating into the mesoglea. This
migration of the ova was also observed in the symbiotic anemone Cal/iactis
parasitica from relatively shallow water. It is now known to be a general
phenomenon in the cnidaria, though its discovery is often attributed to later
German scientists (Campbell1974).
ASCIDIACEA

Deep-sea ascidians from the Challenger expedition were monographed by William Herdman (figure 1.3F) in 1882 and 1886, though one of the most interesting species, Hypobythius calycodes was originally described in a paper by Moseley (1876). Remarkably, Moseley's careful observations of gon~ds and gametes
in this species included a drawing of sperm with eccentric mitochondria. Although the significance of this was not known at the time (Moseley described it
as "a small transparent vesicle attached to one side of the head"), the sperm of
virtually all ascidians are now kn?wn to have this feature. Hypobythius caly-
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codes has remarkably large eggs (1.5 mm) for a solitary ascidian.lt is not known
whether this species reproduces by pelagic lecithotrophy or by brooding.
Herdman's (1882) monograph on the simple ascidians included a careful
drawing of the oviduct of a ripe individual of Bathyoncus mirabilis. The scale of
the drawing suggests that this species produces eggs similar in size to those of
shallow-water solitary ascidians and releases eggs and sperm near the excurrent
siphon, where they are probably spawned to undergo a pelagic lecithotrophic larval development not unlike that of most other solitary ascidians. Similar anatomical evidence for free spawning was given for several other species as well.
Among the compound ascidians, Herdman (1886) found larvae in Cystodytes draschii dredged from 400 fathoms, Polyclinum molle (600 fathoms),
Amaroucium recumbeus (245 fathoms), Leptoclinum tenue (to 600 fathoms)
and Coelocormus huxleyi (600 fathoms). In the latter species, tadpoles were
embedded in a section of the test containing no adult zooids. Ascidian tadpoles
can possess either two pigmented sensory structures (ocellus, statocyst), a single
statocyst, or a compound sensory organ known as a statolith (reviewed by
Svane and Young 1989). Of the colonial ascidian larvae observed by Herdman,
two had both an ocellus and a statocyst, and two had only a single sensory
orga!J., probably a statocyst.
OTHER PHYLA

The Challenger Reports contain isolated observations about reproduction in
several smaller phyla, but they also fail to give us much information about some
large taxa, including polychaetes, bivalves, and brachiopods.
Hubrecht's (1887) treatment of nemerteans provides much detail about gonad structure, as virtually all of the worms in the monograph were described
from paraffin sections. However, because he did not give collection depths for
the specimens described, most of the information is not easily placed in a deepsea context.
A female specimen of the echiurid, Bonellia sumhi, dredged from a depth of
1340 fathoms off Nova Scotia, had numerous dwarf males attached and contained eggs in the "uterus" (Selenka 1885). The extreme sexual dimorphism in
this genus had been described earlier for a shallow-water species (reviewed by
Stephen and Edmonds 1972) by Kowalevsky and others. The discovery of a
deep-sea species with dwarf males showed that reproduction was similar in this
genus regardless of depth, and suggests the occurrence of larvae.
The calcareous sponges described from the Challenger collection by Polejaeff (1883) included five species that contained amphiblastula larvae. However,
the deepest of these, Sycon arcticum, came from just 100 fathoms; reproduction
was not described for any abyssal species. The monograph on Hexactinellida
(Schulze 1887) emphasized spicules and contained no useful information on the
reproductive process.
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FIGURE 1.4. Representative larvae of deep-sea invertebrates that were discovered and described before 1936. A: Cypris larva,of the barnacle Scalpellum stroemi (after Hoek 1883).
B: "Ophiopluteus ramosus," the larva of Ophiocten gracilis (after Mortensen 1889). C: Tadpole larva of the ascidian Cystodytes draschii (after Herdman 1886). D: Planula larva of
Cryptohelia affinis (after Moseley 1880). E: Echinopluteus larva of the echinoid Lagauum
diplopora (after Mortensen 1921). F: Larva of Polycheles sp. (after Seibie 1914). G: Echinopluteus larva of the echinoid Cidaris cidaris (after Prouho 1988). H: Larva of the inarticulate brachiopod Pe/agodiscus at/anticus (after Ashworth 1915).
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Summary
It is clear that much evidence for pelagic larvae was available to Thorson
when he formulated "Thorson's Rule" in 1936. Admittedly, much of it is
circumstantial, some is based on opinion, and some is found in obscure places.
Nevertheless, even a perusal of the Challenger Reports would have placed
reasonable doubts on the strong generalization that Thorson (1950) made.
Figure 1.4 illustrates some of the larvae of deep-sea animals that were observed
and drawn prior to 1936. To summarize, pre-Thorson evidence for pelagic
larval development in the deep sea includes:

/

1. Planktotrophic larvae of three bathyal echinoids, Cidaris cidaris, Laganum
diplopora, and Echinus acutus reared in the laboratory (Prouho 1888;
Shearer eta!. 1914; Mortensen 1921).
2. Planktonic echinoderm larvae collected in the plankton, Auricularia nudibranchiata, Stellophaera mirabilis, and Ophiopluteus ramosus suspected of
originating in the deep sea (Chun 1887; Mortensen 1898, 1921).
3. A number of deep-sea echinoderms with small eggs, suggesting planktotrophic development (Mortensen 1921).
4. Anatomical evidence for free spawning in elasipod holothurians (Theel
1886).
5. Larvae of the deep-sea inarticulate brachiopod Pelagodiscus at/anticus captured in shallow water (Ashworth 1915).
6. Larvae of unidentified articulate brachiopods captured at bathyal and abyssal depths (Simroth 1897; Eichler 1911).
7. Deep-sea Cheilostome bryozoans with ovicells, suggesting reproduction by
coronate larvae (Busk 1884).
8. Protoconchs of deep-sea gastropods illustrated in taxonomic works (Watson 188(); Dautzenberg and Fisher 1896) suggest planktonic development.
9. A blind megalopa larva collected from a depth of 1675 m (Willemoes-Suhm
1876). Eyed crustacean larvae produced by blind adults, suggesting vertical
migration (Moseley 1880).
10. Post-larva of eryonid crab Polycheles is described (Selbie 1914).
11. Male cyprids and nauplii of deep-sea barnacles in the genus Scalpel/urn
(Hoek 1883).
12. Planula larvae of various hydrocorals (Moseley 1881) and hydrozoans (Allman 1883) illustrated.
13. Anatomical evidence and small eggs indicate free spawning and external
development in solitary ascidians (Herdman 1882).
14. Larvae are observed in at least 5 species of abyssal compound ascidians
(Herdman 1886). Larvae of two species are probably blind.
15. Dwarf males in abyssal echiurid suggest larval development (Selenka 1885).
16. Amphiblastulae found in calcareous sponges from bathyal depths (Polejaeff
1883).

A major problem of interpretation that led to the common acceptance of
Thorson's Rule was the assumption that large eggs are always indicative of
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brooding. In actual fact, brooders generally (though not always) do have large
eggs, but many animals with large eggs produce pelagic lecithotrophic larvae
(Pearse, this volume). It seems unlikely that several generations of scientists
would have made this error independently. The staying power of Thorson's Rule
in the community of deep-sea biologists can instead be attributed to tradition.
We tend not to question the opinions of prominent figures, like Thorson, who
cast long shadows in a particular field. Since Thorson essentially "wrote the
book" (Thorson 1946) on larval ecology, many biologists have probably assumed that his facts were correct and that his literature searches were thorough.
In this review I have emphasized the contributions of the Challenger Reports because of their general accessibility and their historical significance. I
have also devoted a disproportionate amount of space to the Echinodermata
because they were the organisms that provided the original impetus for the
great dogma that deep-sea animals brood. Many additional observations on
reproduction in the deep sea are scatt~red through the English, Swedish,
Dutch, German, French and Danish expedition reports, but space does not
permit their inclusion in this brief review. If one were to assemble all of the
existing information about deep-sea reproductive patterns in one place, it
would certainly paint a patchwork mosaic of reproductive diversity rather than
a monotonous, geaeral pattern to which all species conform.
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