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Successful conservation of endangered, migratory species requires an understanding
of habitat use throughout life stages. When dedicated scientific studies are difficult
to conduct, local expert knowledge can provide crucial baseline data to guide study
design and aid data interpretation. In 2008, fishers in El Salvador demonstrated that
eastern Pacific hawksbill sea turtles (Eretmochelys imbricata) —a population conservation
biologists considered virtually extirpated—use mangrove estuaries as nesting habitat
rather than open-coast beaches used by hawksbills in other regions. We confirmed
and amplified this observation by using fishers’ ecological knowledge to guide biological
sampling for stable isotope analysis to assess if eastern Pacific hawskbills use
mangrove-dominated estuaries as developmental habitats. We found that immature
hawksbills experience a pelagic stage and then recruit to estuaries at ~37 cm curved
carapace length, where they increase reliance on estuarine resources until they
approach adult sizes. This life history strategy makes them especially vulnerable to in-
water nearshore threats, and necessitates targeted expansion of conservation efforts
throughout the eastern Pacific. Our analysis also provides a model for integrating
traditional scientific approaches with local knowledge—a model that could yield crucial
advances in other understudied regions.

Keywords: Eretmochelys imbricata, habitat use, local knowledge, foraging ecology, fishers’ ecological knowledge,
mangrove estuary, stable isotope analysis

INTRODUCTION

Endangered species conservation efforts often focus on identifying key habitats or regions where
protection may achieve tangible and enduring benefits. It can take decades, however, to obtain
detailed scientific information on a population’s habitat and resource use, especially for rare
and critically endangered species most needing protection. For this reason, local ecological
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knowledge—learned from experience or cultural transmission
—can be especially valuable in conservation science and
management (Johannes et al., 2000; Drew, 2005; Haggan et al.,
2007; Ostrom, 2009; Virapongse et al, 2016; Wedemeyer-
Strombel et al., 2019; Kiszka et al., 2021).

Here, we use a combination of fishers” ecological knowledge
(FEK) and stable isotope analysis to study the habitat use of
eastern Pacific hawksbill sea turtles (Eretmochelys imbricata).
Sea turtles-including hawksbill turtles elsewhere in the world-
typically nest on sandy beaches along open coastlines. Hawksbill
turtles are pantropical and critically endangered throughout their
range (IUCN, 2018). Based on a lack of observations of nesting on
beaches, the eastern Pacific hawksbill population that ranges from
Mexico to Peru was thought to be on the verge of extirpation as
recently as 2008 (Gaos and Yariez, 2012). However, consideration
of FEK led to the scientific “re-discovery” of this population
in 2008 and the recognition that the population nests within
mangrove estuary habitats (Vasquez and Liles, 2008; Gaos et al.,
2010; Guzman Hernandez et al.,, 2010), a behavior previously
unheard of in sea turtles.

Since this discovery, multiple studies have suggested that
these mangrove estuaries are important habitats for hawksbill
adults for both nesting and foraging (Gaos et al., 2010, 2018;
Liles et al., 2015b). More than 70% of the ~700 nesting females
in the eastern Pacific population nest on shores within two
mangrove estuaries: Bahfa de Jiquilisco, El Salvador and Estero
Padre Ramos, Nicaragua (Gaos et al., 2017). Although it is likely
that mangrove estuaries also provide important habitat for other
stages in these hawksbills’ life cycle, the importance of these
habitats throughout the life cycle is poorly understood (Liles
et al., 2017; Gaos et al., 2018; Wildermann et al., 2018).

In this study, we employ a social-ecological systems approach
to address this question. We captured FEK through interviews to
initially identify the likelihood of extensive hawksbill dependence
on estuaries and secondarily to guide sampling of tissues
for stable isotope analysis. By combining these sources of
information, we were able to quantify the use of estuarine
resources in hawksbills as a function of body size (proxy for age),
revealing an estuarine developmental phase for this critically
endangered population. Additionally, our findings emphasize the
accuracy of FEK, and the importance of collaborating with local
experts to improve conservation output and efficiency, especially
in areas where humans and endangered species share critical
resources. Although the theoretical framing and methodological
structure used to obtain FEK data were published in Wedemeyer-
Strombel et al. (2019), the data themselves are analyzed for the
first time in the current study. When combined, FEK and stable
isotope data created a robust understanding of hawksbill habitat
use throughout these mangrove estuaries.

Stable isotope analysis has become a commonly used tool
in studies to identify habitat use by sea turtles (Hobson,
2008; Jones and Seminoff, 2013; Haywood et al., 2019), and
other cryptic marine species (Kiszka et al.,, 2021; Smith et al.,
2021). The basic premise of this approach is that the isotopic
composition of animal tissues mirrors that of their food and
water resources (Hobson, 2008), which can vary among habitats.
For example, mangroves have distinctly lower carbon isotope

(313C) values than phytoplankton because of the CO; limitation
in aquatic environments (Hunt, 1970; Herzka, 2005). In addition,
bacterial methanogenesis in anoxic sediments in mangrove
habitats strongly fractionates carbon resulting in low methane
813C, and by extension uptake of methane-derived dissolved
inorganic carbon by mangrove roots may also contribute to
relatively low 3'3C values observed in mangrove tissues (Hunt,
1970; Machiwa, 2000). Foraging in ecosystems where mangroves
contribute significantly to primary production is therefore likely
to result in a significant decrease in consumer tissue 3'3C values
compared to consumers foraging in open marine phytoplankton-
fueled habitats. We exploit these differences to infer to what
extent eastern Pacific hawksbills of each life stage use estuarine
mangrove habitats compared to oceanic habitats.

METHODS
Study Sites

This study was conducted at the two primary nesting localities
for hawksbills in the eastern Pacific (Gaos et al., 2010): Bahia
de Jiquilisco, El Salvador (13°13'N, 88°32’W) and Estero Padre
Ramos, Nicaragua (12°48'N, 87°28'W; Figure 1). Bahia de
Jiquilisco (635 km?) is a UNESCO Biosphere Reserve and the
largest mangrove estuary in El Salvador (MARN, 2014). Estero
Padre Ramos is much smaller (88 km?) and was declared a Nature
Reserve in 1983 (MARENA, 2003). Both sites are dominated by
red mangrove (Rhizophora mangle) that support artisanal fishing
communities and are threatened by the conversion of mangrove
forests to shrimp farms.

Informant Directed Semi-structured

Interviews

We conducted interviews in May and June 2016 in fishing
communities surrounding Bahia de Jiquilisco and Estero Padre
Ramos. These communities were chosen because they (1) have
been crucial in the scientific rediscovery of this population
(Vasquez and Liles, 2008; Gaos and Yaiez, 2012), (2) have
implemented sea turtle and habitat conservation initiatives for
at least a decade (Gaos et al., 2010; Liles et al.,, 2015a), and
(3) have strong cultural connections to hawksbills (Liles et al.,
2015a). The fishers work primarily within the estuaries, and can
provide important insights about within-estuary habitat use by
hawksbills based on personal experience. We asked 69 people
for an interview, and 68 total interviews were conducted (38 in
Bahia de Jiquilisco, 30 in Estero Padre Ramos). All informants
gave verbal consent prior to being interviewed, 62 informants
gave additional verbal consent to be recorded (34 in Bahia de
Jiquilisco, 28 in Estero Padre Ramos). The University of Texas
at El Paso Institutional Review Board approved all interview
practices (IRBNET ID 896427-1). For details on interview
methodology, please see Wedemeyer-Strombel et al. (2019) and
the Supplementary Materials.

Partially-Emergent Thematic-Analysis

To elucidate the themes throughout the FEK, the 62 recorded
interviews were translated, transcribed, and analyzed using a
partially-emergent-thematic analysis (Kincheloe and McLaren,
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FIGURE 1 | Map of the studly site locations: green circles represent successful turtle capture locations in Bahia de Jiquilisco, El Salvador, and pink triangles represent
successful turtle capture locations in Estero Padre Ramos, Nicaragua.

2005; Wedemeyer-Strombel, 2019). The appropriate conceptual
framework for analyzing interview transcripts emerged from a
synthesis of state-of-the art research on the involvement of lay
persons in conservation, rather than being determined a priori.
This emergent approach has been successfully used by social
scientists, especially when questions of sociological context were
central to an inquiry (Kincheloe and McLaren, 2005). During
initial interview processing, interviews were translated into single
units of meaning labeled as “utterances.”

Once the data were organized into utterances, a codebook was
developed to define four main knowledge categories and used
to train coders and assess intercoder reliability (Krippendorff,
2013). Coding was done using NVivo 10.0 qualitative software
(QSR International, Doncaster, Victoria, Australia). Depending
on fit, individual utterances were coded into zero, one, two,
three, and/or four categories (Supplementary Table1). To
ensure coder objectivity, coders independently coded ~20%
of utterances, and calculated intercoder reliability across all
categories with weighted Cohen’s kappa (0.98; Cohen, 1968). This
coding approach yields distinct themes (Table 1) that can provide
a more in-depth understanding and support ranking of the
FEK, analogous to a principle-component analysis in quantitative
studies. The knowledge themes that emerged through this

process (Peterson et al., 1994), were then organized into discrete
categories (Wedemeyer-Strombel, 2019) per Corbin and Strauss
(1990) and Kincheloe and McLaren (2005).

Turtle Capture

We used maps of hawksbill habitat use created exclusively from
FEK (Figures 1, 3 in Wedemeyer-Strombel et al., 2019) to target
locations for in-water capture of turtles for tissue collection. We
identified recommended locality points and created a 500-m-
radius buffer around them (Bolstad, 2012), as known hawksbill
displacement at these sites is generally <500m (Torres Gago
et al,, 2016). We conducted sampling surveys both within and
outside of the buffer areas to assess the effectiveness of FEK
in identifying critical foraging areas, and to reduce survey
sampling bias.

We identified turtles as immature when their curved carapace
length was between 30 and 65 cm following Liles et al. (2015b)
and Wildermann et al. (2018). Hawksbills were captured during
in-water surveys in Bahia de Jiquilisco (n = 99) and Estero
Padre Ramos (n = 74) from April 2016 to January 2017, and
December 2015 to December 2016, respectively (Figure 1). We
also sampled an additional 12 immature hawksbills that were
bycaught in nearshore fisheries within Bahia de Jiquilisco. For all
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TABLE 1 | Four major themes that emerged out of especially salient strands of

FEK.

Theme 1 Immature turtles are the most commonly seen size within both
estuaries

Theme 2 Hawksbills of all sizes are seen year-round within both estuaries

Theme 3 Ecological factors drive hawksbill estuarine use

Theme 4* Hatchling dispersal requires further analysis

“We did not sample hatchlings for SIA, thus theme 4 is beyond the scope of this studly.

turtles, we collected skin and carapace tissue samples for stable
isotope analysis after measurements and tagging were completed.
Skin of nesting females (n = 207) were sampled between 2008 and
2014 during monitoring patrols at both sites (Gaos et al., 2016).

Skin and Carapace Tissue Collection
Two ~6-mm-diameter skin samples were collected from the
shoulder region of each turtle (Gaos et al., 2016). We removed
underlying tissue from samples so that only the epidermis layer
was retained, which was stored in a saturated NaCl solution
until analysis.

Two 6-mm-diameter scute samples were collected from each
of the second vertebral scutes of the carapace (Reich et al., 2007),
which were stored in Whirl Pak™ bags with dry NaCl until
analysis. We collected scute samples using a novel drilling tool
derived from FEK (Wedemeyer-Strombel, 2019; Wedemeyer-
Strombel et al., 2019). Turtle scutes grow incrementally, allowing
assessment of change in isotopic composition over time within an
individual turtle (Palaniappan, 2007; Reich et al., 2007; Jones and
Seminoff, 2013). On the second lateral scute, oldest scutes were
sampled from a posterior site and youngest from an anterior site
(Reich et al., 2007). Specifically, we used this approach to assess
developmental shifts from pelagic to mangrove habitats, which
we hypothesized to be isotopically distinct between oldest and
newest scute layers (Supplementary Figure 1).

Prey Collection

Putative prey items based on FEK were collected from within
each estuary, including barnacles (Balanus sp.), red algae
(Rhodophyta), sponges (Axinella sp., Aplysina sp., and Geodia
sp.), as well as red mangrove roots, leaves, and seeds. These
samples were dried and stored in plastic bags or preserved in 70%
EtOH if too large for drying in the field.

We did not obtain isotope data of putative hawksbill prey
sources from nearshore pelagic habitats in the eastern Pacific
due to fieldwork and budget constraints. Rather, we rely on
research summarized by Herzka (2005) and Bouillon et al. (2011),
which indicates that pelagic- and mangrove-dominated estuarine
ecosystems in the eastern Pacific have distinct isotope values.
The mangrove-based putative prey that we sampled provided
a reference for estuary habitat/diet, and previously published
values of pelagically captured olive ridley turtles (Lepidochelys
olivacea; Peavey et al., 2017) and particulate organic matter
(POM; Trueman and St John Glew, 2019) were used as references
for offshore-non-estuary habitat and diet.

TABLE 2 | Mean (+SD) §'C, 8'°N (%0), and C:N values of putative prey items
collected from Bahia de Jiquilisco, El Salvador and Estero Padre Ramos,
Nicaragua.

Prey type n Mean $'°C  Mean §'SN Mean C:N
=+ SD (%o) =+ SD (%) +SD

Barnacle (Balanus) 12 -229+1.0 9.1 +1.1 3.7+04

Red mangrove 27 —28.6+1.6 -02+19 53.8 +24.8

(Rhizophora mangle)

Sponges (Axinella, 22 —28.1 £27 8.7+13 46+0.8

Aplysina, Geodia)

Stable Isotope Analysis

We collected both skin and scute samples, which were stored
in NaCl in the field for transport to the laboratory. In addition
to skin, we collected the top (oldest tissue) and bottom (newest
tissue) layers from the right marginal scute from a subset of
turtles (Bahia de Jiquilisco, n = 10; Estero Padre Ramos, n =
7; Supplementary Figure 1). Successive sea turtle scute layers
provide chronological ecological data (Reich et al., 2007; Vander
Zanden et al., 2010). We cannot assume an exact timeframe
represented by hawksbill scutes, therefore, we focused our
analysis on the oldest and newest scute layers, which show the
turtles’ chronological foraging history, even though exact time (in
years) is unknown.

Skin and scute samples were rinsed repeatedly over 2 days with
deionized (DI) water to remove any residual NaCl from storage.
Skin and scute samples were then lipid-extracted via three 24-h
soaks in a 2:1 chloroform:methanol solvent solution, followed by
thorough rinsing in DI water and dried via lyophilization for skin
or air-dried under the hood for scute. Finally, we weighed ~0.5-
0.6 mg of dried tissue (skin and scute) into tin capsules for S13C
and §!°N analysis.

Barnacles and sponges were rinsed but were not lipid extracted
as weight percent [C]/[N] ratios confirmed that the organic
(digestible) fraction of these potential prey is primarily composed
of protein. Mean (£SD) [C]/[N] ratios of barnacles (3.7 £ 0.4)
are within the theoretical range of pure protein (Table 2), while
sponges have higher mean (£SD) [C]/[N] ratios owing to their
high silica content and thus required larger samples to obtain
313C and §!°N values (see below). Barnacles were demineralized
in 0.5N HCI to remove inorganic carbon (carbonate). Samples
were then rinsed in DI water, lyophilized, and weighed into
tin capsules for 3'3C and 3'°N analysis. Barnacles, sponges,
and mangroves were weighed to ~0.4-0.6 mg, 1.0-3.5mg, and
~4-8 mg, respectively.

§13C and 3'°N values of turtle tissues and putative prey
samples were measured with a Costech 4010 (Valencia, CA)
elemental analyzer interfaced with a Thermo Scientific Delta
V Plus isotope ratio mass spectrometer at the University of
New Mexico Center for Stable Isotopes (Albuquerque, NM).
Isotopic results are expressed as § values, where 8'3C or 31°N =
(Rsample - Rytandard/Rstandard)> and Rsample and Rytandard are the
13C/12C or I>N/MN of the sample and standard, respectively. The
internationally accepted standards for §'*C and 8!°N values are
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Vienna Pee Dee Belemnite (V-PDB) and atmospheric nitrogen,
respectively, and units are parts per thousand, or per mille (%o).
Precision for 8!3C and 3'°N values was estimated by analysis of
internal protein standards; mean within run variation (SD) was
<0.2%o for both 33C and 8'°N values. We also analyzed the
weight percent carbon and nitrogen concentrations, reported as
[C]/[N], of each sample via comparison with protein standards
with known [C] and [N].

Statistical Analysis

The following statistical analyses were performed in R (R Core
Team, 2018). Linear regression models were run to predict §13¢C
values as a function of curved carapace length for immature
turtles (37-60 cm curved carapace length) for each site separately,
and for both localities together. Generalized additive models
(GAMs) were fit to 8!3C values as a function of curved carapace
length across the whole curved carapace length range at both
sites to account for the non-linear relationship; adding in location
as a covariate did not significantly improve the GAM. The two
most extreme turtle skin 8!*C values that we measured were
used to characterize tissue isotopic compositions associated with
foraging in nearshore marine (—16%o) and estuarine (—23%o)
habitats. These end member values are consistent with §*C
values of potential prey collected within estuaries (Table 2)
and published isotope data for nearshore marine ecosystems
(McMahon et al., 2011; Magozzi et al., 2017; Trueman and St John
Glew, 2019).

To aid visualization in Figure 2, we applied an offset of +4
per mil to primary production 8'3C values—measured mangrove
(this study) and modeled phytoplankton (Magozzi et al., 2017)—
estimating the combined effect of isotopic discrimination across
trophic levels, and tissue-specific isotopic discrimination. We
stress that isotopic discrimination between primary producers
and turtle tissues is unknown, thus our ecological inferences are
based on differences in the relative isotopic composition of turtle
tissues, rather than attempting to quantify resource use via a
mixing model.

The rate of change in proportional use of estuarine
resources as a function of turtle carapace length during the
transition between open coastal marine habitats and estuarine
resources was then estimated from the slope of the best-fit
linear model where y-axis units were scaled between 0 (no
use of estuarine resources) to 1 (complete dependence on
estuarine resources). The full range of measured data were
simulated using Monte Carlo resampling of linear models
including a 5% standard deviation around the predicted
$13C values.

We used ANOVA to compare mean $!°C and $!°N values
of prey items collected within the estuaries (mangroves,
barnacles, and sponges) using JMP 15 (SAS Institute Inc., 2019).
Normality checks were carried out and the assumptions were
met for the 8!°N prey data, but not for the 3'3C prey data.
Thus, we ran an ANOVA and Tukey-Kramer post-hoc test to
compare 3'°N means, and for 8'3C values we ran Kruskal-
Wallis Tests and did a non-parametric comparison using the
Wilcoxon Method.

RESULTS

Fishers’ Ecological Knowledge
Based entirely on FEK, we created the first-ever habitat use
map for hawksbills of all sizes (hatchling - adult) within our
study sites (Figures 1, 3 in Wedemeyer-Strombel et al., 2019),
which was used exclusively to guide our in-water capture and
sampling of turtles throughout both estuaries. In addition to
locality-specific information, thematic analysis of interviews (see
Methods) categorized FEK into four major themes (Table 1).
During interviews, fishers specifically mentioned seeing
juvenile turtles in the estuaries throughout the year, which
suggests that some immature hawksbills exhibit an estuarine
developmental phase. FEK states that ecological mechanisms
drive hawksbill estuarine associations, with food, safety (shelter),
and environmental factors (e.g., rocky substrate, tides, water
depth, and water temperature) emerging as the primary drivers.
Fishers were often specific in naming the diet of eastern Pacific
hawksbills, with barnacles (Balanus sp.) being the most common,
followed by red mangroves (see Supplementary Materials for
specific quotations). Further analysis of Theme 4 is beyond the
scope of this study. Further analysis of the FEK data can be found
in Wedemeyer-Strombel (2019), and the theoretical framework
and advantages to our collaborative approach to working with
the fishers can be found in Wedemeyer-Strombel et al. (2019).

Hawksbill Skin
We sampled a total of 392 hawksbills for $!1*C and 3'°N analysis
(Table 3), including 228 from in or near Bahia de Jiquilisco
and 164 from Estero Padre Ramos. Of these 392 turtles, 185
were captured in-water, of which 172 were immature turtles
(30-65cm curved carapace length, CCL) and 13 were adults
(>65cm CCL; Table 3). In Bahia de Jiquilisco, three of the 117
nesting adults were sampled twice on separate occasions. In
Estero Padre Ramos one immature turtle was sampled twice
and four nesting adults were each sampled twice on separate
occasions (Supplementary Table 2). The relationship between
skin 8'3C value and curved carapace length in the transition
period between 37 and 60 cm was best explained by a simple
linear model describing two-component mixing between the two
most extreme measured values taken as best estimates of end
member values. 3'3C and 8'°N values for immature hawksbill
skin (n = 172) decrease as CCL increases at both Bahia de
Jiquilisco (R* = 0.88, df = 116, p < 0.001) and Estero Padre
Ramos (R? = 0.86, df = 72, p < 0.001). Across all sampled non-
nesting turtles collected from both study sites (immature n = 172,
adult n = 13), both §!*C and $'°N values decrease non-linearly.
General additive models (GAM) of sea turtle CCL predicting
813C values as a function of CCL alone explained 72% of variance
in 313C values for Bahia de Jiquilisco turtles, and 55% of variance
in 8!3C values for Estero Padre Ramos turtles (Figures 2A,B).

A linear model predicting §!°C values in all immature turtles
as a function of CCL (R*> = 048, df = 156, p < 0.001)
suggests that immature turtles proportionally increase their
reliance on mangrove-based estuarine resources by ~4% on
average with each 1-cm increase in CCL (Figures 2A,B), or
40% for each 10-cm increase. This suggests that juvenile eastern
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Pacific hawksbills, with an average growth rate of 3.6 cm per year
(Llamas et al., 2017), are increasing their reliance on mangrove-
based estuarine resources by ~14.4% per year. Data from our
resampled turtles (Supplementary Table 2) reflected the same
increase in consumption of estuarine resources (indicated by
lower 8'3C values) with increased CCL.

Hawksbill Scute

We measured scute $'°C and 3N values of 17 turtles
(Figure 2; Supplementary Tables 3, 4) including 10
from Bahia de Jiquilisco and 7 from Estero Padre
Ramos. For each of the 17 scutes we analyzed four
scute layers to get a chronological history of turtle
habitat use. Layers 1 and 4 represented the oldest and
youngest  tissue, respectively  (Supplementary Figure 1;
Supplementary Tables 3, 4).

Across both sites, scute results corresponded with skin
results: 313C values decreased with increasing CCL, indicating
an increased reliance on estuarine food as turtles grew. These
results were further supported by scute tissue $8!°C values,
which decreased with turtle size (Figures 2C,D), consistent with
gradual increase in the use of mangrove estuary habitats as turtles
developed. The smallest turtles (<40cm CCL) had 813C values
indicative of pelagic resources across all four scute layers, with
their newest tissue generally having lower values than their oldest
tissue—suggesting the initial transition in the use of a pelagic-
to an estuarine-based foodweb. Turtles 40-50 cm CCL showed
further use of the estuarine food web, with values of <-20%o
for most recent scute tissue. The largest turtles (50-80 cm CCL)
had the lowest 3!C values, which remained consistent across
scute layers for most individuals, indicative of heavy reliance
on estuarine resources. Lastly, the scutes of turtles >65cm CCL

Frontiers in Conservation Science | www.frontiersin.org

6 December 2021 | Volume 2 | Article 796868


https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles

Wedemeyer-Strombel et al.

Endangered Sea Turtle Developmental Habitat

TABLE 3 | Summary of stable isotope analysis sample sizes by life history stage,
capture type, CCL mean, and range Total n = 392, Bahia de Jiquilisco (n = 228),
and Estero Padre Ramos (n = 164).

Sample size Life history Capture Mean CCL CCL range
stage(s) type (cm) (cm)
Bahia de Jiquilisco, El Salvador
12 Immature By-catch 37.6 14.8-44.2
93 Immature In-water 47.5 31.5-65.1
6 Adult In-water 77.8 65.1-90.5
117 Adult Nesting 84.8 71.5-98.0
Estero Padres Ramos, Nicaragua
67 Immature In-water 45.4 33.0-65.5
7 Adult In-water 76.8 72.9-85.4
90 Adult Nesting 81.9 70.0-98.0

showed a high degree of variation in 8!3C (Figure 2), consistent
with adults moving between estuarine and phytoplankton fueled
habitats (Table 1, Theme 2; Guzman Herndndez et al., 2010; Gaos
et al., 2012a,b,c).

Putative Prey

Mean (£SD) 8!3C and 8'°N values for putative estuarine prey
items are reported in Table 2. Mean 3'3C values for all prey types
were lower than —20%o, which is consistent with mangrove-
based food webs (Fry and Ewel, 2003; McMahon et al., 2011).
Mean 3'3C values for prey bulk tissues (mangrove, barnacles,
sponges) were significantly different (Chi square = 44.0571, p <
0.0001, df = 2). Mangrove had significantly lower 8!3C values
than barnacles (p < 0.0001) and sponges (p < 0.0001), although
813C values for the latter two prey types were not significantly
different (p = 0.42). Mean 3'°N values for prey types were
significantly different [F, 1) = 250.465, p < 00001]. Mangrove
815N values were significantly lower than those for barnacles (p
<0.0001) and sponges (p <0.0001); 81°N for the latter two prey
types were not significantly different (p = 0.81).

The 3'3C and 3N values of potential hawksbill prey
we collected from estuaries were ~8-10%0 and 10%o lower,
respectively, than those estimated for particulate organic matter
(POM) in the eastern Pacific (Trueman and St John Glew, 2019).
Further, immature hawksbills with the highest §!*C values, which
are assumed to primarily forage in pelagic phytoplankton-fueled
food webs (Figures 2A,B) had tissue 813C values similar to those
of olive ridley turtles captured off the coasts of El Salvador
and Nicaragua (Peavey et al.,, 2017). Together, these patterns
demonstrate that §!°C and 8!°N values were reliable tracers to
examine the use of mangrove vs. nearshore pelagic habitats in the
eastern Pacific Ocean.

DISCUSSION

Our results demonstrated how local ecological knowledge and
quantitative approaches such as stable isotope analysis can be

combined to provide multiple lines of evidence on important
conservation questions. In Wedemeyer-Strombel et al. (2019) we
detailed the theoretical framework and approach to collaborating
with local fishers. In the current study, we analyzed the
qualitative data collected through the collaborative interviews,
and integrated it with stable isotope analysis to explore how
and to what extent critically endangered hawksbill sea turtles
used mangrove habitats throughout their life cycle in the eastern
Pacific Ocean. While local fishers have known for generations
that hawksbills use these estuaries throughout their life cycles,
stable isotope analysis numerically supports this knowledge,
helping bring it to the light of biological conservation. Both
the FEK and tissue isotope data suggested that eastern Pacific
hawksbills utilizing mangrove estuaries experienced an early
pelagic stage and then recruited into mangrove habitats for
an estuarine developmental stage, before switching to a mixed
(estuarine and pelagic) strategy as adults (Table 1, Themes 1-
3; Figures 2A-D). Once immature turtles recruited into the
estuaries at ~37cm CCL, they transitioned from a pelagic
phytoplankton-based diet to an estuarine mangrove-based diet,
increasing their reliance on estuarine resources as they increased
in size (Table 1, Themes 1-3; Figures 2A-D). Once they reached
adulthood (>65cm CCL; Liles et al., 2015b; Wildermann et al.,
2018), some individuals continued relying on resources in
mangrove estuaries, while others foraged in pelagic nearshore
food webs or used a mixture of these habitats (Table 1, Themes
2-3; Figures 2A-D).

Although this pattern may not apply for the entire eastern
Pacific population (Llamas et al., 2017), the agreement in
our study between FEK and isotope results across the two
primary rookeries for this population suggest that this could
be a prominent regional trend, especially for hawksbills using
mangrove estuarine habitats. As such, we encourage the use of
similar approaches to study other known estuarine rookeries for
the eastern Pacific population (Gaos et al., 2017, 2018), and for
hawksbills found in non-estuary habitats.

The importance of mangrove estuaries as developmental
habitat for this imperiled sea turtle species could galvanize
public and stakeholder support for the conservation of these
habitats throughout the eastern Pacific region (Gaos et al,
2018). When Gaos et al. (2018) documented that turtles
transition from a pelagic to a nearshore existence (termed
natal foraging philopatry), they questioned what mechanisms
may be driving this transition. FEK and isotopic data reported
here showed a transition to, and dependency on, estuarine
food webs through immature life stages: supporting resource
availability as a potential mechanism driving natal foraging
philopatry (Table1, Themes 1-3; Figures 2A-D). Although
without direct observation, we cannot exclude the possibility
that some turtles foraged outside of the estuary, the FEK
results and lack of stable isotope values reflecting coastal prey
species suggests that this was an infrequent occurrence, if at
all. Hawksbills are thought to primarily forage and associate
with coral reefs (Wyneken et al., 2013); however, these habitats
in the eastern Pacific are small with a patchy distribution,
low species diversity, and are prone to disturbances (Cortés,
1997). In contrast, mangrove estuaries have an abundance
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of fish and invertebrate species (Ronnbick, 1999) and are
found throughout the population range for eastern Pacific
hawksbills. Similarly, resource availability is thought to drive
individuals of multiple sea turtle species and populations
[e.g., flatbacks (Natator depressus), leatherbacks (Dermochelys
coriacea), and eastern Pacific olive ridleys (Lepidochelys olivacea)]
to remain in particular habitats throughout their lives (Bolten,
2003).

Hawksbill size at recruitment reported in our study is of
particular importance, as the sizes of turtles first recruiting into
estuary habitats is consistent with turtles found bycaught in
artisanal fisheries off the coasts of El Salvador and Nicaragua
(Liles et al., 2017). Unintended capture of hawksbills in nearshore
eastern Pacific artisanal fisheries is believed to be the greatest
source of mortality for the population, with an estimated
minimum mortality of 227 hawksbills over a 3 year study (Liles
et al, 2017). A better understanding of the use of pelagic
nearshore habitats by small (<37 cm) hawksbills could help to
ensure that the population is not experiencing high mortality
within coastal fisheries. High mortality rates within these habitats
could reverse the positive impacts of extensive conservation
efforts currently underway to protect juvenile and nesting turtles
in mangrove estuary ecosystems.

The baseline data used to conduct this study were generated
through collaborations with local fishers in Bahia de Jiquilisco
and Estero Padre Ramos who have long recognized that
immature hawksbills utilize their mangrove estuary rookeries
for foraging (Wedemeyer-Strombel, 2019), a phenomenon that
has only recently been recognized in the scientific literature
(Torres Gago et al., 2016; Gaos et al.,, 2018; Méndez-Salgado
et al,, 2020). In our study, FEK data not only identified specific
foraging locations (Wedemeyer-Strombel, 2019; Wedemeyer-
Strombel et al., 2019), but also demonstrated why hawksbills were
foraging in these habitats. Isotope data corroborated the FEK
results, highlighting the value, and importance of incorporating
this under-utilized source of information early and often in
conservation efforts. Although we recognize that FEK or its
equivalent may not be available to all studies, neither is it
limited to this case or this species. The agreement between
our stable isotope results and the FEK elicited from our
interviews indicates that local knowledge was highly reliable and
suggests that it could provide previously unavailable baseline
data to jumpstart, and even guide, future conservation research.
Strategic integration of local knowledge with traditional scientific
methods has strong potential to simultaneously enhance
conservation research and strengthen public support for species
management in any situation where humans and wildlife rely on
shared resources.

The use of participatory approaches to research that actively
involve local fishers who live with hawksbills has important
implications for conservation. Because natural resource
management and environmental law enforcement are typically
weaker in low-income regions, primary resource users often
self-govern resource use in their local environment (Dietz et al.,
2003), such as local fishers in El Salvador and Nicaragua. This
local reality highlights the power and control local fishers wield
in determining the success or failure of hawksbill conservation

initiatives (Liles et al., 2015a) and underscores the importance of
partnering with local residents to reduce threats to hawksbills in
mangrove habitats, including boat collisions, destructive fishing
practices, plastic pollution, and deforestation. The spatially
restricted movement and foraging behavior of immature
hawksbills within mangrove estuaries offers a unique and
valuable conservation opportunity to focus protection efforts
on high-use areas (Gaos et al., 2012a). Livelihood incentive
programs that offer direct payments to local resource users
for conservation outcomes have been successful in El Salvador
and Nicaragua for protecting hawksbill nesting beaches (Liles
et al., 2019) and monitoring hawksbill bycatch in lobster gillnet
fisheries (Liles et al., 2017). These programs could be expanded
to incentivize hawksbill protection at key developmental areas in
Bahia de Jiquilisco and Estero Padre Ramos.

Our results provide a crucial link to guide future conservation
in the region: mangrove estuaries serve as both a critical rookery
and foraging ground for eastern Pacific hawksbills throughout
their development. We also document that some young eastern
Pacific hawksbills experience a pelagic stage and then recruit
into mangrove estuaries, and forage extensively within estuarine
food webs for several years as they transition to larger juvenile
life stages, finally adopting a mixed pelagic-estuarine foraging
strategy as adults (Table 1, Themes 1-3; Figures 2A-D). More
broadly, our results show the impact and validity of integrating
local ecological knowledge and quantitative scientific data. This
integrated approach potentially has broad applicability to the
many pressing conservation challenges in understudied regions
throughout the world.
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