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GENETIC DIFFERENTIATION AMONG NESTING BEACHES IN
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and
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ABSTRACT: I conducted a study of population subdivision and genetic diversity among popula-
tions of the giant river turtle Podocnemis expansa using microsatellite DNA markers. Turtles were
sampled from four nesting beaches distributed within 100 km of one another along the Middle
Caquetd River in Colombian Amazonia. I detected significant genetic differentiation within the
Caqueta basin with Weir and Cockerham’s F,, estimator, 6, but not with rho-st estimator of Slatkin’s
R,. I also detected differences in allele and genotype frequencies using probability and exact tests.
Although significant, population subdivision appears subtle enough to pass undetected by R, with
the sample sizes available. This is presumably due to the relatively higher variance of R, The
differentiation found among beaches within the Caqueta River is surprising given that individuals
are able to migrate more than 400 km between nesting seasons, and females come to nest at the
Caqueta River from common tributaries. Potential explanations of the subdivision found are the
segregation of females into nesting family groups (including natal homing) or of males into mating
family groups. The genetic subdivision has some geographic component such that the three beaches
closest genetically are also the closest in distance along the river. I detected strong differentiation
between Colombian and Brazilian populations using R, which I discuss in light of the available
information about the biology of P. expansa. 1 also discuss the implications of these results to

conservation issues of this endangered species.
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THE giant river turtle of the Amazon ba-
sin (Podocnemis expansa) constitutes an
important economic and cultural resource
for the indigenous peoples inhabiting the
Middle Caqueta River in Colombian Ama-
zonia. This highly migratory, colonial nest-
ing species is used as food by the local in-
habitants, both aborigines and non-indig-
enous settlers. The pressure imposed on
the turtle populations due to harvesting
has resulted in the placement of P. expansa
on the United States Endangered Species
List, and it is listed in the Appendix 2 of
CITES. No study has been conducted to
date describing the basic genetic parame-
ters of Colombian populations, despite the
implications of such information for con-
servation issues. It is particularly important
to compare populations from Colombia to
the larger ones existing in Brazil, to deter-
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mine whether the reduction of this turtle
in the study area has affected genetic var-
iability. It is also important to determine
the degree of substructuring that may exist
within Colombia in order to identify dis-
tinct evolutionary or management units
that might require individual conservation
efforts. The present study represents the
first such endeavor. Levels of genetic di-
versity within several nesting beaches
along the Caquetd River and population
subdivision across sampling sites were es-
timated from microsatellite data.
Microsatellites are repeated sequences
of 2—4 oligonucleotides arranged in tan-
dem, highly variable in the number of re-
peats, and flanked by more conserved se-
quences (Avise, 1994). Discrete genotypes
of these codominant markers are readily
observed, allowing the estimation of num-
ber of alleles and levels of heterozygosity.
Because some microsatellite loci can be
highly variable, they have proved useful

for studying population structure in spe-
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FI1G. 1.—~UPGMA dendogram of Nei’s (1978) ge-
netic distances among nesting beaches.

cies whose genetic variability has been de-
pleted to undetectable levels with other
methods, or among populations which
have shared a common ancestor or expe-
rienced gene flow in the recent past. For
example, allozyme loci or the mitochon-
drial DNA genome (a single locus) may
segregate few or no alternate alleles in
small populations of endangered species,
and yet microsatellite loci are often highly
polymorphic in these same small popula-
tions (e.g., Allen et al., 1995; Amos et al.,
1993; Paetkau and Strobeck, 1994; Pope
et al., 1996).

MATERIALS AND METHODS

Samples came from 12-15 individuals
from each of four nesting beaches (Fig.
1) along the Middle Caquetd River in
Colombia (0° 50.5'-1° 15" S, 71° 30'-71°
48.7" W). Each turtle was taken from a
different clutch. I took samples of 0.5 cc
of blood from the cervical sinus (Valen-
zuela et al., 1997) and preserved them in
“Queen’s” lysis buffer (Seutin et al,
1991), and I obtained DNA by standard
phenol-chloroform extraction (Sambrook
et al., 1989). I developed a DNA library
and characterized three microsatellite
loci (PE344, PE519, and PE1075) as de-
scribed in Valenzuela (2000). I comple-
mented these three loci with five addi-
tional microsatellite primers designed for
P. expansa in Brazil [Podl, Pod62,
Pod79, Pod128, and Pod147 from Sites
et al. (1999)], such that a total of eight
variable loci were analyzed in the present

study. I screened individual genotypes
using an ABI-Prism® 373 automatic se-
quencer (ABI) and ABI GeneScan® soft-
ware (ABI).

I conducted several analyses for each
nesting beach and across all sampling sites.
These included assessment of allele fre-
quencies and gene diversity, tests for con-
formity to Hardy-Weinberg equilibrium at
each locus and across loci, and tests for link-
age disequilibrium for each pair of loci.
Tests for population subdivision include
analyses of genic and genotypic differentia-
tion for all pairs of beaches and across
beaches, as well as for each locus separately
and across loci. I carried out these analyses
using GENEPOP 3.1c [Raymond and Rous-
set 1995a,b, (www.cefe.cnrs-mop.fr)], and
FSTAT 2.7 (Goudet, 1995). I conducted
probability tests as well as exact tests by the
algorithms included in these programs. I cal-
culated the frequency of potential null al-
leles for those loci that showed heterozygote
deficiency according to the method of
Brookfield (1996). I used formula 4 of
Brookfield (1996) for this calculation, given
that all individuals screened amplified one
or two alleles per locus.

I calculated Weir and Cockerham’s
(1984) 0, and rho-st (Michalakis and Ex-
coffier, 1996; Rousset, 1996) as estimators
of Wright’s (1931) F,, and Slatkin’s (1995)
R,, respectively, using FSTAT 2.7 (Goudet,
1995) and RstCALC (Goodman, 1996). 1
used Neis (1978) genetic distances as ob-
tained using PopGene 1.21 [F. C. Yeh, R.
C. Yang, and T. Boyle, (www.ualberta.ca/
~fyeh)] to build a dendogram of genetic
similarities among beaches by UPGMA.

RESULTS

The total number of alleles detected in
Colombia is shown in Table 1, together
with those detected in Brazil (Sites et al.,
1999) for comparative purposes. Allele fre-
quences are depicted in Fig. 2. The Col-
ombian population was not in Hardy-
Weinberg equilibrium overall (x* = 154.8,
df = 64, P < 0.0001). Unbiased estimates
of Hardy-Weinberg exact P-values indicat-
ed the presence of heterozygote deficiency
in the entire population at loci Pod128,
Pod147, and PE1075 (P < 0.006, after
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TABLE 1.—Total number of alleles detected at each beach within the Caquetd River, across beaches at the
Caquetd River, and at the Tapaj6s and Araguaia rivers in Brazil. Data for Brazil are from Sites et al. (1999).
Localities are plotted in Figs. 1 and 3.

Beaches within the Caquetd River

Rivers

Centro Guadual Tamanco Yarumal Caquetd Gapajos Araguaia

Loci (n = 14) (n = 14) (n =12) (n = 15) (n = 35) (n = 25) (n = 69)
PE344 7 5 5 6 9 n/a n/a
PE519 5 5 6 6 8 n/a n/a
PE1075 6 2 3 5 8 n/a n/a
Podl 13 14 9 11 18 19 9
Pod62 8 6 5 8 10 8 5
Pod79 13 10 11 15 19 13 11
Pod128 9 10 10 11 16 20 6
Pod147 12 9 10 15 26 15 9

Bonferroni’s correction for multiple com-
parisons). Independent multilocus exact
tests performed for each nesting beach
showed a deficiency of heterozygotes in all
beaches except Centro, after Bonferroni’s
correction (P < 0.01). Locus by locus anal-
ysis at each nesting beach showed hetero-
zygote deficits for Pod128 at Guadual and
Yarumal, and for Pod147 at Guadual, Ta-
manco, and Yarumal, but no significant de-
ficiency for PE1075 at any separate beach.
No excess of heterozygotes was found at
any loci, at any nesting beach, nor across
all beaches combined. These results are
summarized in Table 2. There was no sig-
nificant linkage disequilibrium between
any pair of loci at any nesting beach or
overall, thus each locus is considered in-
dependent of all others.

There were significant differences in al-
lele and genotype frequencies among nest-
ing beaches across loci using a probability
test (x2 = 48.30913, df = 16, P < 0.0001;
and x2 > 50, df = 16; P < 0.0001, re-
spectively). Tests of differentiation of the
allele frequencies at each locus and across
loci were also significant when using the
unbiased estimate of the P-value of the
probability test (Fisher’s exact test) de-
scribed by Raymond and Rousset (1995b)
(Table 2).

Genotypic differentiation per locus was
significant when using the unbiased esti-
mate of the P-value of a log-likelihood (G)
based exact test described in Goudet et al.
(1996). Likewise, genotypic differentiation
across loci was significant when using the
unbiased P-value obtained by Markov

chain method as described in version 3.1c
of GENEPOP (Raymond and Rousset,
1995a) (Table 2). Randomization tests of
alleles over all samples (thus assuming ran-
dom mating within samples) and of geno-
types among samples also showed signifi-
cant differentiation among nesting beaches
[Weir and Cockerham’s (1984) 6, 6 =
0.007, P < 0.001 and P < 0.015 respec-
tively]. However, no significant differenti-
ation was detected when using rho-st
(Michalakis and Excoffier, 1996; Rousset,
1996). Rho-st values obtained when in-
cluding data from Brazilian populations
(Sites et al., 1999) are presented in Table
3 together with estimates of gene flow. I
calculated Brookfield’s (1996) estimates of
the frequency of potential null alleles for
those loci that showed heterozygote defi-
ciency and obtained values >0 for loci
Pod128 and Podl47 (r = 0.07 and r =
0.10, respectively). I then recalculated the
F,, estimators of population subdivision ex-
cluding those two loci, and the randomi-
zation tests still showed significant subdi-
vision among nesting beaches (P < 0.004
when randomizing alleles, and P < 0.007
when randomizing genotypes).

The dendrogram based on Nei’s (1978)
genetic distance using UPGMA has a sub-
tle geographic component (Fig. 1). The
three geographically proximate nesting
beaches along the Caquet4 River (Centro,
Guadual, and Yarumal) were also most
similar genetically, followed by Tamanco,
which is the most geographically distant
and genetically the most distinct. Alterna-
tively, as recommended by de Queiroz and
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TABLE 2.—P-values of the tests for Hardy-Weinberg (HW) equilibrium, genic/genotypic differentiation among
nesting beaches, and observed heterozygosity per locus. For HW tests: ns = if in HW equilibrium: P-values
shown when significant heterozygote deficiency was found.

Deviation from Hardy-Weinberg equilibrium

Obsenved

All Genic Genotypic hetero-

Loci Centro Guadual Tamanco Yarumal beaches differentiation  differentiation zygocity
PE344 ns ns ns ns ns ns ns 0.645
PE519 ns ns ns ns ns 0.08812 ns 0.767
PE1075 ns ns ns ns 0.0054 0.01355 0.0440 0.548
Podl ns ns ns ns ns ns ns 0.827
Pod62 ns ns ns ns ns 0.01392 0.0141 0.812
Pod79 ns ns ns ns ns 0.01662 0.0386 0.908
Pod128 ns 0.009 ns 0.005 0.00001 0.07850 ns 0.634
Pod147 ns 0.0009 0.0006 0.0045 0.00001 0.00674 ns 0.663
All Loci ns 0.00001 0.0054 0.00001 0.00001 0.00001 0.00001 0.725

Good (1997), I used multidimensional
scaling analysis on the genetic distance
data (Kruskal, 1964a,b) and found the re-
sults to be comparable. The multilocus es-
timate of the overall effective number of
migrants using private alleles (Slatkin,
1985) is Nm = 3.9, after correcting for
sample size (Barton and Slatkin, 1986).

DISCUSSION

Subdivision within the Caquetd River
Basin

Analysis of the four Colombian beaches
suggests significant population subdivision
within the Caqueta basin on the basis of
Weir and Cokerham’s (1984) F,, estimator,
0, but not with the rho-st estimator of Slat-
kin’s (1995) R, (Michalakis and Excoffier,

1996; Rousset, 1996). In contrast, consis-
tent results using both 6 and rho-st were
obtained by Sites et al. (1999) in Brazil,
where ample differentiation between Ta-
pajés and Araguaia rivers was detected,
but not among three nesting beaches ex-
amined within the Araguaia River.
Estimators of Nm based on Wright’s Fst,
assume an infinite island model of migra-
tion and (if gene flow is low) an infinite-
allele or k-allele model of mutation.
Therefore, estimators of F, like 6 are
thought to be inappropriate for the anal-
ysis of microsatellite data. Mutations in
microsatellite tandem repeat regions seem
to follow step-wise or two-phase mutation
processes and, thus, new variants are not
independent of the progenitor state (Di

TABLE 3.—Pairwise rho-st values averaging over variance components, estimated gene flow (Nm), and genetic

distance (number of permutations

1000); bold print indicates comparisons between nesting beaches in

different river basings (Fig. 3).

rho-st
Populations (Var Comp) Nm P
Centro X Guadual 0.02217 11.0272 0.10500
Centro X Tamanco -0.01590 not defined 0.63900
Centro X Yarumal -0.03441 not defined 0.99700
Centro X Araguaia 0.09444 2.3971 0.00000
Centro x Tapajos 0.09826 2.2944 0.00100
Guadual X Tamanco -0.01507 not defined 0.64200
Guadual X Yarumal 0.01644 14.9547 0.20200
Guadual x Araguaia 0.18359 1.1117 0.00000
Guadual x Tapajés 0.12417 1.7633 0.00000
Tamanco X Yarumal -0.02039 not defined 0.76300
Tamanco X Araguaia 0.05072 4.6794 0.03000
Tamanco X Tapajés 0.05150 4.6041 0.05000
Yarumal X Araguaia 0.11077 2.0069 0.00000
Yarumal X Tapaj6s 0.10313 2.1742 0.00000
Araguaia X Tapajos 0.10371 2.1605 0.00000
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Rienzo et al., 1994; Valdes et al., 1993;
Weber and Wong, 1993). R,, is an analogue
of F, that incorporates microsatellite-spe-
cific modes of mutation (Slatkin, 1995).
Goudet et al. (1996) studied the statistical
power of several methods used to estimate
the significance of F, when sampling de-
signs are balanced or unbalanced, but no
study has been conducted to date to de-
termine how those results apply to the R,
index. The discrepancy between the re-
sults that I obtained during this study with
the two estimators is not entirely surpris-
ing given the lower statistical power of
rho-st. This is due in part to the associated
relative higher variance of the rho-st esti-
mator (] Goudet, personal communica-
tion), and it is likely that the discrepancy
that 1 found between 6 and rho-st is
caused in part by small sample sizes (sam-
ples sizes were 12, 14, 14, and 15 individ-
uals, respectively).

Slatkin (1995) showed that F, tends to
underestimate the amount of true genetic
differentiation when it is applied to micro-
satellite data. The values of estimators like
6 depend on the level of within-population
homozygosity, which decreases with in-
creasing mutation rates, as in the case of
microsatellite markers (Hedrick, 1999).
Given the significant population subdivi-
sion in the Caquetd basin detected by this
conservative estimator of F, (), I con-
clude that there is real genetic differenti-
ation among the nesting beaches studied,
but that such differentiation is subtle
enough to pass undetected by rho-st, par-
ticularly with the small sample sizes avail-
able. Significant differences in allele and
genotype frequencies were also detected
by the probability and exact tests, in agree-
ment with the result obtained using the F,,
estimator.

The subdivision that I found within the
Caquetd basin is not due to an artificial
heterozygote deficiency caused by the
presence of null alleles. Null alleles are
non-amplifying alleles resulting from mu-
tations in the flanking region that prevent
the primers from annealing adequately
during the PCR reaction (Pemberton et
al., 1995). Null alleles can generate an ar-
tificial heterozygote deficiency that can be

F1G. 3.—Distribution of Podocnemis expansa
(shaded area) showing the study site (rectangle) and
some populations from Brazilian rivers used for com-
parisons in the text (dots).

misinterpreted as arising from population
subdivision in the form of the Wahlund ef-
fect (Brookfield, 1996; Pemberton et al.,
1995). In order to account for this possi-
bility, I excluded from the analysis those
loci that showed heterozygote deficiency
and a frequency of potential null alleles
larger than zero, and I still detected sig-
nificant differentiation by the F,, estimator.

The value of F,, (0) estimated within the
Caqueta River (§ = 0.007) is smaller than
that found by Sites et al. (1999) between
the widely separated (Fig. 3) Araguaia and
Tapajos rivers (F,, (8) = 0.13). Karl et al.
(1992) also report larger F, values for
comparisons of populations of the marine
turtle Chelonia mydas across its global
range using RFLP of anonymous nuclear
loci (F,, = 0.13 and F,, = 0.17). Higher F,
values can be expected in these two stud-
ies given their large spatial scale. Likewise,
Scribner et al. (1986) found significant F,
values for Pseudemys scripta from natu-
rally subdivided pond habitats using allo-
zymes (F,, = 0.02 to F,, = 0.05) which are
closer but still larger than F,, values for the
Caqueta River.

The genetic differentiation that I found
within the Caquetd River is surprising.
The nesting beaches studied are all con-
fined to a 100-km section of the Caquet4
River. Data of mark-and-recapture studies
indicate that adult females nesting at these
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beaches migrate from common tributaries
to the Caqueta basin, such as the Cahui-
nari River >200 km from the study site
(von Hildebrand et al., 1997). Low dis-
persal capability can be ruled out as the
cause of the genetic pattern found and
leaves behavior as one possible explana-
tion. The genetic differentiation that I
found could result from groups of related
females segregating along the Caqueti
River into the different nesting beaches, or
from related males mating with groups of
females that nest in a particular beach
(even if the females are not related to each
other). The first case would occur if there
is a high degree of female philopatry to
natal beaches (natal homing), such that
daughters will tend to nest at the same site
as their mothers and grandmothers. Al-
though some authors have postulated that
P. expansa is philopatric (Alho et al., 1979;
Ojasti, 1971), mark-recapture data from
the study area (von Hildebrand et al.,
1997) and the ephemeral nature of some
nesting beaches in the Caquetd basin
(Duivenvoorden and Lips, 1993) argue
against it. Because microsatellites are nu-
clear markers inherited from both parents,
it is impossible to tease apart the potential
contribution of the behavior of each sex to
this result. Analysis of mitochondrial
DNA, which is a maternally inherited
marker and thus gives information about
matrilineal population structure, should be
contrasted with the microsatellite data in
order to distinguish male versus female
contributions. This study is ongoing.

Differentiation of Colombian and
Brazilian Populations

Although rho-st was unable to detect
the differentiation among the Caquetd
beaches with available sample sizes, this
estimator detected strong population sub-
division between Colombian and Brazilian
river basins (Table 3). This extensive ge-
netic differentiation was expected given
the large geographic distance that sepa-
rates Colombian populations from the Ta-
pajés and Araguaia rivers (>1350 and
>2400 km, respectively), and in this case
I detected differences using rho-st despite
the small samples sizes from Colombia.

Evidence of differentiation among the Ca-
quetd, Tapajos, and Araguaia rivers is also
visible in the histograms of sample allele
frequencies of the five common loci ana-
lyzed in this study and by Sites et al.
(1999) (Fig. 2). Population subdivision is
expected in a species as widespread as Po-
docnemis expansa (Fig. 3) due simply to
isolation by distance. Additionally, it is
known that some geographic features such
as strong rapids and large waterfalls in riv-
ers constitute effective barriers for the dis-
tribution of the species (K. Oshbar, un-
published). Some of these obstacles have
been overcome presumably even by un-
usual land migration in the past (Pritchard
and Trebbau, 1984), such that some turtle
populations are found on both sides of
some of these barriers. Nonetheless these
geographic hurdles pose some impedi-
ment to unrestrained gene flow and help
isolate populations that otherwise could be
reached by water by individuals. Mark-re-
capture data from the Caqueta study re-
gion indicate that females are able to mi-
grate at least 422 km between nesting ep-
isodes (von Hildebrand et al., 1997).
Colombian and Brazilian populations
appear to be distinct evolutionary signifi-
cant units that differ in several genetic,
morphological, and other biological as-
pects. The incubation period reported for
the Caqueta River is longer than that re-
ported for Trombetas River in Brazil, a riv-
er not far from the Tapajés (Alho et al.,
1985; Valenzuela et al, 1997; N. Valenzue-
la, unpublished; Fig. 3). Estimates of body
size of adult females are larger for Col-
ombian populations (von Hildebrand et
al., 1997). Incubation time dissimilarities
may be the result of varied climatic con-
ditions at the two sites. Female size vari-
ation could be a phenotypically plastic re-
sponse to distinct environmental condi-
tions: e.g., food availability at each site.
Longer incubation times in Colombia
could also be explained in part by the larg-
er size attained by females compared to
Brazil, given that larger females of P. ex-
pansa tend to dig deeper nests which in
turn experience colder and less fluctuating
temperatures that increase time to hatch-
ing (N. Valenzuela, unpublished). It is also
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possible that biological differences be-
tween these populations are at least, in
part, the result of genetic adaptations to
local conditions, reflected as well in the di-
vergence of microsatellite allele frequen-
cies observed between Caquetd, Tapajos,
and Araguaia basins. Theoretically, migra-
tion rate estimates (Nm) of 2 or smaller
gives room for genetic divergence result-
ing from genetic drift (Hart and Clark,
1989), whereas Nm of 4 or larger have
been postulated to reflect panmixia among
populations under a stepping stone or is-
land models of population subdivision (Ki-
mura and Maruyama, 1971). In general,
Nm estimates between Colombian and
Brazilian beaches are <4 indicating little
genetic exchange among populations,
whereas Nm estimates among Colombian
beaches are all >4 or not defined (Table
3). Reported values of Nm ~ 4.6 for the
Tamanco X Araguaia and Tamanco X Ta-
pajés comparisons (Table 3) may be the
result of size homoplasy rather than gene
flow between these distant river basins.
Two of the five loci used for this analysis
(Pod79 and Pod147) have compound re-
peats of two different dinucleotide motifs
(Sites et al., 1999) such that alleles of iden-
tical size but different sequence could re-
sult from certain combinations of repeat
sizes for each dinucleotide motif [e.g.
(CT),(CA),, versus (CT),,(CA),].

Implications for Conservation

The strong and significant differentia-
tion detected in all pairwise comparisons
between Colombian and Brazilian popu-
lations provides grounds to consider each
of those river basins as evolutionary units
worthy of independent protection efforts.
Within the Caquetd River, the biological
relevance of differentiation may be that it
results from behavioral segregation in the
absence of any direct physical barriers.
This behavioral component makes the in-
clusion of all nesting beaches in a manage-
ment plan necessary to avoid the conceiv-
able population genetic biases that could
result if only some genetic lineages are
protected within Colombia.

The total number of alleles detected in
Colombia across all nesting beaches is sim-

ilar to and even higher than that found in
Brazilian populations of P. expansa (Table
1). Sample sizes used by Sites et al. (1999)
were larger than in this study (n = 69 from
Araguaia and n = 25 from Tapajo6s). This
is an encouraging result because one of
the concerns of environmental organiza-
tions was that the decline in census num-
bers in Colombian populations might have
resulted in a substantial loss of alleles.
Current population size estimates for the
Middle Caquetd River range between
1500 and 3000 nesting females (von Hil-
debrand et al., 1997). Accounts of the
number of females exploited between
1950’s and late 1970s suggest that several
thousand females were extracted annually,
causing a noticeable reduction of the nest-
ing population (von Hildebrand et al.,
1997). Ojasti (1971) mentioned that in the
Orinoco basin, numbers of P. expansa de-
creased from 330,000 nesting females es-
timated by Humboldt (1820) to 13,800 es-
timated by Ojasti (1967). In the Trombetas
River in Brazil, Valle et al. (1973) report
that 7200 females nested in 1966. Alho
(1985) calculated the average for the
Trombetas River as 5184 females between
1978 and 1985, and 353 females for the
Tapajés River. Although not yet studied, it
is possible that these populations also suf-
fer from similar levels of loss of genetic
diversity and heterozygote deficiency.
Heterozygote deficiency was observed
in the Colombian population at three of
the eight loci analyzed here, in contrast
with Brazilian populations which were in
Hardy-Weinberg equilibrium (Sites et al.,
1999). This deficiency could be the prod-
uct of inbreeding due to a reduction of
population numbers, because inbreeding
can have the effect of modifying genotypic
frequencies by rearranging alleles into ex-
cesses of homozygotes even when allele
frequencies themselves remain virtuall
unchanged (Hartl and Clark, 1989). Be-
cause inbreeding would affect all loci si-
multaneously, I tested whether the num-
ber of loci that showed heterozygote de-
ficiency, even if not significant, was larger
than expected by chance (Table 4) using a
chi-square test. The chi-square value was
significant (x%,; = 8; P < 0.005) which in-
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TABLE 4.—Sign of the difference between observed and expected heterozygosity per locus per population.
The chi-square test for the 32 internal cells (4 populations X 8 loci) is significant.

Observed-expected heterozygosity

Observed-expected Observed-expected

Loci Centro Guadual Tamanco

Yarumal

No. negative No. positive

All beaches cells cells

PE344 - — -
PE519 - +
PE1075 - -
Podl
Pod62
Pod79
Pod128
Pod147

All Loci - - -

o+
+
+

+ +

24-16 8-16

X, = 8 P < 0.005

dicates that more loci than expected by
chance exhibited heterozygote deficiency,
a result that is consistent with the inbreed-
ing hypothesis. Whether Brazilian popu-
lations have suffered considerable loss of
genetic variability because of reduced sizes
can only be answered by comparing pop-
ulations of different sizes and different lev-
els of disturbance. It can be stated, how-
ever, that the population decline of P. ex-
pansa in Colombia appears not to have
had effects so drastic as to make conser-
vation programs futile. There seems to be
a considerable amount of genetic variation
still available (at least compared with the
Tapajés and Araguaia rivers in Brazil) and
heterozygote deficiency, if caused by in-
breeding, could be alleviated by the efforts
to boost census numbers with surveillance,
head-start, and artificial incubation pro-
grams.
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