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Considering the wide geographic distribution and the catches of Sardinella aurita, the observed
allozyme diversity (H=0-011) is strikingly small. Potential explanations for this low gene
diversity, which include restrictions on effective population size owing to variance in reproduc-
tive success, demographic instability, historical bottlenecks in population size, selection, and
technical artifacts are examined and quantified. This quantification, though rough, shows that
no single {actor can account for the lack of diversity. However, demographic instability of
S. aurita, especially if this instability has persisted over evolutionary time scales, together with
much greater than Poisson variance in individual reproductive success, could account reason-
ably for the results. Pleistocene reduction of population size seems also a necessary co-factor.
Technical artifacts, mostly scoring difficulties linked to liver autolysis, are considered also and
analysed in different clupeid species. © 1998 The Fisheries Society of the British Isles

Key words: allozymes; population size; demographic instability; reproductive success; bottle-
necks.

INTRODUCTION

The round sardinella Sardinella aurita Valenciennes is an abundant and widely
distributed clupeid present in the Mediterranean Sea and off the West African
coast from the Strait of Gibraltar to Southern Angola (Ben-Tuvia, 1960). Its
range extends in the western Atlantic Ocean from Cape Cod to southern Brazil
(Ben-Tuvia, 1960; Whitehead, 1985). The most important concentrations of
S. aurita on the west side of the Atlantic are encountered off the Venezuelan and
southern Brazilian coast (Longhurst & Pauly, 1987; Lowe-McConnell, 1987)
where up to 200000 t of fish are caught every year (FAO, 1992). Off West

] Africa, annual catches are even larger (up to 650 000 t: Marchal, 1991) and are
ol concentrated in three areas, on the so-called Senegalo-Maurilanian, Ivoro-
b Ghanaian and Congo-Angolese stocks (Fréon, 1986; Do Chi, 1994).

With an average weight of 100g, tens of billions of individuals are
caught every year off Africa, as compared to hundreds of millions off the
American coasts. Because of both its economic importance and population size
fluctuations, S. aurita has attracted much interest (Cury & Roy, 1991; Bard &
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Koranteng, 1994) though few genetic studies have been undertaken (Baron,
1973; Wilson & Alberdi, 1991; Tringali & Wilson, 1993; Chikhi et al., 1994, 1997;
Kinsey et al., 1994).

Variable genetic markers are a prerequisite for stock and population structure
studies (Ryman ef al., 1984; Allendorf et al., 1987; Carvalho, 1993). The present
study estimates the amount of allozymic variation and geographical structuring
in S. aurita. However, an unusually low level of genetic diversity was found.
This makes the description of population structure difficult but is of fundamental
interest because of the crucial role of genetic diversity as the basis of evolutionary
change. It is still a matter of debate why some species may exhibit low levels of
genetic variability (Nei & Graur, 1984).

Results already obtained for other clupeids are reviewed looking for a
plausible explanation of the low levels of genetic variability observed even in
some abundant and widely distributed species. History, demography, variance
i reproductive success, selection and technical artifacts are considered and
quantified as potential explanations of the low genetic diversity of S. aurila.

MATERIALS AND METHODS

SAMPLING AND ELECTROPHORESIS

S. qurita specimens were caught during 1992 and analysed at the Centre de Recherche
Océanographique d’Abidjan (Céte d’Ivoire). The sample from Isla Margherita
(Venezuela) was sent on dry ice and dissected in Abidjan. The West African samples were
collected directly from fishermen and kept in ice until arrival at the laboratory of the
country of sampling. Samples from Pointe Noire (Congo) were then kept in liquid
nitrogen until arrival in Coéte d’Ivoire while those from Accra (Ghana) were frozen at
—20° C (see Fig. 1).

Eyes, muscle and liver were taken from every individual and stored at —20°C.
Enzyme products of 25 presumptive loci (Table I) were resolved on 12-5% starch gels
using staining recipes described by Pasteur er al (1988).

Alleles were designated alphabetically following Wilson & Alberdi (1991), with allele a
being the most anodal, b the next, and so on.

STATISTICAL METHODS

Unbiased expected average multilocus heterozygosity, H, hereafter called hetero-
zygosity or gene diversity, was estimated as an average of Nei’s (1978) single locus
estimates, #. Weir & Cockerham’s (1984) method was used to estimate Wright’s
F-statistics (Wright, 1951). Wright’s F,, is a measure of population differentiation based
on the variance of allelic frequencies among populations. In order to test for a departure
from zero (i.e. no genetic differentiation), random permutations of genotypes among
samples were performed, and F, was recomputed for the new, permuted, data set. By
permuting the data set many times (usually 1000) an empirical distribution of the F,,
statistic was generated under the null hypothesis of no structure (see for instance Noreen
(1989) for a more general description of computer-intensive methods). Randomization of
genotypes rather than of alleles circnmvents the effect of correlation of alleles within
individuals (measured by Wright's F,). The real (unknown) significance level P, was
estimated as P=(n-+1)/(N+1) where z is the number of permuted data sets that produced
a value of F,, as great or greater than the real value, and N is the number of permutations
performed. Sometimes, P'=p/N is used as an estimate of P (Roff & Bentzen, 1989;
Garcia de Leon et al., 1997) but P is more conservative and statistically more valid than
P’ (Noreen, 1989). Unless N is small, however, the difference between P and P’ is minor.
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FiG. 1. Sampling locations of Sardinella aurita.

Genetic homogeneity (departure from Hardy-Weinberg proportions) within samples
was assessed using Wright’s F;,. The null distribution of F,, was approximated by
permutations of alleles within samples and the significance level was assessed as described
for F,,.

Al computations and permutation fests were performed: using the Genetix 3.07
software (Belkhir ez al., 1997) freely available at http://www.univ-montp2.fr/genome-pop/
genetix.htm.

RESULTS

NUMBER OF POLYMORPHIC LOCI AND HETEROZYGOSITIES

Among the 25 loci analysed (Table I) three were polymorphic by the 0-99
criterion (Pge=3/25=0-12; Tables II and III) while only G3PDH-1 was polymor-
phic by the 0-95 criterion (Pos=0-04). The overall mean heterozygosity was
~0-01 (Table II), with all sample heterozygosities ranging from 0-003 to 0-011,
indicating a very low level of genetic variation. Besides, when the most variable
locus (G3PDH-1, #=0-156, Table III) was excluded from the analysis, the
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TasiLe I. BEnzymes investigated in Sardinella aurita; the buffer was TC 8-0 in all cases

Locus E.C. .
Enzyme abbreviation no Tissue
Aspartate aminotransferase AAT-1 2.6.1.1 L
AAT-2 L
AAT-3 L
Alcohol dehydrogenase ADH 1.1.1.1 L
Adelynate kinase AK 2743 L
Creatine kinase CK-1 2732 L
CK-2 L
Esterase EST 3.1.1.1 L
Fructose biphosphatase FBP 3.1.3.11 L
Fumarate hydratase FUM 42.1.2 L
Glycerol-3-phosphate dehydrogenase G3PDH-1 1.1.1.8 L
G3PDH-2 L
Glucose-6-phosphate isomerase ‘ GPI 5.3.1.9 M, E
Glucose-6-phosphate dehydrogenase G6PD 1.1.1.49 L
Isocitrate dehydrogenase IDH-1 1.1.1.42 M, E
IDH-2 M, E
1-iditol dehydrogenase IDDH 1.1.1.14 L
L-lactate dehydrogenase LDH-1 1.1.1.27 M, E
LDH-2 M, E
Malate dehydrogenase MDH-1 1.1.1.37 M, E
MDH-2 M, E
Phosphoglucomutase PGM 5422 M, E
6-phosphogluconate dehydrogenase 6-PGDH 1.1.1.44 L
Superoxyde dismutase SOD 1.15.1.1 M, E
Xanthine dehydrogenase XDH 1.1.1.204 L

heterozygosity was halved (Table III, case A). Moreover, the lack of gene
diversity was nearly unaffected by variation in the number of loci and the sample
size considered (Table III). When samples were taken individually, the levels of
gene diversity were still very low (range 0-003-0-011; Tables II and III), as was
the mean number of alleles in each sample (1-14-1-45 and Table II).

No departure from Hardy—Weinberg (HW) expectations was observed in any
sample as demonstrated by the non-significant and extremely small F,, values
(Table IV). Neither did the pooled sample exhibit any HW departure
(F,,;= —0-001, NS).

POPULATION STRUCTURE

The Venezuelan sample had the smallest number of alleles per locus because of
its smaller size but its heterozygosity was not smaller than that of the Congolese
sample. The overall heterozygosity of African samples was not significantly
greater than that of the Venezuelan sample indicating no - differentiation
(F,= —0-0019, i.e. F,=0). Thus, no strong heterogeneity existed across the
Atlantic: analysis of the population structure yielded an average F,, estimate of
—0.0009 (i.e. F,=0). When all pairwise comparisons were computed (Table .
IV), distant populations were no more significantly differentiated than closer
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TabLE II. Allele frequencies, sample sizes, and heterozygosity of polymorphic loct

Congo  Ghana CI Venezuela  Pooled  Heterozygosity

IDH-1 89 95 99 30 313

a 1-000 1-:000 0-995 1-000 0-998

b 0-000 0-000 0-005 0-000 0-002 0-003
IDH-2 85 97 96 30 308

a 0-994 1-000 1-000 1-000 0-997

b 0-006 0-000 0-000 0-000 0-003 0-003
LDH-1 81 97 99 28 305

a 0-000 0-000 0-005 0-000 0-002

b 1-000 1-000 0-995 1-000 0-998 0-003
MDH-2 94 85 75 30 - 284

a 1-000 1-000 1-000 0-983 0-996

b 0-000 0-000 0-000 0-017 0-004 0-004
GP1 75 97 75 29 276

a 0-007 0-007 0-007 0-000 0-005

b 0-993 0-986 0-993 1-000 0-992

c 0-000 0-007 0-000 0-000 0-002 0-014
PGM 95 97 81 26 299

a 0-000 0-000 0-012 0-020 0-005

b 1-000 1-000 0-988 0-980 0-995 0-001
AAT-2 —_ 30 90 30 150

a 0-017 0-000 0-000 © 0003

b 0-983 1-000 1-000 0997 0-007
SOD —_ 37 93 30 160

a 0-986 1-000 1-000 0-997

b 0-014 0-000 0-000 0-003 0-006
AAT-3 — 56 —_ 30 86

a 0-992 1-000 0-994

b 0-009 0-000 0-006 0-012
6-PGDH — — 45 21 66

a 0-011 0-000 0-008

b 0-989 1-000 0-992 0-015
EST 58 —_ — — 58

a 0-017 0-017

b 0-983 0-983 0-034
G3PDH-1 25 — — —_ 25

a 0-080 . 0-080

b 0-920 : 0-920 0-156
n, 1-25 1-45 1-38 1-14 1-64 —
H 0-003 0-009 0-006 0-005 0-006 0-011

Single locus heterozygosities are calculated also for the pooled data (last column) and mean
heterozygosity is calculated for each sample (last row).
n,, Mean number of alleles per locus; CI, Cote d’Ivoire.

ones. Though the highest pairwise F,, value was between the Congo and
Venezuela samples (F,,=0-0094; Table IV) it was not significant (P=0-117, 1000
permutations); strangely, the only significant value was that between the Cote
d’Ivoire and Ghana samples which are the geographically closest ones
(F,,=0-0055, P<0Q-01; Table IV and Fig. 1).
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TasLE III. Variation of heterozygosity accord-
ing to the size of samples and the sampling of
loci in S. aurita

Mean Mean
sample size heterozygosity

A 145 0-0055
B 175 0-0065
C 238 0-0069
D 271 0-0073
‘Whole data set* 140 0-0113

*The whole data set comprises all samples and all loci.
A, The most variable locus is excluded (G3PDH-1, see
Table II); B, samples with less than 50 individuals are
excluded; C, samples with only one location are ex-
cluded; D, samples with less than 100 individuals are
excluded.

TaBLE IV. Matrix of pairwise F;, and N,, values

Congo Ghana CI Venezuela
Congo ~0-0000 —0-0034 —0-0001 0-0094
NS NS NS NS
Ghana 0 — 0-0005 0-055 0-0032
NS * NS
CI 0 45 - 0-0019 —0-0061
NS NS
Venezuela 27 18 00 0-0000

NS

F,, values are given above the diagonal. The number of migrants, N,
exchanged under the island mode]l hypothesis, N,,=(1-F,)4F, (Wright,
1951), is given below the diagonal. Negative F,, estimates may arise between
genetically very similar samples. In such cases, F,, values and computation of
N,,, are meaningless and the infinity symbol has been used for the latter. F,
values are given on the diagonal. NS, Not significant; *P<0-01.

DISCUSSION

NUMBER OF POLYMORPHIC LOCI AND HETEROZYGOSITIES

The low level of variability observed in S. aurita cannot be attributed to small
sample sizes since the mean number of individuals analysed for the 25 loci was
quite large (7i=140, Table III), and confirmed the results of Wilson & Alberdi
(1991) for specimens sampled in the Gulf of Mexico and off Brazil (Py5=0-06,
0-02< H<0-03) and those of Kinsey et al. (1994) from the Gulf of Mexico to the
coast of South Carolina (Pys=0-07, 0-02<H<0-06). In both studies the number
of loci surveyed was large (41 and 37, respectively) though thé area covered was
smaller than in the present one (Table V). Earlier, Baron (1973) studied one
polymorphic serum esterase locus in a Senegalese sample. His frequency data




TaABLE V. Genetic variability among clupeid species

Locations* Loci  Distancef  Abundancef HS Reference
Alosa alosa (L.) 8 22 1000 + 0-000 Boisneau et al. (1992)
Alosa fallax (Lacépéde) 8 22 1000 + 0-000 Boisneau et al. (1992)
Alosa fallax (Lacépeéde) 2 27 400 + 0-004 O’Maoleidigh et al. (1988)
Sardinella longiceps Valenciennes 3 19 400 ++ 4+ 0-006-0-009 Menezes (1994)
Sardinella aurita Valenciennes 4 25 2200-5000 +++ 0-003-0-011 This study
Sardinella aurita Valenciennes 5 41 500~-5000 + 0-020-0-027 Wilson & Alberdi (1991)
Sardinella aurita Valenciennes 8 (38) 37 500 + 0-020-0-060 Kinsey et al. (1994)
Sardinella maderensis (Lowe) 4 18 5000 + 0-105 Chikhi et al. (unpublished)
Sardinops sagax caerulea (Jenyns) 5 27 2000 + o+t 0-005-0-016 Hedgecock et al. (1989)
Sardinops melanosticta (Temminck & Schlegel) 1 22 — +++++ 0-064 Fujio & Kato (1979)
Ethmalosa fimbriata (Bowdich) 6 24 2200 ++ 0-004-0-025 Gourene et al. (1993)
Alosa pseudoharengus (Wilson) 12 27 2000-5000 ++ 0-029-0-044 TIhssen ef al (1992)
Clupea harengus L. 7 (14) 44 1000 +++++  0-040-0-059 Kornflield er al. (1982)
Clupea harengus L. 6 40 1000-10 000 ++++ 0-062~0-068 Grant (1986)
Clupea harengus L. 3 25 1000 +++ 0-:068-0-073 Andersson et al. (1981)
Clupea pallasi Valenciennes 21 (24) 40 6000-12 000 ++++ 0-067-0-106 Grant & Utter (1984)
Opisthonema bulleri Regan|| 1 (@ 29 — +/++ 0-051-0-054 Hedgecock et al. (1989)
Opisthonema libertate Glnther|| 3 (5 29 1200 +/++ 0-055-0-072 Hedgecock et al. (1989)
Opisthonema medirastre Berry & Barrett| 2 29 800 +/++ 0-076-0-108 Hedgecock et al. (1989)

*Locations (samples).

tApproximate distance (following the coast line) between the two most distant locations. When samples are not homogeneously distributed the greatest distances
both within and between a group of populations are given. For instance, in Wilson and Alberdi’s study the samples were located in the Gulf of Mexico, except one

Brazilian sample.

{Catches in metric tons (t) of the respective sea area as reported in the FAO statistics and averaged over 1983-1992.
+:0-50 000 t; +-+: 50 0600200 000 t; ++ +: 200 000-500 000 t; + + ++: 500 000-1 000 000 t; +++++: >1 000 000 t.

§Gene diversity.
f[Observed heterozygosity.

IFAO statistics group Opisthonema species under the name O. Jibertate in the Pacific making difficult the estimation of each species’ contribution.
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yielded the very high value of 2#=0-71. Baron’s data are difficult to integrate with
ours since even for a polymorphic species exhibiting H=0-1, the probability to
observe a locus with £>0-7 is ¢. 7 x 10~ * for neutral genes (Fuerst et al., 1977).
If H<0-05 the probability is <10~ %, Thus, the probability that we missed a
neutral highly polymorphic locus is <10~ * and this cannot explain the small
H value which is much smaller than that observed for fishes in general (H=0-064,
113 species: Ward et al., 1994).

Among other clupeids, the levels of gene diversity observed vary by more than
one order of magnitude (Table V) but this does not seem to reflect any obvious
difference in the current census sizes (as estimated by annual catches, see
Table V, Spearman rank correlation coefficient r¢=0-294, P=0-217). Indeed,
S. aurita’s H is comparable to that of the Californian sardine Sardinops sagax
caerulea (Jenyns) (Table V) which was one of the most abundant clupeids of the
world.

POPULATION STRUCTURE

Sardinella aurita showed no significant differentiation across the Atlantic but
significant differentiation between Ghana and Cote d’Ivoire.

‘Since permutations were used to test these results, the statistical problem
that arises with a classical y* goodness-of-fit test (which is only asymptotically
correct: Roff & Bentzen, 1989) was avoided. This significant result cannot
therefore be caused by the small number of heterozygotes observed. Even
correcting levels of significance for the multiple pairwise comparisons by dividing
the significance level by the number of tests (Bonferroni method), the F,, value is
still significantly different from zero. Thus, the only explanations left are that (i)
there is differentiation between the two closest samples but not between samples
separated by the Atlantic Ocean, or (ii) this differentiation is artifactual and due
to sampling error, or (iii) some other sampling phenomenon is responsible for a
microgeographic differentiation (e.g. Campton ef al., 1992). Since the overall F,,
is virtually zero and since S. aurita is a migratory fish, the last two explanations
seem most likely. In particular, when there is a high variance in reproductive
success, microgeographic differentiation can arise that would not be stable over
time (Garcia de Ledn et al., 1997). Interestingly, this result is in agreement with
Wilson & Alberdi’s (1991) observation that Gulf of Mexico samples of S. aurita
exhibited significant differences of allele frequencies that were absent between
Florida and Brazilian samples.

Clearly, low F,, values concur with low levels of genetic differentiation among
pelagic fishes (Gyllensten, 1985; Hedgecock, 1994a; Ward et al., 1994). This does
not mean that the species acts as a single panmictic unit: it simply underscores
the problem of seeking population structure when variation is scarce. Until
more polymorphic loci are studied the question of stock structure for S. aurita
remains open.

EFFECTIVE SIZE
With billions of individuals (N>10°) and average mutation rates usually

reported for allozymes (u=10"°-10 "7, Nei & Graur, 1984; Nei, 1987) S. aurita
should exhibit for N,=N=10? a mean heterozygosity H ~0-99, since:
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H=4N_ (4N p+1) (1)

at equilibrium (Kimura & Crow, 1964).

Since there is a large discrepancy between the expected and observed levels of
genetic diversity in S. aurita and since, even in other clupeid species, the census
population size does not seem to be simply related to H (rg=0-294, P=0-217;
Table V), we shall attempt to quantify roughly the effects of various factors on N,.

The so-called equilibrium equations are based not only on the mutation-drift
equilibrium but on other underlying hypotheses (Poisson variance in reproduc-
tive success of the adults, constant population sizes, etc.) that represent features
of the ideal population. A departure from equilibrium equations may be caused
by departures from any of these hypotheses. Three of these were explored in
quantitative terms: variance in reproductive success, demographic instability,
and long-term population size reductions.

When one factor is studied (for instance demographic instability) the other
factors are considered to be those of an ideal population (i.e. Poisson variance in
reproductive success and long-term mutation-drift equilibrium).

Variance in reproductive success

Variance in the reproductive success can greatly reduce the effective popu-
lation size (Crow & Kimura, 1970; Ewens, 1979) and thus genetic variation. The
pelagic environment is highly unpredictable, causing mass mortalities in the first
stages of clupeids (Murphy, 1973; Cury, 1988). Strong upwellings can drive eggs
away from coastal retention areas (Cury & Roy, 1989) while predation can
reduce population densities of S. aurita eggs and larvae by two orders of
magnitude in a few days (Conand, 1977). Since S. aurita can hatch tens of
thousands of eggs in short periods, those that do survive may be derived from
relatively few females that hatched in the favourable environmental window
(Cury & Roy, 1989). This variance, suggested in numerous marine species
(Avise, 1989; Bowen & Avise, 1990; Hedgecock & Sly, 1990) has been quantified
rarely (Hedgecock, 1994b).

In a stable population of N individuals where the number & of alleles that an
individual contributes to the next generation has a given variance V7, the
effective size can be expressed as:

N,=(dN—4)/(V,,+2), Crow & Kimura (1970). @)
From equations (1) and (2) one has:

Vi=16(N — Du[(1 — B)/H}-2~16Nu[(1 — H)/H] 3)

Thus for a census size of N=10°, with #=0-01 to 0-1 and x=1078-10"5, V, is
¢. 103~107 (or a standard deviation of ¢. 30-1000 alleles).

This range is extremely large but is in agreement with ¥, around 10-10° by
which Hedgecock (1994b) -accounted.for the small effective sizes in the Pacific
oyster, Crassostrea gigas (Thunberg). Though the exact distribution of k& cannot
be inferred, its expectation is 2 in a stable population. Thus, with a variance
which is orders of magnitude greater than the mean, it is clearly far from a
Poisson distribution, indicating that perhaps a minority of the population is
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taking part effectively in the reproduction. A high V, is expected to create
genetic heterogeneity at a microgeographic scale, as found here between Ghana
and Cote d’Ivoire (Table IV; Wilson & Alberdi, 1991).

Demographic instability

Demographic instability of many clupeid species is well documented (Murphy,
1973; Longhurst & Pauly, 1987). For example, for the last 2000 years, the
Californian sardine populations have shown crashes comparable in intensity and
frequency to those observed since exploitation (Baumgartner et al, 1992), as
have the sardine and anchovy populations -of Namibia over periods of hundreds
of years (Shackelton, 1986), hence indicating that demographic instability may
be a typical feature of clupeids. ‘

When population size fluctuates, the long-term effective size is given by

N, ~t[Z(1/N)] @

where ¢ is the time in generations and N; the effective population size at
generation 7 (Crow & Kimura, 1970). It is clear that N, will be particularly
affected by the smallest size reached (i.e. during a population crash) but also by
the frequency and duration of these crashes.

Given the observed level of genetic diversity (H~0-01, Table IV), and u=10""
the long-term effective size will be N,~25 000 assuming V;=2 and that the
populations are in equilibrium. If the population size is constant (with N,=10°)
except during the crash generation, then in order to generate a value of H=0-01
(or long-term N,x25 000), for crashes taking place every 10 or 100 years, the
crashed population will have N,=2500 or N,=250, respectively. In other words,
a reduction by a factor of 400 000 every 10 years (or 4 000 000 every 100 years)
is necessary to account for the observed gene diversity. These figures imply that
if the low genetic diversity were caused by demographic instability only, this
instability should have been orders of magnitude higher than usually believed.

Current data do not support such a frequency and intensity for S. aurita or
probably for any clupeid species (Cury, 1988). Even the dramatic collapse of the
Japanese sardine stock during the 1950s did not reduce its genetic variability
substantially (Fujio & Kato, 1979 in Hedgecock et al, 1989). Thus, though
demographic instability can substantially reduce genetic variability it can be
rejected as a unique causal factor.

Evolutionary population size reductions

Evolutionary population size reductions (e.g. during glaciations) may also
cause loss of genetic diversity even when the species is currently extremely
abundant (Nei1 & Graur, 1984). In principle, the near-absence of variation of
S. aurita may have been caused by one of the dozen or more glacial-interglacial
cycles of the last 2 million years (Roberts, 1984), that affected the distributions of
" many species including tropical ones (Van Zinderen Bakker, 1982; Maley, 1991).
For instance, the decrease of the sea level, up to 175 m during the last 25 000
years (Roberts, 1984), reduced the continental margins (currently 100-200 m
deep) whose width affects the duration and intensity of upwellings and their
associated planktonic blooms on which S. aurita trophically depends.
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However, a long-term N,~25 000 individuals over the species range is still
necessary to explain the observed low heterozygosity. If a glaciation event
occurred every 10 000 years and if the reduction was maintained for 100 years,
then to produce a heterozygosity of H=0-01 (or H=0-1), the botileneck
population N, must have been c. 250 (or 2500). Since there have been only c. 12
glaciations in the last two million years (Roberts, 1984) the corresponding
bottlenecks must have been either longer or with smaller populations.

Since the time required for heterozygosity to reach a new equilibrium
approximates the reciprocal of the mutation rate (Nei et al., 1975), millions of
years would be necessary to reach a new mutation-drift equilibrium (with one
generation per year and £=10""). But Nei et al (1975) showed that even with
a bottleneck population of N,=100 lasting 100 years, as much as 60% of the
pre-bottleneck heterozygosity may be preserved. Since the population sizes must
have been » 100, this means that the pre-bottleneck population must have had
low heterozygosity and so one single bottleneck cannot account for the data.

Although one bottleneck scarcely explains our data, allelic diversity may
indicate it as a potential co-factor. Allelic diversity should be lost more quickly
than gene diversity (Nei et al., 1975; Carvalho & Hauser, 1995) leading to the
absence of medium frequency alleles. Moreover after a severe (N,=100 for 100
years) or less severe bottleneck (e.g. Ny=100 for 10 years) all allelic diversity
should be lost. A population recovering from such bottlenecks should present
only rare alleles, which is what we observe.

“Thus, these calculations indicate that (i) it is unlikely that any single event
explains the overall low diversity of S. aurita, and (ii) the species may not have
had the opportunity to build up a large population over long periods of time. At
the same time the distribution of allelic diversity in rare alleles suggests a
bottleneck, but cannot identify how severe. These points argue for the joint
intervention of V) and demographic instability.

It is concluded that the discrepancy between total and effective population size
as estimated by the equilibrium equations must result from at least two of these
factors acting together. The exact combination of these factors cannot be
determined but some reasonable combinations may be considered. A population
of size N=10° might be reduced by a factor 10 000 every 100 years, for 10 years.
Then N, would be 10°. Considering ancient bottlenecks every 10 000 years that
leave 10 000 individuals for 100 years, then N, will only be halved N, ~ 105/2.
The variance in reproductive success necessary finally to produce H=0-01, would
be V,=77-2.

Other combinations may work as well but this simple calculation suggests that
regular demographic variations and variance in reproductive success, that is
factors that are primarily affected by every day life in upwelling regions, may be
the two main causes for persistent low heterozygosities. Pleistocene events
(Roberts, 1984) may have influenced S. aurita’s distribution more than its overall
genetic diversity.

OTHER EXPLANATIONS
Selection

Purifying selection might explain the lack of genetic variation in S. aurita, as
invoked for green turtles Chelonia mydas L., (Bonhomme er al, 1987) to
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mterpret the near-absence of allozymic variation among Atlantic, Indian
and Pacific ocean samples. However, evidence for selection in our results is
insufficient to reject the simpler hypothesis of neutrality (Fuerst et al, 1977).

Artifacts and biases

Statistical bias: more than 1000 species have shown diverse levels of genetic
variation when the same allozyme loci were compared by electrophoresis (Nevo,
1988). So, for some species, the apparent lack of genetic variation may be a
type-1 error because only poorly polymorphic loci have been studied due to
the huge stochasticity among loci (Stewart, 1976). For a given value of H, the
probability that the polymorphic loci have been missed can be estimated using
the theoretical distributions of single locus heterozygosity computed by Fuerst
et al. (1977).

For H=0-05 they showed that 83% of all loci should exhibit values of #<0-05.
A simple (and conservative) binomial test can be used to estimate the probability
that only the less variable loci were sampled by chance. With 25 loci sampled
P=0-06. The hypothesis of statistical bias cannot be rejected on this basis but
this result may be due to having only 25 loci. It was shown earlier that the
probability of missing highly polymorphic loci was extremely low.

When applied to the data of Wilson & Alberdi (1991) and Kinsey ez al. (1994),
who analysed 41 and 36 loci respectively, P-values become significant. This bias
hypothesis should be rejected, at least in the area covered by their studies. Since
our Venezuelan sample was not less variable than our African samples (Table II)
our inability to reject this hypothesis might be due simply to the analysis
of 25 loci.

Technical bias: allozymes may degrade, affecting their electrophoretic mo-
bility, and misleading the assessment of polymorphisms. Since such loci are
difficult to read they are usually excluded from the analysis but then genetic
variation can be underestimated, especially if variable loci are read in a fragile
part of the fish’s body. In S. aurita, the polymorphic loci are all read using the
tiver, which autolyses quickly.

The hypothesis was tested that most polymorphic loci in clupeids were read
from the liver (Fig. 2), and a two-tailed sign test on the data plotted was
statistically significant (P~ 0-011) indicating that loci read in the liver contrib-
uted most of the variation. Though data from Spanakis et al. (1989) and from
Alexandrino et al. (1993) cannot be plotted (number of loci unknown) they can
be used for a sign test (all polymorphic loci were read in the liver) which yields
a value of P=~0-006.

Scoring problems have been observed by some of the authors cited but
degradation has been considered just a small technical problem likely to be
artifactual. Only one study showed a significant frequency difference (Table VI).

Although there may be a tissue-specific sampling bias it is not clear if
degradation would lead to an underestimation of genetic variation for all species.
For S. aurita 16 out of 25 loci were studied in liver extracts and thus should lead
to an overestimation of H.

To conclude, the degradation effect is not a major cause of the results
presented here. If the level of genetic variation of S. aurita was underestimated
because of technical problems, the lack of variation would. still be significant.
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FiG. 2. Importance of the liver in revealing allozyme variation in clupeid species. This figure represents the
proportion of loci read in the liver among all loci analysed plotted against the proportion of loci

read in the liver considering only polymorphic loci. If loci read in the liver were in no way different
from other loci the dots should be randomly distributed around the straight line y=x.

Heterozygosities of ~0-1, which are the highest observed in clupeids (Table V),
still correspond to effective sizes of ~250000 (for x=10""7). Demographic
instability over evolutionary periods of time and variance in reproductive success
must be invoked to understand the polymorphism shown by this species and
other clupeids.

CONCLUSION

The use of allozymes on a large geographical scale confirmed the apparent
absence of genetic variation in S. aurita which was not a consequence of
technical artifacts.

The wide distribution and abundance of this species made this result surprising
and a combination of demographic instability, variance in the reproductive
success and ancient mass extinctions seem necessary to explain it. However,
ancient events are unlikely to have played a major role in reducing the species’
gene diversity overall.

Regular population crashes by three orders of magnitude every 10 years would
reduce N, by a factor of 100. Evolutionary population reduction by three more
orders of magnitude every 1000 years would reduce it further only by a factor of
10. Finally, a variance ¥, ~ 100 would reduce it further by a factor ~25. This
particular combination assuimes quite large effects for the three factors and
would lead to a final N, value of ¢. 40 000 (with N=10° and £=10"7) or an
expected heterozygosity of H=0-016. Any other combination that would
minimize one of the three parameters, say ¥, would necessarily increase the
effect of the other ones, i.e. demographic instability or the importance of
bottlenecks.



TaBLE VI. Influence of liver on gene diversity

Loci Polym. loci Liver/Total* Liver/polym.} Zi
Clupea harengus L. 25 13 0-26 0-31 —0-312 NS Andersson et al. (1981)
Clupea harengus L. 44 5 0-20 0-40 —0993 NS Kornfield et al. (1982)
Opisthonema bulleri Regan 29 4 0-17 0-00 0902 NS Hedgecock et al. (1988)
Opisthonema medirastre Berry & Barrett 29 5 0-17 0-30 —0-670 NS Hedgecock et al. (1988)
Opisthonema libertate Glinther 29 6 0-17 0-25 —~ 0445 NS Hedgecock et al (1988)
Sardinops sagax caerulea (Jenyns) 32 4 0-27 0-75 ~ 1959 *  Hedgecock et al. (1989)
Sardinella aurita Valenciennes 36 3 0-17 0-33 —=0:723 NS Wilson & Alberdi (1991)
Sardinella aurita Valenciennes 37 2 0-55 1-00 — 1243 NS Kinsey et al. (1994)
Sardinella aurita Valenciennes 25 1 0-64 1-00 —0-742 NS This study
Sardinella maderensis (Lowe) 18 5 0-56 1-00 —1:846 NS Chikhi et al (unpublished)
Ethmalosa fimbriata (Bowdich) 25 8 0-46 . 048 —0:094 NS Gourene et al (1993)
Sardina pilchardus Walbaum X 3 X 1-00 <0 X Spanakis ef al. (1989)
Alosa fallax (Lacépéde) X 1 X 1-00 <0 X Alexandrino et al. (1993)
All species 329 56 0-31 0-44 —-1:964 *

*Proportion of loci scored in the liver.

fProportion of loci scored in the liver among polymorphic loci (by the 0-95 criterion).
1Z " the statistic used for the large-sample test when comparing two proportions, p; and p, (Hy: py=p,) (Montgomery & Runger, 1994).
X, Only polymorphic enzymes were used. Though Z could not be estimated, a sign test could be used (see text) since p, is one and Z is thus necessarily negative.

NS, Not significant; *0-01<P<0-05.




GENETIC VARIABILITY OF S. AURITA 875

These over-simplified calculations suggest that the marine environment
(notably upwelling regions) might be orders of magnitude more unstable than
believed.

.Since genetic variation generally is correlated positively with the abundance
and geographic distribution of a species (Nevo, 1988), S. aurita’s low H remains
surprising. Although the relations between heterozygosity and extinction risks
cannot be addressed properly, it seems relatively clear that low variability is
unlikely to be the best solution to increase survival on evolutionary time scales.
Indeed, low levels of genetic variation may favour the spread of infectious
diseases or parasites which in turn will reduce genetic variation by mass mortality
and selection (O’Brien & Evermanii, 1988). This may be true particularly for
clupeids which live in large high density shoals. Genetic variation may also play
a major role in unstable environments, so as to favour quick responses to newly
occurring conditions (Nevo, 1988; O’Brien & Evermann, 1988).
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