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Figure 4. Divergence times (million years before present, x-axis) calculated using the program BEAST for the coalescents 
among 384 bp hawksbill mtDNA control region lineages from the Wider Caribbean and selected regions. Mean highest posterior 
density (HPD) values estimated for tree nodes are indicated together with their corresponding 95% HPD intervals (horizontal 
bars). Sources for regional data sets: East Atlantic (EATL; Monzón-Argüello et al., 2011), Indo-Pacific (denoted by “Oka” 
prefix and correspond to haplotypes from Japan to Seychelles described in Okayama et al., 1999), and the Red Sea (Genbank 
acc. no. AJ421794.1). Loggerhead (haplotypes 1.1 and 2.1 Genbank acc. nos. EU179436.1 and EU179445.1), Pacific olive 
ridley (LOP_K; Genbank acc. no. U40661.1) and Kemp’s ridley (LK; Genbank acc. no. U40657.1) sequences were included as 
outgroups and to incorporate time calibration from fossil evidence (see text). Shaded box shows the Wider Caribbean hawksbill 
lineages from our study, phylogroups correspond to those identified from Figure 3.

the θ values per sequence indicate Nef  values of  between 
1012 and 3977 for individual clades. Summing these Nef  val-
ues results in a Nef  value of  between 6000 and 9000 for the 
entire WC region. Nef  values derived from the pooled WC 
data resulted in an estimate ten times larger (36 000–54 000; 
Table 5).

Discussion
Our results illustrate that longer sequences are more inform-
ative for describing the mtDNA variation among hawksbill 
populations than the shorter sequences used in previous 
studies. The primers used in this study extend the sequencing 
reading frame into additional polymorphic portions of  the 
mtDNA control region. This allows for the identification of  
more variation within hawksbills, thus yielding better resolu-
tion in hawksbill stock structure among some WC rookeries 
and meeting a critical need for hawksbill management objec-
tives in the region.

However, any improved capacity to discriminate other-
wise genetically indistinguishable populations will only occur 
when changes in haplotype frequencies, among otherwise 
undifferentiated populations, are both large and contrasting 
between the populations. The most notable improvement 
to distinguish populations occurred when longer sequences 
were used to assay Guadeloupe as a distinct demographic 
unit. Another major improvement was the identification of  
3 haplotype variants of  the previous Q haplotype: EiA23, 
EiA41, and EiA43. Within Mexico where these 3 haplotypes 

are widespread, differences in their relative frequencies will 
allow further distinction of  population units (Abreu, unpub-
lished data). These relationships would not be detected with 
the shorter sequences.

Almost all pairwise comparisons involving Guadeloupe 
changed substantially when using the longer as compared to 
the shorter sequences, while comparisons involving the other 
rookeries changed very little. The reason for this is primar-
ily due to the degree of  overlap in haplotype frequencies in 
the pairwise comparisons. In cases where different popula-
tions share a relatively high number of  the shorter (384 bp) 
haplotypes and these haplotypes subsequently are split into 
new variants using the longer (740 bp) sequences, the result-
ing change can be substantial.

One primary conservation concern is the incorrect 
grouping of  apparently genetically indistinguishable popula-
tions when in fact they are reproductively isolated. Thus, a 
much better indicator of  increased stock resolution afforded 
by the longer sequences would be the proportion of  nonsig-
nificant pairwise FST values. Based on the 384 bp sequences, 
two out of  the 55 comparisons were nonsignificant (Table 4; 
USVI vs. Barbados-W and Guadeloupe vs. Barbados-W) 
while with the longer sequences, although still indicating the 
former comparison as nonsignificant, identified Guadeloupe 
as a genetically distinct population (FST = 0.683, P < 0.05). 
A major advantage results if  widespread and high-frequency 
haplotypes are split and generate large frequency shifts.

Our study builds on previous hawksbill stock structure 
surveys by filling in major gaps in geographic coverage in 
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the WC, and also resolves some enigmatic results from 
earlier work. For instance, the re-analysis of  the original 
specimens from Barbados indicated that haplotypes D and 

E originally reported by Bass et al. (1996) appear to errors 
resulting from older sequencing technology (Browne et al. 
2010). These haplotypes (D & E) along with haplotype C, 
originally found in Antigua (Bass et al. 1996); D11 in Mexico 
(Bass et al. 1999); and J, K, & M in Puerto Rico (Bass et al. 
1996), have not been detected among any of  the nesting 
or foraging populations subsequently studied. The absence 
of  the Puerto Rican haplotypes previously reported (J, K, 
& M) also helps resolve questions raised by recent stud-
ies regarding the temporal shifts in haplotype composition 
of  this nesting stock (Vélez-Zuazo et al. 2008). In some 
extreme cases, the modifications resulting from the new 
haplotype profiling may significantly alter the outcome of  
mixed stock contribution estimates for foraging aggrega-
tions (see Blumenthal et al 2009; Browne et al 2010).

We did not find any variation in the last 170 bp from the 
longer 832 bp read. We also included the Cuban data pub-
lished by Díaz-Fernández et al. (1999) in our stock-structure 
analysis although the haplotypes were based on 480 bp 
sequences. Because the variants of  the F haplotype group 
are defined by mutations occurring in the first 110 bp, which 
is within the Díaz-Fernández et al. (1999) reading frame, and 
the majority (62 out of  70 individuals) correspond to EiA1, 
which is not further differentiated in any of  the specimens 
we sequenced beyond the Díaz-Fernández et al. (1999) read-
ing frame, we felt it was reasonable to include this data set in 
our analysis for heuristic purposes. The other two haplotypes 
observed in Cuba (EiA13 and EiA29) were detected only in 
Cuba, while haplotype EiA30 has also been found in one 
Costa Rica specimen. It is possible however that re-analysis 
of  the Cuban specimens with the new primers may yield 
new variants of  EiA1 as a result of  mutations that might 
be detected outside the Díaz-Fernández et al. (1999) read-
ing frame. Overall, given that we did not detect any varia-
tion before bp 82 and beyond bp 662, we conclude that it 
is reasonable to edit sequences to the 740 bp fragment to 
designate haplotypes as it is unlikely that the current results 

Table 5  Time since population expansion inferred from mismatch analyses, current and historical Nef  sizes estimated for Caribbean 
hawksbills

Pooled WC data Clade 1 Clade 2 Clade 3 Combined clades

Historical inferences
Theta initial per sequence (θ0) 0.002 0.000 0.004 0.000
Tau (τ) 14.838 3.000 0.992 3.000
Max time since population expansion 47 741 9653 3192 9653 7499 (avg)
 t = τ/2u [Generations]
Min time since population expansion 31 827 6435 2128 6435 4999 (avg)
t = τ/2u [Generations]
Max time since expansion [years] 1 670 934 337 838 111 712 337 838 262 462 (avg)
Min time since expansion [years] 1 113 956 225 225 74 474 225 225 174 975 (avg)
Nef  prior to population expansion:
Max Nef  = θ0 / (2 × u) 6 0 11 0 11 (sum)
Min Nef  = θ0 / (2 × u) 4 0 8 0 8 (sum)
Current estimates
θπ per sequence 16.84 0.47 1.24 1.06 2.76 (sum)
Max current Nef  = θ / (2 × u) 54 180 1518 3977 3401 8896 (sum)
Min current Nef  = θ / (2 × u) 36 120 1012 2652 2267 5931 (sum)

Figure 5. Neighbor-joining tree of  the genetic relationships 
(conventional pairwise FST values) among Wider Caribbean 
hawksbill rookeries based on (a) 384 bp of  control region 
sequence and (b) 740 bp of  control region sequence. Bootstrap 
values from 1000 replicates are shown on the corresponding 
nodes. Loggerhead turtle (Caretta caretta) sequence CC-A1 
(GenBank accession number AJ001074) was used as outgroup. 
*Denotes that data for Cuba was only available at the 480 bp 
length.
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on interpopulation differentiation would be modified if  
novel variation were found in the Cuban rookery. This is 
the fragment generated by the LTEi9 and H950 primers 
(Abreu-Grobois et al. 2006), however, we recommend using 
the primers LCM-15382 and H950 to generate the 832 bp 
fragment and cropping the sequence to 740 bp for consist-
ency and to obtain cleaner reads at the ends.

Our POWSIM results indicate that both longer and 
shorter sequences have high probability of  detecting the 
levels of  population differentiation found among many of  
the WC hawksbill populations in our study, and that when 
FST was greater than 0.05, sampling as few as 20 individu-
als per population should be sufficient for either markers. 
Increasing the sequence length, and therefore the number of  
haplotypes does not require larger sample sizes to maintain 
sufficient statistical power to detect differentiation; in fact, 
power was consistently improved by increasing the number 
of  haplotypes (Figure 5). However, for weak population dif-
ferentiation (FST ≤ 0.01), increasing sample sizes to 50 or 
more will improve power more than increasing the number 
of  haplotypes. This is consistent with findings reported by 
Kalinowski (2005), who also concluded that larger sample 
sizes were not required to detect population differentiation 
with polymorphic nuclear markers, unless FST was less than 
0.01. Variability of  the loci seems to be a more important 
influence on power to detect population differentiation than 
the sample size, as long as the lowest threshold of  sampled 
individuals has been reached (Björklund and Bergek 2009).

Additional support for the pattern of  genetic differ-
entiation we see in the FST analysis comes from the results 
of  our SAMOVA analysis. The optimal grouping detected 
by SAMOVA broadly coincides with the topology of  the 
NJ consensus trees based on FST values, with the excep-
tion that better group differentiation was obtained with 
Antigua as a separate entity. This is consistent with the 
consensus tree, which has Antigua as a distal node to the 
Brazil-Cuba-Barbados cluster, as the Antigua rookery does 
contain EiA3 at a distinctly high frequency (FST, FSC, and 
FCT all <0.0001). Bowen et al. (2007b) suggest that the pat-
tern of  differentiation found for hawksbills rookeries indi-
cated a western versus eastern Caribbean division separated 
by the high-energy Caribbean current. Blumenthal et al. 
(2009) incorporated ocean drift models and concluded that 
the complexities of  local and regional current patterns likely 
drive geographic patterns of  genetic diversity in hawksbills in 
the WC which could help to explain the patchy relationships 
suggested by our data.

Demographic History and Phylogeography

Overall, our findings do not refute any of  the broader conclu-
sions made on stock structure based on the shorter sequences 
used in previous studies (Bass et al. 1996; Bowen et al. 2007b). 
However, our additional data from the new rookeries, com-
bined with the increase in information from the longer 
sequences introduces a more complex phylogeographic para-
digm that does not fit an isolation by distance model preva-
lent in the published literature (Wright 1943; Reece et al. 2005; 

Reis et al. 2010). Instead, it reflects a curious mixed pattern 
where relatedness is patchy and we find connectivity between 
geographically distant rookeries while only a few proximate 
rookeries are genetically similar (Figure 6), suggesting epi-
sodic dispersal. This is also reflected in the haplotype network 
(Figure 3), which shows that, with the exception of  Brazil 
and Mexico, all other rookeries contain haplotypes from 
more than one clade. Focusing the phylogenetic analysis on 
the 3 lineages we identified helps to reveal a historic pattern 
of  population divergence and subsequent secondary contact 
within the WC that further reinforces this paradigm.

Within a much broader geographic and evolutionary per-
spective, our results strongly support a monophyletic origin for 
the WC hawksbill mtDNA lineage and indicates a degree of  
differentiation and time frame for its split from eastern Atlantic 
and Indo-Pacific lineages similar to that reported between the 
two species in the Lepidochelys genus (4.75 mya: 95% HPD: 
3.9–5.7 mya). This finding is consistent with the formation 
of  the Panama Isthmus that shaped the deepest phylogenetic 
divisions in all the extant chelonid species (Bowen et al. 1993; 
Dutton et al. 1996; Naro-Maciel et al. 2008). Subsequent sub-
division within the WC appears to have occurred around 2 
mya (95% HPD: 0.5–4.7 mya), and most recently approx 1 
mya (95% HPD: 0.3–2.3 mya). This latter timeframe coincides 
with the mid-Pleistocene glacial cycles, which were character-
ized by increased climactic fluctuations that would have driven 
contractions and expansions of  nesting habitat in the WC 
(Diekmann and Kuhn 2002; Reece et al. 2005). These deeper 
splits in the hawksbill gene tree and evidence for historic 
population subdivision are similar to those observed for green 
turtles and hawksbills in the Pacific (Dethmers et al. 2006; 
Nishizawa et al. 2010), and contrast with the results of  a more 
limited data set for Atlantic hawksbills by Reece et al. (2005) 
who did not find evidence for population subdivisions dur-
ing the early Pleistocene. Our results also indicate that there 
was a general population expansion following a historic bot-
tleneck as did Reece et al. (2005), however, we detected a more 
recent bottleneck (100 000–300 000 vs. ca. 900 000 years ago 
in Reece et al. 2005) and this may be due to using a clade by 
clade analysis instead of  pooling data for the entire rookery 
set. Furthermore, we found that for clade 3, there was both a 
spatial and demographic expansion. As the Clade 3 haplotypes 
are primarily confined to the Gulf  of  Mexico, it is likely that 
this bottleneck was the result of  founders colonizing rookeries 
and expanding their nesting range in the region. The absence 
of  haplotypes belonging to older gene trees from the other 
clades may indicate that rookeries were extirpated during one 
of  the glacial cycles of  temperature and sea-level fluctuation 
and the secondary contact evident in other areas of  the WC 
has not occurred in the Gulf  of  Mexico. This warrants further 
investigation including larger rookery and haplotype sampling.

Our Nef  estimates by clade are much lower than from 
pooled data per Reece et al. (2005), because our method avoids 
the artificial inflation of  estimates promoted by including 
divergent lineages. Furthermore, our new current Nef  values 
(6000–9000) is closer to census sizes for the WC hawksbill. 
Mortimer and Donnelly (2008) compiled a comprehensive 
survey of  available data, which yielded an average of  5248 
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nesting females per year in the entire Caribbean. Taking into 
consideration that hawksbill females breed on average every 
2.5 years (Beggs et al. 2007) and that the abundances in the 
Caribbean region suffered a decline of  about 77% since the 
1900s (Mortimer and Donnelly 2008), historical abundances 
of  breeding Caribbean females 3 generations ago could be 
estimated at about 57 500 animals which is roughly ten times 
our Nef  values.

Conservation and Management Implications

Additional variation from longer sequences allows greater 
resolution of  nesting stock boundaries. In our case, addi-
tional management units (MUs; Moritz 1994) were detected 
to enhance scientific foundations of  management policy, and 
their inclusion in the baseline for potential WC hawksbill ori-
gins will improve the accuracy of  stock assignment studies 
using mixed stock analysis (MSA) to identify the origins of  
feeding aggregates (Bolker et al. 2003).

First, the nesting populations in Guadeloupe and 
Nicaragua can be considered as distinct MUs based on the 
740 bp sequence data (Table 4). These sizeable rookeries 
(Lagueux et al. 2003; Kamel and Delcroix 2009; Lagueux 
and Campbell, unpublished data) have not been included 
as potential source stocks in previous MSA, and this has 
likely resulted in overestimates of  the contributions of  the 
stocks that shared haplotypes with Guadeloupe or Nicaragua 
(Bowen et al. 2007b; Vélez-Zuazo et al. 2008; Blumenthal 
et al. 2009; Browne et al. 2010).

Second, splitting the previously identified haplotypes 
common to several populations reduces the extent of  shared 
haplotypes among potential source stocks for MSA. This 
should result in tighter confidence limits around the esti-
mated stock contributions (Bolker et al. 2003). For example, 
the unexpected split between the two proximal Guadeloupe 
rookeries could be an indication of  a local and recent founder 
event or genetic drift (Table 1), similar to the results found 
by Browne et al. (2010). Our work detailed here represents a 
significant update to the baseline data and should be used for 
future broad-scale analyses.

There remains a need for more extensive sampling of  
the greater Caribbean’s numerous nesting sites to enable a 
full understanding of  stock boundaries within the region. In 
addition, there are other research priorities that should be 
considered. For example, work in Puerto Rico has revealed 
temporal variation in haplotype frequencies among foraging 
aggregations, which underscores the importance of  com-
prehensive sampling (Vélez-Zuazo et al. 2008); this aspect 
should be incorporated in future work. In addition, a recent 
study in Barbados that included more comprehensive spa-
tial sampling of  nesting sites revealed significant differences 
between the populations nesting on beaches on the wind-
ward and leeward side of  the island (Browne et al. 2010). 
Unfortunately, sample size limitations prevented us from 
testing for temporal variability in haplotype frequencies, but 
this should be a priority for future work in this area.

Further work will also be needed to resolve cases of  appar-
ent homogeneity between some rookeries, such as Cuba and 

Barbados, since the Cuban rookery has yet to be assessed 
with the new primers. The additional resolution provided 
by the longer sequences should be a useful tool in address-
ing hawksbill stock boundary questions. We recommend the 
use of  the 740 bp fragment described here as a minimum 
standard for future hawksbill mtDNA surveys to improve 
our understanding of  population structure and management 
needs in the region.

Finally, our results all taken together indicate that hawks-
bill rookeries should be treated as distinct MUs for conser-
vation purposes, and that loss of  one regional rookery in 
the Gulf  of  Mexico would result in a notable reduction in 
genetic diversity for the species. Furthermore, the lack of  
connectivity between the Holbox, Mexico rookery and the 
remaining WC indicates that the Gulf  of  Mexico might not 
be readily recolonized from eastern Caribbean rookeries over 
evolutionary timescales.
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