Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL |
OF SOCIETY

Constancy and Change of Life in the Sea [and Discussion]
J. B. C. Jackson and P. R. Sheldon

Phil. Trans. R. Soc. Lond. B 1994 344, 55-60
doi: 10.1098/rsth.1994.0051

B

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1994 The Royal Society


http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;344/1307/55&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/344/1307/55.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

Downloaded from rstb.royalsocietypublishing.org

Constancy and change of life in the sea

J. B. C. JACKSON

Smithsonian Tropical Research Institute, Unit 0948, APO AA 34002-0948, U.S.A.

SUMMARY

Most marine species appear abruptly in the fossil record and persist unchanged for millions of years.
Speciation and extinction commonly occur in pulses so that groups of species come and go as ecological
units that dominate the seascape for millions of years. Dramatic turnover of mollusc, coral and
planktonic foraminifera species occurred throughout tropical America about two million years ago in
apparent response to the onset of northern hemisphere glaciation. In contrast, subsequent glacial cycles,
temperature fluctuations and sea-level change had little lasting biological effect. There is no necessary
correlation between the magnitude of environmental change and the subsequent ecological and

evolutionary response.

1. INTRODUCTION

Uniformatarianism is the null hypothesis of geology,
and gradual speciation by natural selection the null
hypothesis of evolution. Ecology is the link between
the two. The expectation is that gradual changes in
earth processes drive gradual shifts in species and
communities. Many ecological and evolutionary
trends are in agreement with this scenario (Overpeck
et al. 1992), but much new evidence suggests that
changes in climate may be abrupt and unstable, with
lasting effects on the subsequent climate and biota
(Crowley & North 1988; Kennett & Stott 1991).
Sudden environmental change may underlie the
nearly universal occurrence of discontinuities in mor-
phology and community composition which mark the
age, stage and epoch boundaries of the geological
timescale which traditionally have been attributed to
the imperfections of the fossil record (Darwin 1859;
Levinton 1988). Here I review evidence that commu-
nities of molluscs, reef corals and planktonic foramini-
fera have changed very little since the end of the
Pliocene approximately two million years (Ma) ago.
After at least eight Ma of relative faunal stability,
turnover of Late Pliocene faunas required only a few
hundred thousand years (Ka).

2. PATTERNS OF SPECIATION

There are now several palaeontological studies of
patterns and rates of morphological change in the sea
that allow distinction between punctuated and gra-
dual speciation (Gould & Eldredge 1993). The best
data are for Neogene to Recent marine invertebrates
which have the advantage of an excellent fossil record
and numerous fossil species that are still alive for
comparison. Planktonic foraminifera exhibit both gra-
dual and punctuated speciation (Wei & Kennett
1988), whereas cheilostome bryozoans are exclusively

punctuated (Cheetham 1986; Jackson & Cheetham
1994). Most gastropod molluscs are punctuated,
although there is one good example of gradualism
(Michaux 1989; Geary 1990). Bivalve molluscs consis-
tently exhibit morphological stasis but patterns and
rates of changes in morphology at speciation have not
been described (Stanley & Yang 1987). Based on these
and other studies, cases of punctuation and stasis
outnumber gradual evolution by more than ten to one
for the over 100 species examined in detail. Thus, for
all practical purposes, species of marine invertebrates
exist as discrete packages in space and time whose
durations and distributions can be usefully counted
and compared.

3. THE TIMING OF SPECIATION AND
EXTINCTION

Almost all living, well-skeletonized species of foramini-
fera, corals, bivalves and snails have persisted without
obvious morphological change for 2 Ma and the
majority for longer. This alone constitutes compelling
evidence for evolutionary stasis in the sea, and
demonstrates that speciation and extinction do not
occur at random over time. The best data are for
planktonic foraminifera which have been sampled
intensively worldwide as part of the Deep Sea Drilling
Program (Kennet & Srinivasan 1983; Berggren ef al.
1985). Median species durations for the 44 known
species of Neogene globigeriniids is 10.4 Ma (range
1.0-34.9) and for the 50 globorotaliids is 4.4 Ma
(range 1.0-23.7) (Stanley et al. 1988). Despite these
long durations, however, 399, of globogerinid and
209, of globorotaliid species died out between 3 and
2 Ma ago.

Molluscs from the Caribbean coast of western
Panama and Costa Rica show a similar pattern
(figure 2; Jackson et al. 1993). The median duration of
395 genera and subgenera common enough to be
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Figure 1. Stratigraphic ranges of 395 subgenera of molluscs from the Caribbean coast of Costa Rica and western
Panama. Timescale: R, Recent, 0 Ma; P, Pleistocene, 0-1.6 Ma ago; PP, Plio-Pleistocene boundary, 1.6-1.8 Ma
ago; LLP, late Late Pliocene, 1.8-2.5 Ma ago; ELP, early Late Pliocene, 2.5-3.5 Ma ago; EP, Early Pliocene, 3.5~
5.3 Ma ago; late Late Miocene, 5.3-6.8 (by interpolation) Ma ago; middle Late Miocene, 6.8-8.2 Ma ago.
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Figure 2. Diversity, origination and extinction of 395
subgenera of molluscs. Timescale as in fig. 1. The origina-
tion rate at time ¢ equals the number of taxa that first
appear at {, divided by the total number of taxa at ¢, divided
by the time between ¢ and ¢—1. The extinction rate at ¢
equals the number of taxa present at /— 1 that are absent at

¢ and thereafter, divided by the total taxa at ¢— 1, divided by
the time between ¢ and ¢— 1.
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analysed is 5.2 Ma (range 0.2-8.2 Ma for all but nine
taxa known only from the Recent). Extinction rates
were low until the end of the Pliocene about 2 Ma ago
when 189, of the taxa disappeared (figures 1 and 2).
Origination rate also doubled at the same time, so
that altogether there was a 309, turnover of the fauna
at the generic and subgeneric level within about
200 Ka. There are no known younger (Pleistocene)
fossil faunas in the region, so that the end-Pliocene
faunas can only be compared directly with the
Recent. Nevertheless, 369, of these taxa went extinct
some time during the Early Pleistocene, so that
turnover lasted longer than 200 Ka. Two-thirds of
Early Pliocene species of molluscs from the southeas-
tern United States also went extinct at the end of the
Pliocene (Stanley & Campbell 1981; Stanley 1986),
but were replaced by new species as diversity did not
decline (Allmon et al. 1993). As for the Isthmus, the
average durations of these younger species are
unknown for lack of Pleistocene fossils. Such data are
available for 747 fossil species from California, how-
ever, where the extinction rate over the past million
years is only 139, (Valentine 1989; Valentine &
Jablonski 1991).

Finally, Budd et al. (19944,b) revised the stratigra-
phy and taxonomy of 175 species of Caribbean reef
corals over the past 24 Ma. Their median duration is
approximately 7 Ma (range 150 Ka—24 Ma). As for
the other groups, there was a pulse of extinction at the
end of the Pliocene, when extinction rates increased
nearly ten-fold, and only 369, of the 106 species alive
between 4-2 Ma ago survived to the present. The only
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subsequent Pleistocene extinctions were of Stylophora
and Pocillopora. Some other groups did not experience
exceptional turnover or extinction at the end of the
Pliocene. Only six of 107 common benthic foramini-
fera from the Caribbean coast of Panama went
extinct, and no common species evolved during the
past 3 Ma (Collins 1994).

4. EVOLUTION AND ENVIRONMENT

Many long-term evolutionary trends in the sea were
probably due to interactions among species almost
regardless of fluctuations in the physical environment
(Vermeij 1987; Jackson & McKinney 1990). On the
other hand, synchronous turnover of faunas is more
closely tied to changes in climate and oceanographic
conditions. The most likely explanation for the mas-
sive Plio-Pleistocene turnover of tropical western
Atlantic foraminifera, corals and molluscs is climatic
cooling due to the onset of northern hemisphere
glaciation (Stanley & Campbell 1981; Stanley 1986;
Stanley et al. 1988), with new estimates for tropical sea
surface temperatures during glacial maxima of 5-6°C
below present values (Beck et al. 1991; Guilderson et al.
1994). Independent evidence for the cooling hypothe-
sis comes from the geographic and habitat distribu-
tions of extinct and surviving species of bivalves and
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Figure 3. Trends in strombinid shell size (square root
height x width in mm) in the eastern Pacific (EP) and
Caribbean (C). Numbers of species at each interval indi-
cated alongside standard error bars. Ages: R, Recent; P,
Pleistocene; LP, Late Pliocene; EP, Early Pliocene; LM,
Late Miocene, EMM, Early and Middle Miocene com-
bined.
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Figure 4. Trends in relative frequency of species inferred to possess planktotrophic larvae (feed in plankton for
several weeks), lecithotrophic larvae (non-feeding, drift in plankton about one week) and direct development (no
free larval stage) in the eastern Pacific (EP) and Caribbean (C). Numbers of species at each interval indicated to
right of boxes for each ocean. Age intervals as in figure 3.
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Figure 5. Model of the response of Caribbean coral reef
communities to overfishing and seca urchin disease. For
details see text.

planktonic foraminifera (Stanley 1986; Stanley et al.
1988) and altitudinal shifts in tropical terrestrial
vegetation (Bush et al. 1992; Colinvaux 1994).

Differences in patterns and rates of Plio-Pleistocene
turnover between oceans further implicate refrige-
ration as an important factor. Extinction of eastern
Pacific molluscs at the end of the Pliocene was less
than in the tropical western Atlantic (Jackson et al.
1993), and was preceded by different evolutionary
trends in adult size and larval development (Jackson
et al. 1994; figures 3 and 4). Molluscan size and
development vary with differences in primary produc-
tion and food availability (Vance 1973; Vermeij 1978;
Jablonski & Lutz 1983), and the data in figures 3 and
4 agree well with inferred Pliocene increase in seaso-
nality and upwelling in the eastern Pacific based on
oxygen isotopic variation in mollusc shells, but more
localized or ephemeral upwelling in the Caribbean
(Teranes et al. 1994). Disappearance of well-developed
eastern Pacific coral reefs after the Miocene (Budd
1989) also agrees with the inferred difference in
seasonality between the two oceans.

Upwelling causes seasonal differences in tempera-
ture that may exceed 10°C even in the tropics (D’Croz
et al. 1991). Thus Late Pliocene molluscs in the eastern
Pacific were probably exposed to comparable seasonal
temperature decreases that exceed estimates of a 5-
6°C drop in winter sea surface temperatures due to
glaciation. In contrast, Late Pliocene Caribbean spe-
cies would not have been similarly preadapted to
temperature decrease. Once past the initial thermal
filter of glacial cooling, however, subsequent rapid rise
and fall of sea level and temperatures had a negligible
effect on Caribbean molluscan or reef coral extinction
and diversity (figure 2; Budd et al. 1994a).

5. PROSPECTS FOR MARINE DIVERSITY

Changes in marine species and communities are
coordinated and discontinuous. This was as true
380 Ma ago in the Devonian (Brett e/ al. 1990) as in
the Neogene, and on the land (Vrba 1985) as in the
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sea. Species appear and disappear as morphologically
discrete packages that come and go in surprising
synchrony. Shifts in biotas are due to major changes in
climate, but, once they occur, new biotas persist more-
or-less intact for millions of years despite repeated
occurrences of the same climatic fluctuations. Thus
continued Pleistocene cycles of low and high tempera-
tures had little evolutionary effect (Potts 1984; Valen-
tine 1989) because, once through the initial thermal
filter, all that was left were eurythermal species.

What can these insights tell us about the prospects
for marine diversity in the face of increasing human
disturbance? Consider the case of Caribbean coral
reefs where the abundance of live corals has decreased
precipitously over the last 20 years with accompany-
ing increase in macroalgae (Lessios 1988; Knowlton
1992). Caribbean reefs had been heavily exploited for
at least 500 years previously with superficially little
effect. Early good observers (Sloane 1701; Dampier
1729) described extraordinarily abundant populations
of large vertebrates (manatees, turtles, groupers) and
molluscs (conchs, pearl oysters) that have not been
seen anywhere in abundance for at least a century.
Yet turtle was the principal supply of meat eaten in
Jamaica during the 18th century (Catesby 1731; Long
1774) until they were virtually eliminated, just as the
Maori eliminated the moas of New Zealand (Burney
1993). Manatees, turtles, jewfish and conchs are not as
dramatic as giant sloths and mammoths, but there is
little doubt that they have been hunted to virtual
extinction with the same efficiency.

As far as one can reconstruct from the Holocene
record and the first detailed descriptions of reefs in the
1950s (Goreau 1959; Jackson 1992), the virtual disap-
pearance of large vertebrates and conchs had little if
any direct effect on the composition of Caribbean reef
communities. Abundant smaller predatory and herbi-
vorous fishes consumed sea urchins, other invertebrate
grazers and algae, and the ratio of corals to macroal-
gae was still high (plane a in figure 5). Subsequently
intense subsistence fishing associated with rapidly
rising human populations decreased both predatory
and grazing fishes, resulting in a dramatic increase in

- invertebrate grazers such as the sea urchin Diadema

antillarum (Hay 1984). However, this sea urchin also
severly regulates algal growth, so that coral abun-
dance remained high (plane b in figure 5).

In 1983, mass mortality of Diadema (Lessios 1988)
left the reefs without any efficient grazers. This sudden
and dramatic shift in the relative abundance of
different consumers and their prey permitted enor-
mous increase in unpalatable macroalgae that are
progressively overgrowing corals throughout the Car-
ibbean (plane c in figure 5), and reef communities
appear to be at least temporarily locked into a
macroalgal community state (Knowlton 1992). To
make things worse, increased nutrients due to use of
fertilizers, decreased coral abundance due to major
storms, sedimentation associated with deforestation,
toxins and oil spills, and mass bleaching of corals
(Woodley et al. 1981; Cortes & Risk 1985; Tomascik
& Sander 1987; Brown 1990; Hallock 1988; Guzman
et al. 1991) all help to further lower thresholds for
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macroalgal dominance over corals (Knowlton 1992).
At the rate things are going, there may be very few
Caribbean corals to be affected by global climate
change (Smith & Buddemeier 1992).

There is a disturbing parallel to this grisly story and
the long-term persistence followed by rapid turnover
described for Plio-Pleistocene marine communities.
Threshold effects on the scale of entire biotas are
irreversible.

The ideas for this paper germinated during a sabbatical year
at Wolfson College and the Department of Zoology, Univer-
sity of Oxford. Tony Coates, Tom Cronin, Helena Fortu-
nato, Nancy Knowlton and Paul Morris gave much helpful
advice. Helena Fortunato and Xenia Guerra prepared the
figures. This work was supported by the National Geo-
graphic Society, the Kugler Fund of the Basel Naturhistor-
ische Museum, National Science Foundation and STRI.
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Constancy and change of life in the sea

Discussion

P. R. SveLDON (Department of Earth Sciences, The Open
Unwersity, U.K.). Stasis — with inferred punctuational specia-
tion — is undoubtedly a common feature of the fossil record.
However, there is some evidence that, on geological timescales
and for physical variables, the more unstable the environ-
ment, the more that lineages are prone to stasis, and
conversely, the more stable the environment, the more that
lineages tend to evolve continuously (Sheldon 1993). Most of
the fossil record comes from relatively dynamic, shallow
marine settings, and we could gain the impression that, unless
extreme, any forthcoming climatic and other physical
changes are not likely to pose a particularly serious threat for
most species. Does Professor Jackson consider that the above
hypothesis might be generally true and, if so, that there are
important implications for species living on land in the tropics
and in the deeper sea, namely that such species might be more
susceptible to perturbation and thus perhaps to extinction?
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J. B. C. JacksoN. The hypothesis appears to confusc the
variance in environmental conditions characteristic of a
particular habitat with that which may be associated with
climatic change. The evolutionary response of a specics to a
pervasive change in its environment should increase with the
magnitude and novelty of the relative to pre-existing conditions.
From this perspective, both the deep sea (Kennett & Stott
1991) and terrestrial tropics (Bush et al. 1992; Colinvaux
1994) are apparently no more or less stable climatically or
cvolutionarily than are shallow marine environments. Thus
sub-Saharan African Bovidae experienced great extinction
and speciation at the onset of northern hemisphere glaciation
about 2.5 Ma ago (Vrba 1981), just as did reef corals (Budd et
al. 1994a), whereas subsequently more extreme Pleistocene
climatic fluctuations had little evolutionary effect on cither
group. In contrast, a rapid rise in tropical sea surface
temperatures (ssTs) of only 2-3° above present values could be
catastrophic for most reef corals whose upper thermal
tolerance is typically only a few degrees above present
seasonal maxima (Smith & Buddemeier 1992). This is
because tropical ssTs have almost certainly been 5 and 6°
below present values for most of the past 2.5 Ma (Beck e/ al.
1992; Emiliani 1992; Guilderson et al. 1994), so that higher
temperatures are beyond the evolutionary experience of
modern corals.
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