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GENETIC CONSEQUENCES OF MASS MORTALITY
IN THE CARIBBEAN SEA URCHIN DIADEMA ANTILLARUM
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ABSTRACT

Diadema antillarum, an abundant and ecologically important echinoid in Caribbean reefs, has
suf fered the most extensive (entire Caribbean, plus Bermuda) and most severe (94-100%) mass mortality
documented to date for any coral reef organisms. Such severe population restrictions can cause changes
in the genetic structure of populations, changes with long-term evolutionary implications.

Percent heterozygosity in fourteen loci coding for enzymatic proteins had been documented in
two Panamanian populations of this species in 1977. It was found to be high. The same populations were
assayed for the same loci in 1984, a year after the mass mortality event, in order to see whether
genetic variability had decreased. It had not. Some changes in gene frequencies were noted, but they
were similar to changes in two other echinoid species, which had not undergone any mass mortality. D.
antillarum retained a good deal of genetic variability despite severe mortality, probably because the
die-of fs did not occur simultaneously in all populations, and larval exchange allowed the re-seeding of
affected areas with recruits that had not been exposed to the bottleneck.

The results from D. antillarum suggest that coral reef organisms with planktonic larvae are
likely to recover from local extinction events without significant losses of their  genetic
variability. Mass mortality due to disease or to short-lived physical fluctuations, even when spread
over the entire species range, is unlikely to result in major upheavals of the genome.

RESUME

Diadema antillarum, un échinoderme abondant et écologiquement important dans les récifs des
Caraibes, a connu une mortalité massive (toute la région des Carafbes, ainsi que les Bermudes), la plus
importante (94-100%) mise en évidence dans les récifs coralliens. Les généticiens des peuplements
soutiennent que des restrictions assez sévéres de peuplements peuvent produire des changements dans la
structure génétique des populations, ce qui pourrait avoir des implications dans 1'évolution &
long-terme.

On a mesuré le pourcentage d'hétérozygotie dans 14 loci qui contrdlent les protéines
enzymatiques, dans des peuplements panaméens de ces espéces en 1977; le pourcentage obtenu est élevé.
En 1984, un an aprés la mortalité massive, on a cherché les mémes loci pour déterminer si la
variabilité génétique avait diminué. Elle n'avait pas diminué. Quelques variations dans la fréquence
génique ont été observées, mais elles sont identiques & celles observées chez deux autres espeéces
d'échinodermes qui n'avaient pas subi la mortalité en masse. D. antillarum maintient une grande partie
de sa variabilité génétique, malgré la mortalité sévére, probablement parce que la mort n'a pas été
simultande chez toutes les populations, et les échanges larvaires autorisent une recolonisation des
zones affectées, grace & des recrues qui n'ont pas subi ces évenements.

Les résultats obtenus pour D. antillarum suggérent que les organismes & larves planctoniques
peuvent échapper & une extinction locale, sans perte significative de leur variabilité génétique. Il
est peu probable que la mortalité massive due a une maladie ou & des fluctuations physiques de courte
durée, méme lorsque cette mortalité s'étend & tout le territoire de 1'espéce, puisse conduire a un
bouleversement majeur du génome.
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Table 2.

Gene frequencies, percent of observed heterozygotes (Het), goodness of fit to heterozygosity

expectgz from Hardy-Weinberg equilibrium and comparisons between gene frequencies and observed heterozy-

gosities between years in Diadema antillarum from Bocas del Toro.

See Table 1 for explanation of

symbols. Five loci, Est~l, Est-2, G6PDH, TO and XDH were monomorphic in both years.
N Frequency Het Hardy-Weinberg Comparisons
Locus Al- (%) (chi sq.) (chi sq.)
1977 1984 lele 1977 1984 1977 1984 1977 1984  Frequency Het

Am-2 47 33 a 0.000 0.000 8.5 0.0 0.03 NS - 1.40 NS 1.44 NS
b 0.957 1.000
c 0.043 0.000

HK 37 49 a 0,000 0.041 8.3 10.2 0.05 NS 0.02 NS 2.12 NS <0.01 NS
b 0.958 0.949
c 0.042 0.010

MDH-1 41 25 a 0.976 1.000 4.9 0.0 0.11 NS - 0.14 NS 0.14 NS
b 0.024 0.000

MDH-2 50 25 a 0.970 0.960 6.0 8.0 0.06 NS 0.10 NS 0.03 NS 0.03 NS
b 0.030 0.040

M6PI 32 25 a 0,000 0.020 34.4 56.0 20,8%*% 1.30 NS 28.46%%* 1,86 NS
b 0.281 0.220
¢ 0.000 0.000
d 0.125 0.440
e 0.359 0.260
f 0.234 0.060

PGI 48 50 a 0.000 0.010 10.4 4.0 0.01 NS 0.12 NS 1.65 NS 0.71 NS
b 0.948 0.980
c 0.052 0.010

PGM-1 19 50 a 0.026 0.120 26.3 48.0 0.56 NS  5.56%%% 13,06%% 1,84 NS
b 0.000 0.230
c 0.763 0.540
d 0.211 0.100
e 0.000 0.010

PGM-2 28 48 a 0.000 0.104 10.7 20.8 11,8%%x 8.84%¥%% 35 66%%* 0,66 NS
b 0.661 0.167
¢ 0.339 0.698
d 0.000 0.031

TPL 21 50 a 1,000 0.970 0.0 6.0 - 0.06 NS 0.24 NS 0.25 NS
b 0.000 0.030

than average heterozygosity. In D. antillarum
the number of alleles averaged over all polymor-
phic loci has changed little from 1976 to 1984.
At Isla Margarita there were 2.5 alleles per
polymorphic locus before the mortality and 2.6
after it (Table 1). At Bocas del Toro the cor-
responding values were 2.22 and 2.89 (Table 2).
Thus the number of alleles per locus also show no
effects of a genetic bottleneck.

The comparisons of the observed genotype fre-
quencies in each sample to those expected from
Hardy-Weinberg equilibrium also support the con-
clusion that genetic variability in D. antillarum
has not been affected by the mass mortality. If
the surviving population were a biased sample of
the original one, genotype proportions which were
previously at equilibrium would be expected to
have shifted away from it. In fact the trend, if
one can be said to exist, is in the reverse
direction. Loci with no significant departures
from equilibrium remained in conformity with
Hardy-Weinberg. One locus with heterozygote
deficiency before the mass mortality, PGM=-2 at
Bocas del Toro (Table 2), remained deficient
afterwards, but the proportion of its heterozy-
gotes increased., Three loci, M6PI at Bocas del

Toro (Table 2) and PGM-1, PGM-2 at Isla Margarita
(Table 1) had significant heterozygote deficien-
cies before the mass mortality but came suffi-
ciently close to equilibrium in 1984 to produce
non-significant goodness of fit chi square val-
ues. -The only loci that was not significantly
different from Hardy-Weinberg in 1976-1977 but
showed significant heterozygote deficiency in
1984 are M6PI at Isla Margarita and PGM-1 at
Bocas del Toro (Table 2). The latter is clearly
an artifact of the small size of the 1977 sample,
because the percent of observed heterozygotes is
higher in 1984, 1In Echinometra viridis (Table 3)
and Echinometra lucunter (Table 4) the same
trends were evident as in D, antillarum, namely a
shift through time towards equilibrium in the
loci that in 1977 had fewer heterozygotes than
expected. Thus, the analysis relative to Hardy-
Weinberg equilibrium, like the comparison between
years, supports the conclusion that the mass
mortality did not affect the genetic variability
of D. antillarum,

There were significant changes in gene fre-
quencies of D. antillarum at three loci at Bocas
del Toro (Table 2), but not at Isla Margarita
(Table 1). They occurred in M6PI, PGM-1 and PGM-2,
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Table 3.

Gene frequencies, percent of observed heterozygotes (Het), goodness of fit to heterozygosity

expected from Hardy-Weinberg equilibrium and comparisons between gene frequencies and observed heterozy-

gosities between years in Echinometra viridis from Bocas del Toro.

See Table 1 for expanation of

symbols., Three loci, Am-1, G6PDH, and XDH, were monomorphic in both years,
N Frequency Hardy-Weinberg Comparisons
Locus Al- (chi sq.) (chi sq.)
1977 1984 lele 1977 1984 1977 1984 1977 1984  Frequency _ Het
Am-2 50 32 a 0.970 1.000 6.0 0.0 0.06 NS - 0.64 NS 0.65 NS
b 0.030 0.000
HK 29 24 a 0.017 0.000 17.2 4,2 0.12 NS 0.25 NS 1,80 NS 1.12 NS
b 0.879 0.979
c 0.103 0.021
MDH-1 50 22 a 0.990 0.878 2.0 4.5 0.24 NS 2,97 NS 0,03 NS 0.03 Ns
b 0,010 0.041
c 0.000 0.082
MDH-2 50 18 a 0.000 0.026 6.0 5.6 0.06 NS 0.53 NS 0.26 NS 0.27 NS
b 0.030 0.056
c 0.970 0.923
d 0.000 0.026
e 0.000 0.026
M6PI 40 23 a 0.037 0.050 22.5 60.9 16.19%%* <0.01 NS 6.73 NS 7.69%%*
b 0.375 0.083
c 0.550 0.483
d 0.037 0.350
e 0.000 0.033
PGL 43 25 a 0.221 0.040 60.5 72.0 5.91% 0.26 NS 26.45%%% 0,49 NS
b 0.326 0.160
c 0.058 0.000
d 0.244 0,380
e 0.035 0.300
f 0.093 0.100
g 0.023 0.020
PGM-1 44 25 a 0.023 0.000 50.0 60.0 13.63*% <0.0l NS 8.63 NS 0.30 NS
b 0.079 0.026
c 0.352 0.078
d 0.284 0.169
e 0.182 0.571
£ 0.068 0,091
g 0.011 0.065
PGM-2 54 23  a 0.046 0,141 5.6 30.4 0.36 NS<0.01 NS 3.32 NS 6.77%*%
b 0.954 0.808
c 0.000 0,051
TO 60 50 a 0.992 1,000 1.77 0.0 0.22 NS - 0.21 NS <0.01 NS
b 0.008 0.000

multi-allelic systems with no clear numeric
predominance of one allele, and they were mostly
due to the appearance of new alleles, not detec—
ted in the 1977 sample. These changes could be
the result of mass mortality, but it seems more
prudent to assume that they are due to other
causes, such as heterogeneity in the genotype
frequency of larvae settling at any given time
(Johnson and Black, 1984)., Loci with multiple
alleles, such as HK, PGM-l, and PGM-2 in Echino-
metra lucunter (Table 4) and PGI in E. viridis
(Table 3) also exhibited significant shifts in
the relative proportions of the alleles through
time, even though these species did not go
through any known bottleneck between the two
times they were sampled. Thus, none of the D.
antillarum genotypes sampled here showed any
clear evidence of differential survivorship
through the mass mortality event.

DISCUSSION

None of the possible changes of genetic struc-
ture that could have been caused by catastrophic
mortality seems to have occurred in D. antilla-

rum. Genetic variability remained high, and no

previously highly polymorphic locus seems to have
been driven closer to fixation, although some
gene frequencies changed significantly from 1977
to 1984, It seems clear that, despite the low
number of individuals that remained on each reef,
the populations did not go through a genetic
bottleneck. Nor was there any differential sur-
vivorship of any of the genotypes detected by
electrophoresis. To understand the possible
reasons for these results it is necessary to
understand what the 1984 samples represented.

Mortality in Isla Margarita probably occurred
in January 1983, at the same time that it was
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Table 4. Gene frequencies, percent of observed heterozygotes (Het), goodness of fit to heterozygosity
expected from Hardy-Weinberg equilibrium and comparisons between gene frequencies and observed heterozy-
gosities between years in Echinometra lucunter from Maria Chiquita (1977) and Isla Margarita (1985).

See Table 1 for explanations of symbols. Three loci,

TO, G6PDH, and XDH were monomorphic in both years.

N Frequency Het Hardy-Weinberg Comparisons
Locus Al- (%) (chi sq.) (chi sq.)
1977 1985 lele 1977 1985 1977 1985 1977 1985 Frequency Het

Am~1 48 33 a 0.010 0.015 12.5
b 0.073 0.030

c 0.917 0.955

Aw-2 48 35 a  0.042 0.057 6.2
b 0.948 0.943
¢ 0.010 0.000

Am-3 47 22 a  0.925 1.000 10.6
b 0.074 0.000

HK 28 4 a  0.000 0.023 17.9
b 0.482 0.159
¢ 0.518 0.795
d  0.000 0.023

MDH-1 32 44 a  0.953 0.932 6.2
b  0.031 0.023
¢ 0.016 0.045

MDH-2 53 27 a  0.009 0.019 28.3
b 0.802 0.944
¢ 0.179 0.019
d  0.009 0.019

M6PT 42 42 a  0.048 0.036 45.2
b 0.190 0.059
¢ 0.631 0.631
d  0.107 0.250
e 0.024 0.024

PGI 50 46 a 0,000 0.012 68.0
b 0.260 0.196
¢ 0.030 0.043
d  0.550 0.609
e  0.160 0.022
£ 0.000 0.119

PGM-1 56 43 a 0,045 0.023 57.1
b  0.062 0.035
¢ 0.179 0.047
d  0.152 0.163
e 0.455 0.523
£ 0.098 0.105
g  0.009 0.105

PGM-2 35 39 a 0.014 0.141 25.7
b 0.729 0.808

c 0.257 0.051

3.0 0.07 Ns 0.19 NS 0.70 NS 0.011 NS

11.4 0.29 N8 0.03 Ns 0.04 NS 0.19 NS

0.0 0.07 Ns - 2,08 NS 1.19 NS

38.6 10.27%* 0.22 N§ 15.20%%* 2,57 NS

13.6 0.05 NS 0.01 NS 0.34 NS 2,93 NS

11.1 0.11 NS 0.06 NS 7.16 NS 2,13 NS

45,2 1.30 NS 0.82 NS 4.77 NS 0.05 NS

56.5 0.93 NS 0.01 NS 1.71L NS 0.90 NS

48.8 3,98% 5.96 * 13,78 * 0,63 NS

30.8 2.39 NS 0.0l NS 15.21%** 0.05 NS

observed at Punta Galeta, less than a kilometer
away (Lessios et al. 1984 b). Mortality at Bocas
del Toro was not observed, but given that the
mortality agent seemed to be dispersed by cur-
rents, it probably reached this area between
January 1983, the date it was observed at Galeta,
and June 1983, the date it appeared at Costa Rica
(Lessios et al., 1984 a). Thus the 1984 samples
were taken about a year and a half after the
populations had experienced mass mortality. They
consisted of adult animals, 3 to 6 cm in diame-
ter. The growth rate of D. antillarum is more
than 2 cm per year (Randall et al., 1964; Lewis,
1966). The samples, therefore, like the popula-
tions they represent, were probably composed of
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both survivors of the mortality, and individuals
that recruited after the event from larvae that
were either in the water column when the adults
were dying, or cawme from upstream populations
that had not yet been affected by the die-offs.
In Panama there was considerable D, antillarum
recruitment immediately after the mortality,
which declined after the mortality reached up-
stream populations (Lessios, unpublished data).
Larvae released by as yet unaffected populations
could obviously not bear the mark of mass
mortality on their genetic constitutions. Thus,
if the mass mortality had an effect on the genet-
ic structure of the local populations, this
effect was immediately diluted by the incoming



recruits. If so, the brief episode of change, if
it occurred at all, had no evolutionary sig-
nificance.

Changes due to random genetic drift could
hardly be expected in the first generation after
the bottleneck, particularly if, as postulated,
this generation contained offspring that by means
of alternate life stages bypassed the bottleneck
entirely. However, if the population sizes re-
main low for many generations, they will result
in an increase of the importance of stochastic
processes in the evolution of this species
(Wright, 1948). Whether this increase is sub-
stantial enough to be detected in a human life-
time will depend on parameters that cannot be
measured., In addition to effective population
size, these parameters include mutation rate,
selection, and migration between local popula-
tions. The problem can only be approached em—
pirically through repeated sampling of the same
populations over time. In this sense the present
paper represents the first two points in a time
series.

That the extensive and severe mass mortality
of D. antillarum had no detectable genetic conse-
quences is important for our view of evolutionary
processes that affect coral reef organisws. It
indicates that catastrophic mortality due to sea
level changes, climatic upheavals, disease, pre-
dator plagues or other such events that paleon-—
tologists often invoke as responsible for salta-
tional evolutionary change, may not always result
in the expected drastic consequences. The entire
range of the species is rarely affected simul-
taneously by any agent of catastrophic mortality.
If this agent is a disease, a predator, or a
reversible climatic change, larvae can act as a
refuge for genetic variability. Larval immigra-
tion from unaffected populations can replenish
the genetic constitution of affected ones, which
can then reciprocate after the mortality has
reached the previous donors. Clearly such genet-
ic replenishment will only occur in organisms
with larvae that can stay in the water column for
substantial periods of time and are capable of
long~distance dispersal; it is also limited to
situations where the source of catastrophic mor-—
tality ceases to operate soon after it has killed
off a local population. Limiting as these condi-
tions may be, they still encompass a large number
of coral reef organisms and a substantial portion

of the potential sources of catastrophic mortality.

ACKNOWLEDGMENTS

F. Riviera, V. Starczak, O. Vallarino, A.
Velarde, and J. Weinberg helped with the collec-
tions. Y. Cerrud, M.L. Martinez, and M. Purma-
lis helped in the processing and assaying of the
samples. J. Christy, J.B.C. Jackson, N. Know-
lton, D. Potts, D.R. Robertson, V. Starczak, J.
Weinberg, and M—J. West-Eberhard commented on the
manuscript. Supported by a grant from the Scho-
larly Studies Program of the Smithsonian Institu-
tion and by research funds from the Smithsonian
Tropical Research Institute.

REFERENCES
BAK R.P.M., M.J.E. CARPAY, E.D. DE RUTER VAN

STEVENINCK, 1984. Densities of the sea urchin
Diadema antillarum before and after mass mor-

talities on the coral reefs of Curacao. Mar.
Ecol. Prog. Ser. 17: 105-108.

BIRKELAND C., 1982. Terrestrial runoff as a
cause of outbreaks of Acanthaster planki (Echino-
dermata: Asteroidea). Mar. Biol. 69: 175.

CARPENTER R.C., in press. Mass-mortality of a
Caribbean sea urchin: Immediate effects on com—
munity metabolism and other herbivores. Proc.
Natl. Acad., Sci. U.S.A.

CHAKRABORTY R., M. NEI, 1977. Bottleneck effects
on average heterozygosity and genetic distance
with the stepwise mutation model. Evolution 31:
347-356.

CHESHER R.H., 1969. Destruction of Pacific co-
rals by the sea star Acanthaster planki. Science
165: 280-283.

FISHER R.A., 1930. The genetical theory of natu-
ral selection. Clarendon Press, Oxford.

GLYNN P.W., 1983, Extensive "bleaching" and
death of reef corals on the Pacific coast of
Panama. Envir. Conser. 10: 149-154.

GLYNN P.W., 1984, Widespread coral mortality and
the 1982-83 El Nino warming event. Envir. Conser.
11: 133-146.

HUGHES T.P., B.N. KELLER, J.B.C. JACKSON, M.J.
BOYLE, in press. Mass mortality of the echinoid
Diadema antillarum Philippi in Jamaica. Bull.
Mar. Sci.

JOHNSON M.S., R. BLACK, 1982, <Chaotic genetic
patchiness in an intertidal limpet Siphonaria sp.
Mar. Biol. 70: 157-164.

JOHNSON M.S., R. BLACK, 1984, Pattern beneath
the chaos: the effect of recruitment on genetic
patchiness in an intertidal limpet. Evolution 38:
1371-1383.

KIMURA M., 1955. Solution of a process of random
genetic drift with a continuous model. Proc.
Natl. Acad. Sci. U.S.A. 41: 144-150.

LESSIOS H.A., 1979 a. Molecular, morphological
and ecological divergence of shallow-water sea
urchins separated by the Isthmus of Panama. Ph.D.
thesis, Yale University.

LESSIOS H.A., 1979 b. Use of Panamanian sea ur=
chins to test the molecular clock. Nature 280:
599-601.

LESSIOS H.A., 198l. Divergence in allopatry:
Molecular and morphological differentiation be-
tween sea urchins separated by the Isthmus of
Panama. Evolution 35: 618-634.

LESSIOS H.A., D.R. ROBERTSON, J.D. CUBIT, 1984 a.
Spread of Diadema mass mortality through the
Caribbean. Science 226: 335-337.

LESSIOS H.A., J.D. CUBIT, D.R. ROBERTSON, M.J.
SHULMAN, M.R. PARKER, S.D. GARRITY, S.D. LEVINGS,
1984 b. Mass mortality of Diadema antillarum on
the Caribbean coast of Panawa. Coral Reefs 3: 173-
182,

125 —



LEWIS J.B., 1966. Growth and breeding in the
tropical echinoid Diadema antillarum Philippi.
Bull. Mar. Sci. 16: 151-158.

MACARTHUR R.H., E.O. WILSON, 1967. The theory of
island biogeography. Princeton University Press.
Princeton. New Jersey.

MAYR E., 1963. Animal species and evolution.
Harvard University Press. Cambridge.

MITTON J.B., M.C. GRANT, 1984. Associations
among protein heterozygosity, growth rate and
developmental homeostasis. Ann. Rev, Ecol. Syst.
15: 479-499.

NEI M., T. MARUYAMA, K. CHAKRABORTY, 1975. The
bottleneck effect and genetic variability in
populations. Evolution 29: 1-10.

PAMILO P., S. VARVIO-AHO, 1984. Testing genotype
frequencies and heterozygosities. Mar. Biol. 79:
99-100.

RANDALL J.E., R.E. SCHROEDER, W.A, STARK, 1964.
Notes on the biology of the echinoid Diadema
antillarum. Caribb. J. Sci. 4: 421-433,

SMITH F.G.W., 1941. Sponge disease in British
Honduras and its transmission by water currents.

Ecology 22: 415-421,

SPIESS E.B., 1977. Genes in populations. John
Wiley and Sons. New York,

WRIGHT S., 1931. Evolution in Mendelian popula-
tions. Genetics 16: 97-159,

WRIGHT S., 1948, On the roles of directed and
random changes in gene frequency in the genetics
of populations. Evolution 2: 279-295.

WRIGHT S., 1966. Polyallelic random drift in
relation to evolution. Proc. Natl. Acad. Sci.
U.S.A. 55: 1074~1081.

— 126 —



