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SYMPOSIUM
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Synopsis Across the geographic area that a species uses forreproduction, the density of breeding individuals is typically

highest in locations where ecological factors promote reproductive success. For migratory animals, fitness depends, in

part, on producing offspring that migrate successfully to habitats suitable forthe next life-history stage. Thus, natural

selection might favor reproduction in locations with conditions that facilitate the migration of offspring. To investigate
this concept, we studied the Kemp's ridley sea turtle (Lepidochelys kempii) to determine whether coastal areas with the

highest levels of nesting have particularly favorable conditions forhatchling migration. We modeled the passive driftof
young Kemp's ridley turtles from seven nesting regions within the Gulf of Mexico to foraging grounds using the

particle-tracking program ICHTHYOP and surface-current output from HYCOM (HYbrid Coordinate Ocean Model).
Results revealed that geographic regions with conditions that facilitate successful migration to foraging grounds typically
have higher abundance of nests than do regions where océanographie conditions are less favorable and successful mi-

gration is difficult forhatchlings. Thus, our findings are consistent with the hypothesis that, forthe Kemp's ridley turtle

and perhaps forother migrants, patterns of abundance across the breeding range are shaped in part by conditions that

promote or impede the successful migration of offspring.

Introduction
Across a species' breeding grounds, abundance is

patchy and typically highest in locations where eco-

logical factors promote reproductive success

(Horrocks and Scott 1991; Martin 1993; Boulinier

1997). For migratory animals, part of what deter-

mines reproductive success is whether offspring suc-

cessfully complete their first migration to a

geographic region that provides suitable habitat for

the next life-history stage. Thus, natural selection

might favor adults that reproduce in geographic
areas with conditions that facilitate the migration
of their young. For species in which adults return

to reproduce in their natal area (Bowen and Karl

2007; Lohmann et al. 2008), the locations that pro-
duce the greatest number of surviving individuals

may, over time, come to have higher abundance
due to the higher reproductive success of individuals

that breed in such places. Patterns of distribution
within breeding areas of migratory species might
thus remain relatively stable over considerable peri-
ods of time.

We explore this conceptual framework in a migra-

tory sea turtle, the Kemp's ridley (Lepidochelys
kempii). This species nests mostly within a limited
area of coastline on the east coast of Mexico near
Rancho Nuevo (23.2°N, 97.5°W), but scattered nest-

ing also occurs from Texas to southern Campeche
(Márquez 1994; Plotkin 2007) (Fig. 1). Hatchlings
enter the sea and immediately migrate offshore to

pelagic waters, thereby escaping intense nearshore

prédation that occurs over the continental shelf

(Wyneken and Salmon 1992). After a period ranging
from several months to 2 years, turtles enter coastal

foraging grounds (Zug et al. 1997; Zimmerman 1998;
TEWG 2000), typically either in the Gulf of Mexico
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306 N. F.Putman et al.

Fig. 1 Map of the study region. Alternating black and striped lines

along the western edge of the Gulf of Mexico show the nesting

range of the Kemp's ridley and delineate the seven nesting

regions defined inthe model. The regions, as labeled on the map,
are TX = Texas, NRN = North of Rancho Nuevo, RN = Rancho
Nuevo, SRN = South of Rancho Nuevo, VER=Veracurz,
SC = South Campeche, and NC = North Campeche. Shaded
areas along the coastline indicate the continental shelf (depth
<200 m). Dark gray areas indicate known or suspected foraging

grounds of juvenile Kemp's ridleys. Black lines extending from the
coast across the continental shelf demarcate the partitioning of

the foraging grounds in the model. CB FG = Campeche Bay

foraging grounds; TX FG = Texas foraging grounds; LA-WFL
FG = Louisiana-West Florida foraging grounds; EFL-NC
FG = East Florida-North Carolina foraging grounds; VA-NS
FG= Virginia-Nova Scotia foraging grounds). Pelagic waters are
shown inwhite (depth >200m).

between Texas and southwestern Florida or in loca-
tions along the eastern US coast from Florida to
Nova Scotia (Carr 1957; Hildebrand 1982; Ogren
1989; Metz 2004; Geis et al. 2005). In these coastal
areas, turtles forage for benthic invertebrates such as
the blue crab Callinectes sapidus (Shaver 1991;
Werner 1994; Metz 2004). At 10-15 years of age,
Kemp's ridleys return to their natal region to mate
and nest (Caillouet 1995; Zug et al. 1997), after

which they migrate back to distant foraging grounds
and repeat this cycle every 1-3 years throughout
their lives (TEWG 2000).

Although sea turtle nesting has been studied ex-

tensively in the context of local environmental vari-
ables associated with individual nest sites (Mortimer
1990; Horrocks and Scott 1991; Carthy et al. 2003),

little is known about factors that influence density of
nests across regional scales (Miller et al. 2003).
Oceanic currents are likely to be of primary impor-
tance for facilitating young sea turtles' migration to
areas where juveniles forage (Carr 1980; Carr and

Meylan 1980; Carr 1987; Collard and Ogren 1990).
Surprisingly, however, currents and their effects on

hatchling migration have seldom been incorporated
into attempts to explain spatial patterns of nesting.
In this article, we investigate whether the regions
within the Gulf of Mexico where most Kemp's rid-

leys nest have océanographie conditions that are par-
ticularly favorable for facilitating the migration of

young turtles from their natal beach to suitable
coastal foraging grounds.

Methods
We developed a simple model to investigate whether
differences in relative abundance of nests across the

Kemp's ridley nesting range can potentially be

explained by how well different regions facilitate

young turtles' migration to their foraging grounds.
The Kemp's ridley nesting range was partitioned into
seven regions: Texas (29°N, 94.3°W to 26°N,
96.55°W); North of Rancho Nuevo (25.75°N,
96.55°W to 24.25°N, 97.1°W); Rancho Nuevo
(23.75°N, 97.3°W to 22.9°N, 97.3°W); South of
Rancho Nuevo (22.8°N, 97.2°W to 21.75°N,
96.95°W); Veracruz (21.3°N, 96.8°W to 18.95°N,
94.5°W); South Campeche (18.9°N, 94.5°W to

19.45°N, 91.5°W); and North Campeche (19.4°N,
91.4°W to 21°N, 90.95°W) (Fig. 1).

To simulate the movement of young turtles

through the ocean we used Global HYCOM
(HYbrid Coordinate Ocean Model) surface currents

(0 m depth) (Bleck 2002). This model has a spatial
resolution of 2/25° (~5-7km) and a temporal reso-
lution of 1day. Young turtles were simulated using
the particle-tracking program ICHTHYOP v. 2 (Lett
et al. 2008). Simulated turtles were released in a zone
45-55 km offshore from each of the seven regions, a
distance from shore that hatchling sea turtles are
known to reach (Witherington 2002). One thousand
simulated hatchlings were released at 1-week inter-
vals starting June 1 and continuing through July 20

(eight total release events per year, per region).
Turtles were allowed to drift passively for up to
2 years. HYCOM output is available from 2004 to

2009; we therefore simulated 2 years of dispersal for

four separate cohorts of hatchlings (2004-2007). The
simulation for each year-class was replicated
10 times. Thus, the dispersal of 320,000 turtles was
simulated from each of the seven nesting regions.

100 W 95 W 90 W 85 W 80 W
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Modeling hatchling sea turtle migration 307

Juvenile Kemp's ridley turtles predominantly
recruit to coastal waters within the Gulf of Mexico
between Texas and southwestern Florida, or to areas

along the east coast of the US and Canada between
Florida and Nova Scotia (Carr 1957; Hildebrand
1982; Ogren 1989; Metz 2004; Geis et al 2005).
Some reports also suggest that young Kemp's ridley

might recruit to coastal areas in Campeche Bay,
Mexico (Márquez 1994). For purposes of analysis,
we partitioned the foraging grounds of juveniles
into five coastal areas: (1) Campeche Bay, (2)
Texas, (3) Louisiana-West Florida, (4) East
Florida-North Carolina, and (5) Virginia-Nova
Scotia. These areas extended from the coast across
the continental shelf, to a depth of 200 m (Fig. 1).
Because very young turtles are unlikely to survive in

nearshore waters due to intense prédation (Collard
and Ogren 1990), we assumed that turtles could only
recruit to a coastal region after reaching a minimum

age of 6 months (Zimmerman 1998; TEWG 2000).
Additionally, a turtle had to remain in a region for

3 days before it was considered to have recruited
there. Each turtle could only recruit to one region.

How well a region facilitates migration of young
sea turtles is likely determined by (1) how quickly
hatchlings get offshore (thereby minimizing time

spent over the continental shelf, where the risk of

prédation is probably highest) and (2) the percentage
of hatchlings that reach suitable foraging grounds.
Thus, for each region, we measured the percentage
of simulated hatchlings that reached pelagic waters

(i.e., water with a depth >200m) within 4 days, as
well as the percentage of turtles that reached known
coastal foraging grounds (Fig. 1) within 2 years.

Using a two-way ANOVA with replication, we de-
termined whether there were differences among nest-

ing regions in the percentage of simulated turtles

that reached pelagic waters (within 4 days) and
coastal foraging grounds (within 2 years). To assess
which regions best facilitated this migration, we de-
termined the mean recruitment to pelagic habitat
over the 4 years simulated as well as the mean re-

cruitment to foraging grounds. In accordance with
statistical procedures recommended by Hurlbert and
Lombardi (2003) and Lombardi and Hurlbert

(2009), we used two-tailed, paired f-tests to compare
each region with all others. A separate analysis was
conducted for each of the two metrics. For each,

regions were ranked relative to one another (the
better a region was at facilitating migration, the

lower its rank). Regions that were not significantly
different shared the same rank. In the event that re-

gions 1 and 2 were not significantly different and

regions 2 and 3 were not significantly different, but

region 1 was significantly different from region 3,

then regions 1 and 2 shared the same rank and

region 3 was given that rank plus 0.5. The mean of
both ranks was taken as the relative "migratory qual-
ity" of each region.

One additional analysis was carried out to assess

patterns of movement and the geographic locations
where juvenile Kemp's ridley turtles recruited to

coastal feeding grounds. For simulated turtles start-

ing from each of the seven nesting regions, the mean

percentage of turtles that reached each of the five

foraging areas (defined in Fig. 1 and in the text)
was determined.

Results
The mean number of simulated turtles that reached

pelagic habitat within 4 days was significantly differ-

ent among nesting regions (ANOVA two-factor with

replication, F6a52= 130,927, P<0.0001). Over the

4 years simulated, pelagic recruitment success was

highest for Veracruz, Rancho Nuevo and South

Campeche. Paired f-tests revealed no significant dif-

ference between Veracruz and Rancho Nuevo

(P= 0.072) or Rancho Nuevo and South Campeche
(P= 0.489), although pelagic recruitment success was

significantly higher for turtles from Veracruz than

for turtles from South Campeche (P< 0.0001).
From other regions, approximately an order of mag-
nitude fewer simulated Kemp's ridley reached pelagic
waters within 4 days (Table 1 and Fig. 2).

The mean number of turtles reaching foraging

grounds within 2 years was significantly different

among nesting regions (ANOVA two-factor with

replication, F6t252= 16,890, P< 0.0001). The regions
with the highest percentage of turtles entering forag-

ing grounds were South Campeche, Rancho Nuevo,
and Veracruz. Paired f-tests revealed no significant
difference between South Campeche and Rancho
Nuevo (P= 0.105). However, turtles from South

Campeche and Rancho Nuevo had significantly

higher recruitment success than did turtles from

Veracruz (P< 0.001; P= 0.023, respectively). All
other regions had significantly lower recruitment
success than these three (P< 0.001 for each compar-
ison). Table 1 and Fig. 3 provide the percentage of
turtles from each region that arrived at coastal hab-
itats within 2 years.

Paired t-tests for the two migratory metrics (mean
recruitment to pelagic habitat and coastal foraging
grounds) and subsequent ranking of the seven nest-

ing regions revealed that, for the 4 years modeled,
Rancho Nuevo best facilitated the migration of the

turtles. Rancho Nuevo was followed closely by South
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308 N. F.Putman et ai

Table 1 Results are given for each year and for each nesting region and are based on 10 replicates for each year (see Methods section
for details)

Year (Measurement) Texas North RN Rancho Nuevo South RN Veracruz South Campeche North Campeche

2004 (Pelagic habitat) 1.58 (0.08) 12.94 (0.23) 35.06 (0.28) 8.09 (0.19) 57.84 (0.45) 52.15 (0.33) 0.0 (0.0)

2004 (Foraging grounds) 3.55 (0.22) 7.87 (0.18) 22.53 (0.22) 2.93 (0.17) 14.65 (0.22) 18.79 (0.43) 8.35 (0.18)

2005 (Pelagic habitat) 2.93 (0.10) 4.98 (0.17) 58.60 (0.33) 1.43(0.12) 50.20 (0.51) 23.66 (0.32) 0.0 (0.0)

2005 (Foraging grounds) 3.74 (0.19) 11.27 (0.28) 18.19 (0.30) 3.55 (0.17) 17.50 (0.22) 20.62 (0.30) 14.27 (0.30)

2006 (Pelagic habitat) 1.86(0.11) 0.0(0.0) 0.0(0.0) 0.0(0.0) 36.55(0.34) 41.62(0.35) 0.0(0.0)
2006 (Foraging grounds) 8.72 (0.20) 0.09 (0.03) 1.73 (0.09) 0.55 (0.07) 11.11 (0.27) 31.27 (0.41) 12.74 (0.22)

2007 (Pelagic habitat) 2.37 (0.07) 4.07 (0.19) 65.67 (0.39) 7.78 (0.24) 42.83 (0.47) 26.51 (0.33) 0.0 (0.0)

2007 (Foraging grounds) 17.02 (0.32) 15.17 (0.25) 34.56 (0.20) 7.29 (0.17) 20.51 (0.25) 22.82 (0.25) 7.98 (0.22)

Mean (Pelagic habitat) 2.18 (0.17) 5.50 (1.52) 39.83 (8.30) 4.33 (1.18) 46.86 (2.59) 35.99 (3.75) 0.0 (0.0)

Mean (Foraging grounds) 8.26 (1.77) 8.60 (1.80) 19.25 (3.81) 3.58 (0.78) 15.94 (1.13) 23.37 (1.55) 10.83 (0.89)

Values are represented as mean percentage (95% CI).

Fig. 2 Graph of the mean percentage of simulated Kemp's ridley

hatchlings from each nesting region that reach pelagic habitat

(water deeper than 200 m) within 4 days. Nesting regions
indicated on the horizontal axis correspond to the abbreviations
in Fig. 1. Error bars represent the 95% CI of the mean. Bars

marked by different letters are significantly different (paired t-test,

two-tailed, P<0.05) whereas bars marked by the same letter do
not differ significantly.

Fig. 3 Graph of the mean percentage of simulated Kemp's ridley

hatchlings that recruit to coastal foraging grounds within 2 years.
Conventions as in Fig. 2.

Campeche and Veracruz whereas North of Rancho
Nuevo, Texas, North Campeche, and South of
Rancho Nuevo were considerably worse in facilitat-

ing the migration (Table 2 and Fig. 4).
Nesting regions had significant differences in the

percentage of simulated Kemp's ridley that recruited
to the five defined foraging grounds (ANOVA two-
factor with replication F4> 180> 20,000, P< 0.0001,
for each nesting region). Out of all the simulated
turtles that reached coastal foraging grounds (regard-
less of the location from which they started), the

largest percentage recruited to coastal Texas
(52.8%), followed by Louisiana-West Florida

(33.9%), East Florida-North Carolina (12.9%),
Virginia-Nova Scotia (0.3%), and Campeche Bay
(<0.1%). Table 3 provides the distribution of

Kemp's ridley recruits by nesting region.

Discussion
Models of oceanic circulation indicate that the mi-

gratory success of young turtles (the percentage of
simulated turtles that quickly reach pelagic waters
and also successfully reach foraging grounds) is

highly variable across the Kemp's ridley nesting
range. Thus, from the standpoint of the ease with
which young turtles are likely to complete their ini-
tial migration, the different regions of coastline are
not equal.

Our analysis has provided an initial exploration of
the hypothesis that coastal areas where Kemp's ridley
turtles nest in high numbers represent locations
where offshore océanographie conditions are favor-
able to the migration of hatchlings. The lack of stan-
dardized nest counts across the Kemp's ridley nesting
range precludes a detailed quantitative analysis, but
recent estimates of the numbers of nests in different
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Modeling hatchling sea turtle migration 309

Table 2 Relative migratory success by nesting region (from

highest to lowest)

Overall
Reach Reach migratory Estimate

Nesting pelagic foraging rank of nest

region habitat grounds (Mean) abundance

Rancho Nuevo 1 1 1 3200-16,000

South Campeche 1.5 1 1.25 1-25

Veracruz 1 3 2 728-3675

North RN 4 4 4 0-0

Texas 6 4.5 5.25 55-325

North Campeche 7 4 5.5 0-0

South RN 5 7 6 201-1025

Nesting regions are ranked relative to one another from high (1) to

low (7) for each metric used to measure migratory success

(percentage of turtles that reach pelagic habitat within 4 days and

percentage of turtles that reach foraging grounds within 2 years).
See text for details. The overall migratory rank of a region

(determined by the mean of ranks) is in the fourth column. The final

column provides the range of recent estimates of abundances of nests

(Read et al. 2010).

Fig. 4 Bar graph showing estimated nest abundance for each

nesting region. Nesting regions are ordered from left to right

based on the degree to which oceanic conditions facilitate the

migration of young Kemp's ridleys (Table 2) (see text for details).
The region with the most favorable conditions is on the far left

and the region with the least favorable conditions is on the far

right. Abbreviations of nesting regions correspond to Fig. 1. Nest
abundance is taken from Read et al. (2010) with the minimum

estimated nest abundance of a region in black and maximum

estimated nest abundance in gray. Although there is presently
little nesting in South Campeche (SC), evidence suggests that

there might once have been a large nesting aggregation in this

area that was subsequently decimated by humans (Márquez 1994;
Guzman et al. 2007).

geographic areas (Read et al. 2010) suggest that, in

general, nesting is highest at locations with condi-
tions that most effectively facilitate successful migra-
tion, whereas less nesting occurs in regions where
successful migration is more difficult (Fig. 4 and
Table 2). The findings are consistent with the

hypothesis that patterns of nest abundance are influ-

enced, at least in part, by océanographie conditions
that facilitate or impede the migration of young tur-

tles. Moreover, patterns of nest distribution are likely
to be sustained over time by the natal homing of

adults, inasmuch as nesting locations that facilitate

the migration of young turtles to foraging grounds
lead to increased survival of juveniles, which in turn

leads to increased numbers of adults returning to the

same nesting locations where they themselves began
life.

Departures from the predicted pattern

Although océanographie factors that facilitate migra-
tion may influence which nesting beaches are used,
such factors by themselves are clearly insufficient to

account fully for the present distribution of nesting
in the Kemp's ridley. In at least two cases (South
Campeche and South of Rancho Nuevo), the

number of nests reported deviated from the pre-
dicted pattern. Interestingly, however, it is possible
that special circumstances explain each departure.

According to the metrics used in our model,
South Campeche possesses océanographie conditions
that facilitate both the offshore migration of young
turtles and their subsequent movement to coastal

foraging grounds. Nevertheless, this area has very
little nesting. Evidence suggests, however, that the

lack of nesting is a relatively recent development,
and that a large population once existed in this

area before it was nearly extirpated due to intense

harvesting of adults and eggs by humans (Marquez
1994; Guzman et al. 2007).

A second region that deviates from the predicted
pattern is South of Rancho Nuevo. This area ranked

among the worst in terms of metrics of migratory
success and thus, according to predictions, few tur-

tles should nest there. However, this area attracted
the third highest number of nesting turtles. Clearly,
additional or alternative factors must be important
in shaping the pattern of nesting.

South of Rancho Nuevo is immediately adjacent
to the largest nesting assemblage at Rancho Nuevo.
An interesting speculation is that some nesting in

this region might result from navigational errors by
adult Kemp's ridley turtles attempting to return to

Rancho Nuevo. If so, however, then it is unclear why
the errors are asymmetrical, inasmuch as consider-

ably more nesting occurs in the South of Rancho
Nuevo area than in the North of Rancho Nuevo
area. Conceivably, asymmetrical navigational errors

might occur if turtles imprint on the magnetic field

of the natal beach and then return to a slightly
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310 N. F.Putmanetöl.

Table 3 Mean percentages of simulated turtles that recruit to foraging grounds (columns) when starting from different nesting regions

(rows)

Nesting region Texas Campeche Bay LA-WFL EFL-NC VA-Nova Scotia

Texas 5.140 (1.500) 0.005 (0.002) 2.462 (0.373) 0.636 (0.109) 0.016 (0.005)

North RN 4.207 (1.387) 0.007 (0.003) 2.781 (0.526) 1.568 (0.482) 0.038 (0.014)

Rancho Nuevo 9.163 (2.790) 0.016 (0.007) 6.955 (1.240) 3.037 (0.822) 0.082 (0.025)

South RN 1.877 (0.655) 0.001 (0.001) 1.153 (0.187) 0.528 (0.149) 0.014 (0.006)

Veracruz 8.096 (1.330) 0.024 (0.009) 5.465 (0.254) 2.311 (0.612) 0.046 (0.015)

South Campeche 12.669 (1.510) 0.025 (0.009) 8.161 (0.866) 2.461 (0.527) 0.058 (0.021)

North Campeche 6.253 (0.595) 0.008 (0.005) 3.508 (0.382) 1.042 (0.274) 0.023 (0.008)

Means are based on simulations of four 2-year periods (2004-2006; 2005-2007; 2006-2008; 2007-2009). Values are represented as mean

percentage (95% CI).

different location because the earth's field has shifted
in their absence (Lohmann et al. 2008). Geomagnetic
modeling suggests that, over the past 400 years, adult

Kemp's ridley turtles attempting relocate Rancho
Nuevo after a 10-15 year absence would arrive at
Rancho Nuevo or slightly to the south if they im-

printed on magnetic inclination angle (Putman and
Lohmann 2008). Whether this occurs, however, is

not known.

Yearly variation in migratory success

In some of the geographic regions, migratory success
was relatively constant across the time period of our

analysis, but in other areas, it varied considerably
from year to year (Table 1). In general, the nesting
regions of Texas, Veracruz, South Campeche, and
North Campeche had relatively constant percentages
of recruitment for each of the four cohorts of hatch-

lings, both in terms of percentages reaching pelagic
habitat and percentages reaching coastal feeding
grounds. In contrast, year-to-year recruitment suc-
cess was more variable at the central nesting regions
(North of Rancho Nuevo, Rancho Nuevo, and South
of Rancho Nuevo). Whether the observed temporal
patterns are consistent features of the various regions
is not known. However, our findings do suggest
some promising avenues for future research.

For instance, averaged over the four periods sim-

ulated, the regions of Rancho Nuevo, South

Campeche, and Veracruz all had similar high recruit-
ment success to pelagic habitat and to foraging
grounds. However, recruitment success in different

periods was not constant. During certain periods of
limited duration, oceanic currents at Rancho Nuevo

transported exceedingly large numbers of young tur-

tles offshore and subsequently to foraging grounds
(Table 1). The most favorable conditions occurred

during the 2007-2009 simulation. During the 2007

hatching period, there was a well-developed
anti-cyclonic eddy directly offshore of Rancho
Nuevo, resulting in strong offshore movement of
simulated hatchlings (Fig. 5). In contrast, there was
an unusually poor period for recruitment to pelagic
habitat and foraging grounds during the 2006-2008
simulation. The océanographie cause seems to have
been a northward shift of a semi-permanent west-
ward flowing current (Fig. 5). Typically, this current
bifurcates to the south of Rancho Nuevo, resulting in
north-northeastward flowing water transporting
hatchlings offshore, but in 2006, this westward flow
was centered at Rancho Nuevo, directly opposing
offshore progress of turtles. In our model, this led
to very few turtles reaching pelagic habitat because

they were washed shoreward; the limited number of
turtles reaching the open sea in turn led to fewer

turtles recruiting to foraging grounds. We speculate
that the frequency of oceanic conditions that facili-

tate or impede the offshore migration of hatchlings
might be an important but previously overlooked
factor in the population dynamics of the Kemp's
ridley.

Modeled distribution of juvenile Kemp's ridley

In addition to exploring a possible relationship be-
tween nesting distributions and surface currents, our
results also provide insight into how currents might
influence the distribution of young Kemp's ridley
turtles across coastal areas. Our model recorded
which of the known foraging areas (Fig. 1) each sim-
ulated turtle encountered first (see Methods section).
The results provide a preliminary indication of the

geographic locations to which juvenile turtles may be
most likely to recruit (Table 3).

The vast majority of Kemp's ridley hatchlings
originate at Rancho Nuevo (Márquez 1994; Plotkin

2007; Read et al. 2010), and we have therefore
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Fig. 5 Surface current velocity inthe Gulf of Mexico based on HYCOM output. The location of Rancho Nuevo is marked by the thick

black line labeled "RN". Each image shows the state of surface currents at the beginning of the Kemp's ridley hatching season. (A)
Conditions on June 1, 2004; (B) Conditions on June 1, 2005; (C) Conditions on June 1, 2006; and (D) Conditions on June 1, 2007.

Typical flow off the coast of Rancho Nuevo appears to be north-northeastward, which results inoffshore transport of hatchlings (A, B,

D; see also Collard and Ogren 1990). The year inwhich the largest percentage of turtles reached pelagic habitat and foraging grounds
was 2007. Inthis instance, there was a well-developed anti-cyclonic eddy immediately offshore of Rancho Nuevo that resulted instrong
seaward movement of simulated hatchlings (see D). In contrast, the year inwhich the fewest turtles reached pelagic habitat and

foraging grounds was 2006. Westward flow directly opposed the offshore movement of simulated hatchlings from Rancho Nuevo,
which led to very few of the passively drifting particles reaching pelagic habitat (see C).
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limited our discussion to the simulation involving
this nesting region. Because the defined coastal for-

aging grounds (Fig. 1) vary in length from 490 to
1650 km, we standardized measures of recruitment

by calculating, for each of the five regions, the per-
centage of turtles that recruited per 100 km of con-
tinental shelf length (Fig. 6).

Simulated turtles from Rancho Nuevo most com-

monly reached the coastal waters of Texas (9.2% of
the total simulated turtles; 0.99% per 100 km of con-
tinental shelf). Fewer simulated turtles reached other
known foraging areas, including: Louisiana-West
Florida (7.0% of the total; 0.58% per 100 km), East
Florida-North Carolina (3.0% of the total; 0.20% per
100 km), Virginia-Nova Scotia (0.08% of total;
0.005% per 100 km), and Campeche Bay (0.02% of
total; 0.003% per 100 km).

These results are consistent with the descriptive
study by Collard and Ogren (1990), which indicated
that turtles embarking on their migration from

Rancho Nuevo would typically be transported off-

shore and to coastal locations along the Gulf and
Atlantic coasts of the United States. Our model
also appears consistent with the numerous accounts
of juvenile Kemp's ridley turtles inhabiting
coastal waters of the southeastern United States

(Carr 1957; Hildebrand 1982; Ogren 1989; Metz
2004; Geis et al. 2005). The results may also help
explain why no juvenile turtles have been found in

Campeche Bay despite seemingly suitable habitat

(Carr 1980; Márquez 1994).

Fig. 6 Graph of the mean percentage of simulated Kemp's ridley

hatchlings from Rancho Nuevo that recruit to known or

suspected foraging grounds. Measures of recruitment were
standardized by calculating, for each of the five regions, the

percentage of turtles that recruited per 100 km of continental

shelf length. Names of coastal foraging grounds correspond to

Fig. 1. Error bars represent the 95% CI of the mean. Bars marked

by different letters are significantly different (paired t-test,

two-tailed, P<0.05).

Implications for conservation

Our findings are consistent with the hypothesis that

patterns of nest abundance for sea turtles are strong-
ly influenced by oceanic conditions that promote, or

impede, the successful migration of young turtles.
Such considerations have important implications
for conservation efforts. For example, in a program
begun about 30 years ago, ^50,000 Kemp's ridley
eggs and hatchlings were relocated from Rancho
Nuevo to Texas (Márquez et al. 2005; Shaver and
Wibbels 2007). The goal was to establish a second
area where the turtles nest and thus avert the possi-
bility of a population collapse. Although there has
been much debate on the merits of this project, it

is now apparent that at least some of these "head-
started" turtles are returning to Texas to nest (Shaver
and Wibbels 2007). Our model suggests, however,
that conditions off the Texas coast are relatively
poor in terms of facilitating the migration of

young turtles (Figs 1 and 2), which might make it

difficult for a large population to become established.

Although protecting Kemp's ridley nesting across
Texas is certainly important to aid in the conserva-
tion of this critically endangered species, without
concurrent protection of the Rancho Nuevo and
Veracruz regions (that allow for high migratory suc-
cess and presently have high abundance of nests), the
efforts in Texas may be of limited value.

Additionally, attempts to predict the impact of
climate change on sea-turtles' nesting distribution

may benefit from a consideration of the migratory
requirements of young sea turtles, integrated with

previously studied factors such as beach temperatures
and coastal substrate. Furthermore, the océanograph-
ie modeling approach used in this study might be
useful for predicting the distribution of hatchling
and juvenile stages of other species of sea turtles.
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