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ABSTRACT: Intra-specific variation in life history traits and/or population trends provides ‘natural
experiments’ to identify causes of observable differences among populations of organisms. Geographically widespread marine species, for example, can experience variation in both environmental
and anthropogenic impacts across their ranges that can differentially influence expression of life history traits and population dynamics in separate populations. For example, body size and reproductive
output differences among geographically separate, conspecific populations of leatherback turtles
Dermochelys coriacea have been linked to variations in environmentally driven resource availability,
which differentially affect the resilience of leatherback populations to anthropogenic pressures.
Specifically, differences in life history traits and population trends among breeding populations of
leatherbacks that forage in the eastern Pacific versus Atlantic Ocean reflect the variable nature of
resource availability in the eastern Pacific. These environmentally driven life history differences have
contributed to divergent population responses to anthropogenic sources of mortality. In this review,
we provide a synoptic view of this body of research and conclude with strategic recommendations for
future research and conservation initiatives. This approach has implications for other widely distributed marine species with variations in life history traits that make them more susceptible to humandriven population declines.
KEY WORDS: Life history variation · Conservation strategies · Marine turtles · Leatherback turtles ·
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Life history traits and population trends can be
altered by fluctuating environmental conditions, as
well as by anthropogenic factors operating on relevant
spatio-temporal scales. Certain ecological and life history traits make species less resilient to effects of environmental and/or human impacts, and thus more susceptible to population declines (Musick 1999, Powles

et al. 2000). Specifically, differences in morphometric
and reproductive parameters, or in population structure or growth rates among breeding populations of
the same species, provide a ‘natural experiment’ that
can reveal differential effects of environmental conditions or anthropogenic impacts, or both (Jennings &
Beverton 1991, Frederiksen et al. 2005, Wallace et al.
2006a, Saba et al. 2008a,b, Suryan et al. in press).
Thus, the specific driver or suite of drivers of diver-
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gence among conspecifics can be identified by studying relevant biological information (e.g. vital population rates, energy budgets, spatio-temporal habitat
use) on conspecific populations in a comparative context. These practices have conservation applications
where management strategies can be tailored to
address a unique scenario of impacts that threaten the
persistence of a particular segment of a species.
In marine ecosystems, widely distributed species can
experience variation in oceanographic conditions in
different parts of their range that can be manifested in
observable differences in life history traits (Suryan et
al. in press). For example, differences in reproductive
traits between Atlantic herring Clupea harengus populations have been associated with phenotypic plasticity in response to differing environmental conditions
across this species’ geographic range (Jennings & Beverton 1991). In black-tailed kittiwakes Rissa tridactyla,
conspecific populations exhibit differences in the
tradeoff between adult survivorship and seasonal
fecundity, which appears to reflect relative stability of
environmental conditions at different foraging sites
(Frederiksen et al. 2005). Furthermore, fluctuating
oceanographic conditions due to large-scale climate
phenomena such as the El Niño–Southern Oscillation
(ENSO) and the North Atlantic Oscillation (NAO) can
have observable impacts on primary productivity and
resource abundance and/or distribution in the oceans
(Chavez et al. 1999, 2003, Stenseth et al. 2002). Strong
ENSO episodes in the Pacific Ocean influence reproduction of sea turtles (Limpus & Nicholls 1988, Saba et
al. 2007), drive foraging movements of large predators
like tuna (Lehodey et al. 1997), and can cause population declines in pinnipeds (Trillmich & Limberger 1985)
and seabirds (Schreiber & Schreiber 1984). Thus, for
species whose geographic distributions include areas
with high rates of climate variability, and/or variation
in biophysical and biogeochemical characteristics that
influence resource availability, differences in life history traits and population dynamics are possible.
Like environmental conditions, impacts of human
activities on natural systems and populations can vary
in time and space. Major anthropogenic pressures on
marine ecosystems include pollution and habitat
degradation, resource extraction, and fishing (i.e. both
over-exploitation of target species and unsustainably
high levels of bycatch), but none of these factors acts
uniformly on marine systems. Rowell et al. (2008)
described the compounded impacts of habitat alteration and overfishing on the life history and population
declines in the totoaba Totoaba macdonaldi, a fish species endemic to the upper Gulf of California. While
overfishing has depleted totoaba abundance, disruption of high-quality habitat following construction of a
dam resulted in slowed first-year growth rates and

delayed age to maturity compared to those traits prior
to the dam construction (Rowell et al. 2008). In particular, long-term effects of overfishing can result in fisheries-induced selection for accelerated maturation
time, smaller body size at sexual maturity, lower fecundity, particular behavioral phenotypes, etc. (Law 2000,
Heino & Godø 2002). In addition, unsustainable fishing
practices have driven population declines in sharks
(Ferretti et al. 2008) and seabirds (Tuck et al. 2001), but
to different degrees depending on geographic distribution of different population segments. Thus, differences in various life history or population traits
between geographically separated but taxonomically
related animals could occur due to differences in
anthropogenic impacts on the marine environment.
While deciphering the specific impacts of environmental or anthropogenic factors on the life history and
demography of animal populations can be difficult,
characterizing the interaction between the two is even
more challenging. To explore this issue more thoroughly, we take a case study approach using leatherback turtles Dermochelys coriacea. Leatherbacks are
considered critically endangered according to the
IUCN Red List (Sarti Martínez 2000), but this global
status belies important differences among populations
of leatherbacks in different ocean basins. Specifically,
leatherbacks in the eastern Pacific (EP), on average,
are the smallest in body size and exhibit the lowest
reproductive output of any population in the world
(Table 1) (Saba et al. 2008a,b). Moreover, leatherbacks
in the Pacific Ocean have declined in numbers in
recent decades, whereas many leatherback populations in the Atlantic Ocean are stable or even increasing (Fossette et al. 2008) (Fig. 1). Recently, several
studies have focused on discerning the drivers of these
inter-population differences, with the aim of applying
the findings to population-specific conservation strategies. We provide a synoptic view of this body of
research and posit several important questions to
guide future research into intra-specific drivers of life
history and population trend differences among
leatherback populations and to foster targeted conservation strategies aimed at enhancing population
recoveries.

ENVIRONMENTAL IMPACTS
Variability in oceanographic conditions that affect
resource availability and reproductive physiology can
influence life history traits and population dynamics of
sea turtles (Bjorndal 1982, Limpus & Nicholls 1988,
Hays 2000, Chaloupka 2002, Solow et al. 2002, Saba et
al. 2008b). In particular, high variability in resource
availability can be manifested in delayed remigration
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Table 1. Dermochelys coriacea. Population size, life history, energy requirement, resource availability differences between eastern Pacific and western Atlantic leatherbacks. Data are based on studies by Wallace et al. (2006a), Saba et al. (2008b), Santidrián
Tomillo et al. (2007), and Dutton et al. (2005) and are primarily from 2 rookeries, but patterns are representative of populations
from each basin. See Saba et al. (2008b) for a more extensive table that includes information from other leatherback populations
around the world. CCL: curved carapace length; NPP: net primary productivity; Tg = 1012 g
Population

Population size
Estimated
CCL
Reproductive Required
Foraging
(females yr–1) adult survivor- (cm ± SD) energy cost feeding rate
area NPP
ship (% yr–1)
(103 kJ)
(kg d–1)
(Tg C per 12 d)

Eastern Pacific
Western Atlantic

200–800
10 000–20 000

78
89

144.5 ± 1.7
154.2 ± 0.7

4900
6300

87a
141b

3.3
12.5

Reproductive
output (eggs female–1 per 5 yr)
500
1050

a

Based on a 3.7 yr remigration interval bBased on a 2 yr remigration interval

Fig. 1. Dermochelys coriacea. Population trends at representative nesting beaches in; (a) the eastern Pacific (Parque Nacional Marino Las Baulas, Costa Rica; P. Santidrián Tomillo,
G. Blanco, J. R. Spotila, & F. V. Paladino unpubl. data) and (b)
the western Atlantic (Sandy Point National Wildlife Refuge,
St. Croix, US Virgin Islands; Dutton et al. 2005)

of sea turtles to breeding areas, as well as in high interannual variability in overall numbers of nesting turtles
(Hays 2000, Broderick et al. 2001). The influence of
environmental variability on life history traits of conspecific populations has been studied particularly well
for leatherbacks Dermochelys coriacea. Oceanic net
primary productivity (NPP), the base of the marine
food web, in the foraging areas of EP leatherbacks

(Morreale et al. 1996, Eckert & Sarti 1997, Shillinger et
al. 2008) is affected by ENSO events every 3 to 7 yr
(Chavez et al. 1999) and by multi-decadal variability
every 20 to 30 yr (Chavez et al. 2003). Although
leatherbacks feed on gelatinous zooplankton and not
on the lowest trophic levels represented by NPP measurements, high NPP levels are commonly used as
proxies for high consumer biomass and complex
trophic dynamics (Saba et al. 2008a,b). When the sea
surface temperature (SST) of the tropical EP is cooler
than usual (La Niña phase of ENSO), NPP is typically
enhanced and the reproductive frequency of EP
leatherbacks increases (Saba et al. 2007); the opposite
holds true during the warm El Niño phase. The influence of ENSO has been observed among several other
populations of sea turtle species in the Pacific Ocean
(Limpus & Nicholls 1988, Chaloupka 2001, Chaloupka
et al. 2008b). In the Atlantic Ocean, model estimates of
NPP in the foraging areas of Atlantic leatherbacks is
more stable and, in some areas, at a higher rate (Saba
et al. 2008b). Thus, EP leatherbacks probably encounter variable resource distribution and abundance
more frequently than do Atlantic leatherbacks.
Hypothesizing that differences in resource availability might be responsible for life history differences
between leatherback populations in the EP and western Atlantic Ocean (WA) (Table 1), Wallace et al.
(2006a) calculated the reproductive energy requirements for EP leatherbacks and WA leatherbacks in
order to compare estimates of the energy intake rates
necessary to sustain the distinct traits of the 2 populations. These energy budget comparisons revealed that,
if resource availability were similar in foraging areas
for both populations, energy costs and thus the time
required for EP leatherbacks to acquire sufficient
energy to undertake reproduction (i.e. remigration
interval) were actually lower than those values for
their WA counterparts, in contrast to the observed
pattern (EP remigration interval = 3.7 yr, Reina et al.
2002, Santidrián Tomillo et al. 2007; WA remigration
interval = 2 to 3 yr Dutton et al. 2005, Rivalan et al.
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2005; Table 1). For the observed remigration intervals
to occur, WA leatherbacks must consume > 60% more
energy per day on average than EP leatherbacks,
according to energy budget estimates (Wallace et al.
2006a). Moreover, EP leatherbacks could effectively
halve their remigration intervals (from ~4 to 2 yr)
through relatively modest increases in energy intake
rates (i.e. ~20 kg d–1). Price et al. (2006) reported that
delayed remigration by leatherbacks to Costa Rican
nesting beaches resulted in no apparent increase in
reproductive output or in growth rates, leading the
authors to conclude that remigration for reproduction
occurs after a leatherback reaches a threshold level of
energy acquisition. Given these observations, Wallace
et al. (2006a) concluded that differential resource
availability renders EP leatherbacks unable to match
the morphometric and reproductive traits of WA
leatherbacks.
However, the Wallace et al. (2006a) study was
largely speculative and did not incorporate estimates
of differences in resource availability. Using rigorous
quantitative procedures, historical data, and innovative analytical tools, recent studies have confirmed that
leatherback reproduction and differences among
leatherback populations worldwide is governed by
variation in oceanographic conditions. Saba et al.
(2007) demonstrated that fluctuations of the ENSO in
the Pacific Ocean influence the remigration probability
of leatherbacks, and thus the seasonal nesting cohort
size, at Playa Grande, Costa Rica. Reina et al. (2009)
also showed intra-individual variation in remigration
intervals among leatherbacks that was related to the
ENSO. Furthermore, Saba et al. (2008a) modeled patterns of NPP in the tropical EP and showed that putative foraging areas that determine the nesting
response of leatherbacks are characterized by highly
variable resource conditions in the tropical EP, which
likely explains delayed remigration and other traits of
EP leatherbacks (Wallace et al. 2006a). Stable isotope
analyses of tissues from leatherbacks in both the
Pacific and the Atlantic Oceans showed that distinct
oceanographic processes influence trophic dynamics
on foraging grounds of EP versus WA leatherbacks
(Wallace et al. 2006b). Finally, Saba et al. (2008b)
linked observed variation in reproductive output and
body size among leatherback populations worldwide
to significant differences in total NPP, as well as the
degree to which it fluctuates, across putative foraging
areas for each population. In particular, NPP in EP foraging areas is highly variable in space and in time,
whereas foraging areas of other leatherback populations (e.g. North Atlantic) have more stable and even
higher levels of NPP (Table 1). Taken together, this
suite of studies demonstrates the strong connection
between variation in environmental conditions and

variation in leatherback life history traits worldwide.
Further research to elucidate the migratory and foraging behaviors of leatherbacks should include spatiotemporal characterization of gelatinous zooplankton
abundances and distributions (e.g. Houghton et al.
2006), as well as meta-analyses of leatherback satellite-tracking studies from which it is possible to infer
behavioral patterns consistent with foraging versus
migration (Hays et al. 2006, Jonsen et al. 2007, Bailey
et al. 2008).

ANTHROPOGENIC IMPACTS
Not only do conspecific leatherback Dermochelys
coriacea populations vary with respect to life history
traits, but they also vary in terms of population trends
(Fig. 1). Over the past 2 decades, leatherback nesting
colonies in the EP have declined by nearly 90% (Santidrián Tomillo et al. 2007, Sarti Martínez et al. 2007).
Leatherbacks nesting in the western Pacific have
declined as well, but to a lesser extent than their EP
counterparts (Hitipeuw et al. 2007, but see Chan &
Liew 1996). Meanwhile, populations in the WA (Dutton
et al. 2005) and elsewhere (Hughes 1996) are generally
stable or increasing (Fossette et al. 2008, but see
Troëng et al. 2004). Certain sources of anthropogenic
mortality occur in all leatherback populations: early
stage (i.e. eggs and hatchlings) mortality due to egg
harvest and coastal development and late stage (i.e.
adults and sub-adults) mortality due to fisheries
bycatch and directed harvest (i.e. hunting). While multiple factors have almost certainly contributed to these
divergent population trajectories, the particular combination of drivers remains unclear.
The enormous and prolonged effects of comprehensive egg harvest have been demonstrated for several
sea turtle populations. Nearly complete egg harvest
has impacted leatherbacks in the Pacific Ocean, where
both the Costa Rican and Mexican colonies suffered
egg harvest levels of nearly 90% for perhaps 2 decades
(Sarti Martínez et al. 2007, Santidrián Tomillo et al.
2008), and Malaysian leatherbacks appear to have
been extirpated (Chan & Liew 1996). Relocation of
eggs laid in areas of high risk of developmental failure
(e.g. below the natural high tide line, near beach
access points) to enhance hatchling production
appears to have little to no effect on population dynamics of EP leatherbacks because only 10% of all eggs
laid by this depleted nesting population are in need of
relocation (Santidrián Tomillo et al. 2008). In contrast,
nearly half of all egg clutches laid on beaches on St.
Croix, US Virgin Islands (Caribbean), are relocated,
and this large increase over natural hatchling production has contributed to an exponential increase in the
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number of nesting leatherbacks ~15 yr later (Dutton et
al. 2005). Furthermore, Dutton et al. (2005) cited the
timing of the observed increase in new adult female
recruits at St. Croix as potential support for an estimated age to maturity for leatherbacks of 12 to 15 yr
(Zug & Parham 1996). However, it is unclear whether
juvenile growth rates or age at maturity vary among
leatherback populations due to inter-basin differences
in resource availability, which might also be driving
the distinct population responses (Saba et al. 2008b).
Not only has early-stage survivorship been enhanced, but annual adult survivorship appears to be
considerably higher for WA leatherbacks (Dutton et al.
2005, Rivalan et al. 2005) than for EP leatherbacks
(Santidrián Tomillo et al. 2007), which might also have
contributed to the divergence in population trends.
Historically unsustainable egg harvest coupled with
low adult survivorship (78% yr–1) for the Costa Rica
population (Santidrián Tomillo et al. 2007) indicates
that the chances of population recovery are slim if
adult mortality is not decreased (Santidrián Tomillo et
al. 2008). It is important to note that these adult mortality rates are based purely on nesting return rates and
are subject to uncertainty. In addition, Sarti Martínez
et al. (2007) pointed out that, despite having produced
roughly the same number of hatchlings through conservation efforts in Mexico as had been produced at St.
Croix (Dutton et al. 2005), an increase in nesting
female numbers has yet to occur on Mexican beaches.
Thus, it appears that differences in historic and current
early stage (egg and hatchling) survivorship between
EP and WA has played a role, at least in part, in the distinct responses of the 2 leatherback populations, but
that high adult survivorship is necessary for population
recovery in leatherbacks. Similarly, despite the historical depletion of green turtle Chelonia mydas populations around the globe, nesting beach conservation
efforts — with concomitant declines in mortality of late
stage turtles — have resulted in increasing numbers of
nesting females in recent years at various study sites
worldwide (Chaloupka et al. 2008a). These examples
show that improving early stage survivorship can be
important, but that high adult survivorship is a requisite for population recovery in sea turtles.
Fisheries bycatch is also a hazard for sea turtle populations worldwide (e.g. Lewison et al. 2004), but bycatch
impacts on these populations vary according to spatiotemporal overlap in fisheries operations and critical ontogenetic habitat, as well as according to characteristics
of fishing gear (Wallace et al. 2008). The observed discrepancy between annual adult mortality rates of WA
versus EP leatherback populations (Dutton et al. 2005,
Rivalan et al. 2005, Santidrián Tomillo et al. 2007)
(Table 1) might be due in part to differing degrees of bycatch mortality (Troëng et al. 2004). The current Atlantic
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leatherback bycatch situation consists of industrial longline and trawl fisheries that operate throughout the
North Atlantic and incidentally capture several hundred
leatherbacks annually, but leatherback mortality in
these fisheries is quite low (Watson et al. 2005). In contrast, nearshore fisheries in the EP, specifically driftnets
targeting swordfish off Chile and Peru, are thought to
have incidentally killed thousands of leatherbacks annually in the 1980s and early 1990s, and this source of mortality probably contributed greatly to the observed declines on EP nesting beaches (Eckert & Sarti 1997,
Kaplan 2005). It is worth noting that despite extremely
high mortality rates in gillnet bycatch off Trinidad (Lum
2006), the leatherback population nesting there is among
the largest in the world (Eckert 2006). If high bycatch in
coastal gillnets contributed to the decline in EP
leatherbacks, this should serve as a cautionary tale for
the Trinidad situation, where currently high bycatch
mortality might be a ‘population time bomb’, which
might result in a future population decline (Seminoff &
Shanker 2008). However, despite the impacts on
leatherback populations described above, no hypothetical scenario has been described to explain the sudden
and simultaneous collapse of leatherback nesting
colonies throughout the EP. Given the lack of a clear pattern in effects of egg harvest and fisheries bycatch
impacts for leatherbacks worldwide, inter-population
differences in mortality patterns might not be the
only causes for differences in leatherback population
trajectories.

SYNERGISTIC EFFECTS OF ENVIRONMENTAL
AND ANTHROPOGENIC IMPACTS
As illustrated above, both environmental and anthropogenic factors affect leatherbacks Dermochelys
coriacea worldwide, but how these factors differ and
interact geographically has important implications for
patterns in the variation of life history and population
dynamics of globally distributed sea turtle species.
Marine species with similar life history traits to sea turtles (e.g. slow to mature, long-lived) tend to be more
susceptible to extinction risk from anthropogenic pressures (Musick 1999, Powles et al. 2000). Along these
lines, Wallace et al. (2006a) and Saba et al. (2008a,b)
concluded that resource limitation renders EP
leatherbacks unable to match the body size and reproductive output of leatherbacks from other regions, and
hypothesized that the resource-driven decrease in
reproductive frequency makes EP leatherbacks less
resilient to anthropogenic pressures, such as fisheries
bycatch and egg harvest. This ‘one–two punch’ of
resource limitation making EP leatherbacks more susceptible to anthropogenic hazards than other popula-
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tions has likely resulted in the divergent population
trends in the 2 basins during the past 2 decades. In
fact, phylogenetic analyses suggest an evolutionary
history of extinction and recent recolonization of populations of all sea turtle species in the EP, including
leatherbacks, perhaps revealing historic vulnerability
of sea turtles to ephemeral oceanographic regimes in
the EP (Bowen & Karl 2007).
When we consider the complete biology and population ecology of leatherbacks, the effects of the interaction between environmental and anthropogenic factors become clearer. In addition to the differences in
morphometrics, reproductive output, and population dynamics, there are apparent behavioral differences between EP leatherbacks and other leatherback nesting
stocks with respect to post-nesting migration strategies.
Leatherbacks leaving reproduction areas in the WA
exhibit several migratory routes across the North Atlantic Ocean to putative foraging areas on the North
American continental shelf off Nova Scotia, Canada, and
in the northeastern USA, the pelagic North Atlantic, the
western European shelf, and on the west coast of Africa
(Hays et al. 2004, James et al. 2005, Eckert 2006). Likewise, leatherbacks nesting in Papua, Indonesia and
Papua New Guinea, also show multiple migratory behaviors, with routes to the South China Sea, the Sulu and
Sulawesi Seas between Australia and New Zealand, and
across the Pacific to the west coast of North America
(Benson et al. 2007b). In contrast, EP leatherbacks
demonstrate a persistent migratory pattern on a S to SW
heading into the Southeast Pacific Subtropical Gyre and
Humboldt Current region off South America (Morreale
et al. 1996, Eckert & Sarti 1997, Shillinger et al. 2008).
This monotypic migratory phenotype could make EP
leatherbacks more vulnerable to environmental variability affecting resource availability and threats on their
foraging grounds when compared to the diverse phenotypes exhibited by leatherbacks in other parts of
the world (Dutton 2006).
While all other leatherback populations exhibit a
migratory strategy to foraging areas near coastlines
during non-reproductive periods, EP leatherbacks
appear to migrate almost solely to oceanic areas after
nesting. However, coastal areas in the EP are characterized by consistently high levels of NPP, in contrast to
the relatively barren Southeast Pacific Subtropical
Gyre, to which post-nesting leatherbacks tend to
migrate (Saba et al. 2008a). Similarly, gelatinous zooplankton are often abundant in coastal areas (e.g.
Houghton et al. 2006), and, with only a few exceptions
(e.g. Doyle et al 2008), scyphozoan jellyfish generally
have a coastal distribution. In addition, most coastal
areas might be easier to access, given their closer proximity to nesting beaches and the reduced influence of
major equatorial ocean currents closer to shore. For

these reasons, Saba et al. (2008a) surmised that these
coastal areas are plausible leatherback foraging
grounds. In fact, Eckert & Sarti (1997) tracked a few
individuals to coastal areas off Peru and Chile, and
Shillinger et al. (2008) reported that one individual
from Costa Rica spent the entirety of her > 500 d track
in coastal waters off Costa Rica and Panama.
Most of the world’s fishing effort is in the form of artisanal fisheries in coastal areas, and these activities can
have enormous impacts on marine megafaunal populations (e.g. Jaramillo-Legorreta et al. 2007, Peckham
et al. 2007). Previous studies have reported extremely
high bycatch mortality rates of leatherbacks in
nearshore driftnets targeting swordfish off Peru and
Chile (Frazier & Montero 1990, Eckert & Sarti 1997),
and leatherback bycatch continues to occur in Peruvian (Alfaro-Shigueto et al. 2007) and Chilean waters
(Donoso & Dutton 2007). Taking all of the above into
account, Saba et al. (2008a) hypothesized that the
observed lack of diversity in migration patterns exhibited by EP leatherbacks might reflect the impact of historically high rates of fisheries bycatch in coastal areas
having essentially eliminated this behavioral phenotype from the population. Similarly, persistently high
bycatch of multiple shark species in the Mediterranean
Sea resulted in the sequential depletion first of coastal
shark populations followed by pelagic populations,
which mirrored the expansion of fishing operations
from nearshore to offshore areas (Ferretti et al. 2008).
As Saba et al. (2008a) pointed out, for this scenario to
be possible, EP leatherbacks would have to demonstrate
a high degree of foraging site fidelity, which has been reported for other sea turtle species (Broderick et al. 2007).
James et al. (2005) reported return migrations by adult
and subadult leatherbacks from breeding areas in
the Caribbean to foraging grounds in Nova Scotia,
Canada, where they had been tagged originally. Recaptures of leatherbacks foraging in Monterey Bay, California, across years have also been reported (Benson et al.
2007c). Therefore, although the source of variation in
leatherback migratory behaviors remains unclear, foraging site fidelity is apparently a shared trait among
leatherback populations and those of other sea turtle
species. Future tagging studies on previously tracked individuals would be necessary to demonstrate foraging
site fidelity for EP leatherbacks to support the idea of
intra-population behavioral polymorphisms and the
selection against coastal migration in EP leatherbacks.
In addition, because previous tracking studies of postnesting female leatherbacks only described the first year
or two of the entire ~4 yr remigration period (e.g.
Shillinger et al. 2008), tracking leatherbacks from foraging areas in the southeastern Pacific back toward their
nesting beaches, as has been done in the Atlantic (e.g.
James et al. 2005), should be a research priority.
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If the hypothesis by Saba et al. (2008a) is correct, and
‘coastal migrants’ have been removed from the EP
population due to strong selection pressure from
coastal fisheries through bycatch mortality, this may
also have contributed to the observed differences
between EP and WA leatherbacks. If coastal foraging
areas are more predictable and productive, and are
less energetically costly to exploit, leatherbacks that
foraged in these areas might have benefited from
shorter remigration intervals, as well as enhanced
energy allocation to other reproductive (e.g. clutch
sizes) and morphometric (e.g. body size) parameters. It
is possible that the low frequency of shorter remigration intervals (~2 yr) in the EP leatherback population
(Santidrián Tomillo et al. 2007) reflects the loss of
coastally foraging turtles. Thus, the long average and
wide range of remigration intervals (~4 and 2 to 11 yr,
respectively) for EP leatherbacks likely reflect the
patchy and unpredictable nature of resource availability driven by ENSO in the tropical EP, and the poor foraging quality in the Southeast Pacific Subtropical Gyre
experienced by the remaining leatherbacks in this
population. A possible analogy to this scenario was
reported by Caut et al. (2008), who used stable isotope
analyses to assign leatherbacks from 1 nesting colony
in French Guiana to 2 distinct foraging groups that differed according to their remigration intervals. Similarly, in a Japanese nesting rookery of loggerhead turtles Caretta caretta, individual turtles with 3 yr
remigration intervals were associated with relatively
poorer quality foraging grounds and prey availability,
while turtles with 2 yr remigration intervals occupied
higher quality foraging habitats (Hatase & Tsukamoto
2008). Thus, variation in environmental conditions, differences in migratory strategies among individual
leatherbacks, and anthropogenic pressures can be
manifested in observed differences in life history traits
within and among conspecific populations.
Although major differences have been highlighted
in oceanographic conditions in recent years on
leatherback foraging areas worldwide, a multi-decadal
perspective sheds light on historical periods when EP
foraging areas probably were more favorable for
leatherbacks (Saba et al. 2008b). These periods, ranging from 20 to 30 yr in duration, reflect shifting temperature regimes in the EP as forced by climate between
warmer (‘El Viejo’) and cooler (‘La Vieja’) conditions,
which have also been associated with dramatic
changes in marine food webs in the EP (Chavez et al.
2003). In particular, when SST is cooler than usual in
the EP (i.e. ‘La Vieja’), NPP is higher, leading to favorable conditions in EP leatherback foraging areas (Saba
et al. 2007). However, the aforementioned population
trends and life history traits of nesting leatherbacks in
the EP have been observed primarily during a warm
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regime in the EP (i.e. ‘El Viejo’), which is associated
with lower NPP and thus less favorable conditions in
leatherback foraging areas (Saba et al. 2008b). Therefore, it is plausible that life history traits of EP
leatherbacks would be more similar to those of WA turtles when EP foraging areas are in a cool, ‘La Vieja’
regime. Moreover, if the reproductive output of EP turtles were to increase during a ‘La Vieja’ regime, this
population’s vulnerability to anthropogenic mortality
would be reduced, thus possibly resulting in some
degree of population recovery (Saba et al. 2008b).
Despite the speculative nature of this scenario, anecdotal information about historic trends in leatherback
nesting in the region, in addition to more recent, rigorously collected population data (e.g. Santidrián
Tomillo et al. 2007, Sarti Martínez et al. 2007), can provide valuable insights into the potential influence of
the ‘La Vieja–El Viejo’ phenomenon. According to
local people living near the important leatherback
nesting beaches in the EP, relatively few nesting
leatherbacks were observed prior to the 1950s in Costa
Rica (i.e. Playa Grande; B. P. Wallace & R. Piedra
Chacón unpubl. data) and Mexico (i.e. Mexiquillo; A.
L. Sarti Martínez pers. comm.), in contrast to the thousands of individual leatherbacks nesting in these
places by the 1970s. The apparent EP leatherback population increase from low numbers prior to 1950 to
extremely high numbers in the 1970s coincided with
virtually non-existent anthropogenic impacts and ‘La
Vieja’ conditions in the EP that would have been more
favorable to leatherback resource acquisition, reproductive investment, and high survivorship (Saba et al.
2008b). In contrast, the regime shift to less favorable
(for leatherbacks) ‘El Viejo’ conditions in the EP that
occurred in the 1970s provided the environmental
backdrop for the onset and persistence of the strong
anthropogenic pressures of egg collection and fisheries
bycatch on EP leatherbacks for the past 20 yr. Thus, it
is reasonable to speculate that this combination of ‘El
Viejo’ and unsustainably high sources of mortality
might be the previously unidentified ‘smoking gun’
that caused the swift and simultaneous collapse of
nesting rookeries throughout the EP. Thus, just as
ENSO-driven variation in resource availability has
made EP leatherbacks more vulnerable to anthropogenic impacts than other populations of leatherbacks around the world, we hypothesize that longterm changes in leatherback populations are related to
the multi-decadal oceanographic regimes in the EP.
Extending this idea to an even longer historical time
scale, genetic analyses have revealed that repeated
expansions and contractions of both the size and geographic range of the EP leatherback populations have
apparently occurred in recent evolutionary history due
to climatic fluctuations in this region (Bowen & Karl
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2007). Clearly, these ideas are speculative and require
further monitoring of nesting populations throughout
future climate regimes in the EP, but also suggest that
resource conditions—and, in turn, population trends—
for EP leatherbacks could improve in the future if conservation efforts are successful in reducing or eliminating unsustainable anthropogenic sources of mortality.

OTHER EXAMPLES
It is important to point out that intra-specific differences among long-lived marine vertebrate species
related to anthropogenic and environmental factors
are almost certainly not unique to leatherbacks Dermochelys coriacea. For example, commercial whaling
reduced populations of grey whales Eschrichtius
robustus worldwide during the first half of the 20th
century, resulting in extirpation of the North Atlantic
Ocean population and severe depletion of populations
in the western and eastern Pacific (Powles et al. 2000).
After whaling pressures were eliminated, the eastern
Pacific grey whale population rebounded and was
eventually removed from the USA List of Endangered
and Threatened Species in 1994 (Buckland & Breiwick
2002). In contrast, the western Pacific population was
listed as critically endangered on the IUCN Red List
due to its failure to recover, possibly due to effects of
continued hunting (Weller et al. 2002). In addition to
human threats to grey whales, observations of apparently emaciated and undernourished grey whales have
increased on both sides of the Pacific, implicating
decreased prey abundance resulting from fluctuating
environmental conditions on feeding grounds (Weller
et al. 2002, Moore et al. 2003). In response to changes
in resource availability on historically important foraging grounds in Alaska, grey whales in the eastern
Pacific appear to have expanded their foraging range
(Moore et al. 2003), thus bolstering their resilience to
impacts on population dynamics. However, resource
limitation might be hindering the recovery of western
Pacific grey whales by increasing their susceptibility to
other sources of mortality, such as hunting by humans
and boat strikes (Buckland & Breiwick 2002, Weller et
al. 2002).
Differences in life history traits and population
trends also exist among conspecific seabird populations. Frederiksen et al. (2005) described variation in
adult survivorship, fecundity, and population growth
rates of black-tailed kittiwakes among 9 breeding populations across the Atlantic and Pacific Oceans, apparently following patterns of environmental variability
among feeding areas of different populations (Frederiksen et al. 2005). Weimerskirch (2002) also reported
higher survivorship among European seabird popula-

tions at more northerly latitudes. Furthermore, Tuck et
al. (2001) reported that differences in trends among
conspecific populations of the wandering albatross
Diomedea exulans were due to spatial variation in
severity of fisheries bycatch across the geographic
range of the species. As in the case of leatherback turtle populations, differences between populations of
other marine megafaunal species reveal the roles of
variation in environmental conditions and human
impacts. These examples underscore the importance of
inter-population comparisons of life history characteristics and population dynamics of other widely distributed species.

OPPORTUNITIES FOR TARGETED RESEARCH
AND CONSERVATION
Identification of the unique suite of drivers that are
manifested in observed differences in the life history
traits and population dynamics of conspecifics inhabiting distinct geographic areas is important for informing effective, population-specific conservation efforts.
In the case of leatherbacks, human pressures have
played an indisputable role in inter-population differences, but the relative impact of anthropogenic perturbations to leatherback Dermochelys coriacea populations has likely been exacerbated by differences in
environmentally driven resource availability among
marine habitats inhabited by leatherbacks worldwide
(Wallace et al. 2006a, Saba et al. 2007, 2008a,b).
Specifically, relatively superior, more consistent environmental (resource) conditions have likely contributed to the stability and increases observed in
leatherback nesting populations in the North Atlantic
Ocean over the past 2 decades. In contrast, declines in
leatherback populations in the Pacific Ocean, particularly in the EP, have occurred in the ‘seascape’ of variable resource availability, which has diminished the
resilience of these populations to anthropogenic
sources of mortality, specifically high rates of fisheries
bycatch and egg harvest.
Conservation efforts that have reduced anthropogenic sources of mortality have resulted in positive
population growth rates in several sea turtle populations (e.g. Dutton et al. 2005, Chaloupka et al. 2008a).
Thus, when anthropogenic perturbations are removed
or reduced to sustainable levels, sea turtles appear to
be less sensitive to environmental variability and can
recover from historic depletion. However, because
rapid population increases are not realistic, due to sea
turtle life history traits (Musick 1999), conservation
actions must remain in place for several decades to
achieve significant signs of recovery. Mitigating
human impacts like egg harvest and incidental capture
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in fishing gear requires swift and effective action, but
it is also important to take into account the compounding effect of environmental conditions on sea turtle
populations (Chaloupka 2002, Saba et al. 2007,
Chaloupka et al. 2008b). Thus, dual impacts of environmental and anthropogenic impacts present a
unique challenge for conservation efforts.
Our review of intra-specific variation in leatherback
life history traits and population trends enables us to
make several recommendations for targeted research
and conservation strategies. First, current beach protection at the major nesting complexes in Mexico and
Costa Rica is successfully minimizing anthropogenic
impact on hatchling production (i.e. egg harvest).
However, the growing threats from to unsustainable
coastal development in the EP, particularly in Costa
Rica (B. P. Wallace & R. Piedra Chacón unpubl. data),
mean that beach protection efforts must be redoubled
to ensure the viability of critical leatherback nesting
habitats. Second, given the importance of conspecific
variation in life history traits and the status of population trends, assessments of globally distributed sea turtle species (i.e. IUCN Red List Assessments) should
evaluate extinction risk based on biologically relevant
distinctions among geographically separate populations (Seminoff & Shanker 2008). This realignment of
assessment units will allow for more realistic, appropriate conservation recommendations for sea turtles
worldwide. Third, population models that project
future trajectories for vulnerable sea turtle populations, such as EP leatherbacks, should incorporate
environmental effects, particularly in terms of reproduction parameters (e.g. remigration interval), in order
to generate more realistic long-term population projections under various scenarios of mortality patterns and
conservation strategies (Chaloupka 2002, Saba et al.
2007, Chaloupka et al. 2008b). Fourth, further research
is necessary to characterize behavior and habitat use
of leatherbacks in feeding areas and during remigrations to breeding areas in relation to oceanographic conditions and prey distribution and abundance (e.g. James et al. 2005, Houghton et al. 2006),
particularly in the EP.
Finally, fisheries managers could apply information
from population models and satellite tracking studies
that incorporate environmental data to create adaptive
guidelines for fishing fleets in areas inhabited by
leatherbacks in response to local environmental conditions. In this scenario, limits on allowable leatherback
bycatch would be adjusted according to environmental
conditions on leatherback foraging grounds in the
southeastern Pacific (Shillinger et al. 2008). An exemplary approach along these lines, TurtleWatch, has
been implemented to mitigate bycatch of loggerhead
turtles in the Hawaiian pelagic longline fishery (Howell
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et al. 2008). Specifically, for recovery of the coastal foraging cohort of EP leatherbacks, we suggest that conservation efforts be targeted along the west coastline of
South America, where leatherbacks are presently being caught as bycatch in gillnet and other fisheries (Alfaro-Shigueto et al. 2007, Donoso & Dutton 2007). If
leatherback bycatch in these fisheries can be reduced
significantly or eliminated entirely, the restoration of a
coastal foraging cohort could occur given enough time.
Recovery of this foraging strategy would likely decrease the EP population’s sensitivity to ENSO events
by increasing the number of 2 and 3 yr remigrants, especially during warm El Niño phases. Although this
scenario is hypothetical, reducing leatherback mortality along the coastline of South America would undoubtedly benefit the entire EP population.
We acknowledge that the creation and implementation of such approaches are extremely complicated.
Nonetheless, given the critically imperiled status of EP
leatherbacks, conservation management must address
the distinct circumstances facing this population relative to those of other leatherback populations. Likewise, for other widely distributed marine species with
environmentally driven life history traits that make
them more susceptible to anthropogenically driven
population declines, we recommend similar interpopulation comparisons to make strategic recommendations for future research and to aid conservation
priority setting.
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