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Abstract Identifying the relative importance of
various nursery areas is critical for understanding
the ecological roles of diverse juvenile habitats, as
well as for the sustainable management of fisheries
and coastal resources. Recent field collections sug-
gest that a portion of the bonefish (Albula vulpes)
population in South Florida may be using near-
shore estuarine habitats as nurseries. Nearshore
marine habitats are traditionally considered nursery
habitat for bonefish. However, the prevalence of
their reliance on lower salinity areas is not known.
To address this, we used otolith microchemistry
using laser ablation inductively-coupled plasma
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mass spectrometry to examine variation in Stron-
tium (Sr), a marker for salinity, and determine the
connectivity between estuarine and marine habitats
across the life of bonefish. Sr profiles from oto-
liths obtained in locations within South Florida
(SFL, N=40) and Southwest Cuba (SCB, N=10)
were compared using a juvenile-migration index
(JMI), and change point models to assess the gen-
erality of a shift in salinity and thus habitats
across life histories. Adult stages of bonefish oto-
liths collected in SFL and SCB locations showed
Sr concentrations connected to marine, high-
salinity environments. The JMI showed that a vast
majority of individuals (68.4% and 70% in South
Florida and Cuba, respectively) moved from low-
to high-salinity environments between juvenile and
adult stages. The change point models showed that
these shifts to high salinity environments occurred
suddenly (in 85% of those showing a low to high
salinity change), and early in life (after 2 years in
South Florida and after 4 years in Cuba) suggest-
ing an ontogenetic habitat change. This study pro-
vided evidence that bonefish use low-salinity estu-
arine environments as juvenile habitats, perhaps
more commonly than marine habitats. The reliance
on low-salinity environments suggests the potential
vulnerability of bonefish nearshore nursery habitats
to disturbances associated with coastal freshwater
discharges.

Keywords Strontium - Ontogenetic habitat shifts -
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Introduction

Flats fisheries across the Caribbean Basin are valuable
socioeconomic resources that are increasing in popular-
ity as a key component of ecotourism and conservation
practices (Ault 2008; Adams et al. 2014; Adams 2017).
Even though flats fisheries tend to be largely catch-and-
release in various countries (e.g., USA, Puerto Rico,
Belize, Bahamas), flats fisheries species are still harvest-
ed for subsistence in some regions, and their long-term
sustainability is concerning due to signs of stock decline
(Adams et al. 2014). Additionally, catch-and-release
fisheries that have seen a large increase in recreational
fishing effort combined with post-release mortality have
pushed the stocks toward an overfished condition
(Nelson 2002). In particular, there is increasing evidence
of a decline in bonefish (Albula vulpes) over recent
decades in South Florida (USA) (Larkin et al. 2010;
Frezza and Clem 2015; Santos et al. 2017;
Brownscombe et al. 2018). Despite the high economic
impact of the bonefish fishery to the South Florida local
economy, the availability of stock assessments and
bioecological studies are limited. Consequently, key
data on spawning and recruitment dynamics, habitat
use patterns, and life history remain unknown (i.e.,
data-limited fishery; Larkin 2011; Adams et al. 2014).
The lack of direct long-term scientific data on bone-
fish population dynamics in South Florida challenges
our ability to identify, with certainty, the main stressors
causing the decline of this population (Larkin 2011;
Santos et al. 2017; Brownscombe et al. 2018). Particu-
larly, spatiotemporal dynamics in juvenile bonefish
abundance, habitat use, and recruitment represent sig-
nificant knowledge gaps for the South Florida bonefish
(Larkin 2011; Brownscombe et al. 2018). Extensive
field sampling efforts in South Florida have only pro-
duced small collections of bonefish juveniles and larvae,
or have observed juveniles from the sympatric cryptic
species Albula goreensis, with many collections not
distinguishing between the two since this requires ge-
netic testing (Crabtree et al. 1996; Ault et al. 1999;
Harnden et al. 1999; Adams et al. 2007; Wallace and
Tringali 2010; Larkin 2011). In the Bahamas, juvenile
bonefish are common in leeward shallow sand flats
(Mojica et al. 1995; Layman and Silliman 2002; Haak
et al. 2018). However, other elopomorph species spawn
in offshore waters and recruit to estuarine inshore juve-
nile habitats (Adams et al. 2014), suggesting that bone-
fish juveniles in South Florida could potentially recruit
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to nearshore habitats with estuarine conditions (i.e., low
and variable salinity) and not exclusively to marine
leeward sand flats. This is supported by a handful of
recent observations of juvenile A. vulpes in estuarine
areas of Florida Bay (Haak and Wallace unpub data;
Santos and Rehage unpub data, Fig. 1a).

How important are these low salinity habitats to the
early life history of bonefish (Fig. 1b)? Understanding
early life history strategies (e.g., ontogenetic shifts) and
recruitment dynamics of bonefish is critical since the
quality and the connectivity to nursery habitats are ma-
jor determinants of the sustainability of adult fish pop-
ulations (Mumby et al. 2004; Meynecke et al. 2008;
Olds et al. 2012; Pittman et al. 2014; Nagelkerken
et al. 2015). For marine fishes, recruitment dynamics
have a dominant influence on the abundance and distri-
bution of adult populations (Doherty and Fowler 1994;
Cowen et al. 2006; Ligas et al. 2011), particularly for
bonefish (Klarenberg et al. 2018). In South Florida, it is
increasingly important to determine the reliance on
nearshore estuarine environment as recruitment and
nursery habitats for bonefish (Fig. 1) due to the persis-
tent and drastic alterations to freshwater inputs
(Browder et al. 2005; Rudnick et al. 2005; Madden
et al. 2009; Stabenau and Kotun 2012). Large portions
of nearshore coastal ecosystems have suffered state
shifts through altered salinity regimes (i.e., due to
changes in the timing, amount and quality of freshwater
input), and associated transformations in the submerged
aquatic vegetation (i.e., shifts in the composition and
dominance of benthic species). These state shifts have
been related to the loss in production and recruitment of
sportfish species, and reduced quality of nursery
grounds (Browder and Ogden 1999; Fourqurean and
Robblee 1999; Browder et al. 2005; Rudnick et al.
2005). Thus, the uncertainty about juvenile bonefish
recruitment in South Florida, their specific habitat re-
quirements, and sensitivity to habitat loss and degrada-
tion (Brownscombe et al. 2018) all highlight the need to
assess how the life history strategies of bonefish are
connected to estuarine vs. marine habitats (Fig. 1b).

Different technologies such as genetic coding
(Selkoe et al. 2008), acoustic telemetry, satellite
tracking (Hussey et al. 2015), and isotopic analy-
ses (Layman et al. 2012) have proven invaluable
to improving our understanding of habitat use and
connectivity, and fish stock structure. Additionally,
fish otolith microchemistry is increasingly being
used as a tool to improve our understanding of
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Fig.1 alllustration showing the distribution of juvenile and larval
bonefish collections in South Florida in relation to low salinity
environments (white squares). Shown are genetically confirmed
A. vulpes collections in recent (red) and earlier years (yellow). b
Bonefish have a pelagic marine larval stage and a benthic adult
stage in marine shallow flats habitats. However, it is unclear in

“#.Coastal
environments with
lower salinity ..

Adults

Ontogenic shift estuarine-marine?

Adult habitat
shifts?

South Florida whether post-larvae settles and develop in estuarine
or marine habitats (or both), and how much adults use shallow
habitats with estuarine salinity conditions. In this study, otolith
microchemistry allowed a first estimation of the relative impor-
tance of low vs high salinity habitats to the life history of bonefish
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fish populations by identifying movement patterns,
habitat connectivity, and essential juvenile habitats,
and by allowing us to reconstruct the life history
strategies of fishes (Campana 1999; Bath et al.
2000; Mateo et al. 2010; Morat et al. 2014).
Strontium (Sr) has been the most important trace
element to investigate patterns of fish habitat use,
especially to distinguish movement and habitat use
between low-salinity environments (e.g., freshwater
and estuarine habitats) and high-salinity environ-
ments (e.g., offshore and reef habitats, and hyper-
salinity basins; Campana 1999; Brown and Severin
2009; Albuquerque et al. 2012; Morat et al. 2014).
Studies have shown that otolith Sr levels generally
decrease from marine (high) to estuarine
(intermediate) and freshwater (low) environments
(Campana 1999). Sr has been deemed reliable for
habitat use studies because its concentration is
relatively stable within, but varies widely among
aquatic habitats, and because Sr is metabolically
inert (i.e., the newly-deposited material is neither
resorbed nor reworked after deposition) and is
highly abundant in water and otoliths compared
with other trace elements (Campana 1999; Brown
and Severin 2009; Reis-Santos et al. 2012).

In this study, we applied an otolith
microchemistry approach to the life history of bone-
fish to determine the relative contribution of estua-
rine nearshore habitats to the life of bonefish across
South Florida and Southwest Cuba. Thus, the goal
of this study was to examine Sr profiles in otoliths
to (1) determine the salinity environments of the
adult stage (Sr:Ca concentrations during the adult
stage) between different fishing locations in South
Florida and Southwest Cuba; (2) quantify changes in
the salinity environment across the life of bonefish;
and (3) if there is evidence of such salinity changes
along Sr profiles, identify the ages at which these
possible ontogenic habitat shifts may be occurring.
Furthermore, we compared Sr profiles in otoliths of
bonefish collected in South Florida and Southwest
Cuba to assess general recruitment strategies and
juvenile migratory patterns across the Caribbean
Basin, and identify variation in life history strategies
possibly associated with hydrological alterations and
management. The latter takes into consideration that
coastal watershed hydrology has been completely
transformed in South Florida, but relatively unal-
tered in Southwest Cuba.
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Materials and methods
Study domain

We conducted sampling in two regions in the Caribbean
basin: South Florida and Southwest Cuba (Fig. 2,
Table 1). In South Florida, the sampling concentrated in
Biscayne Bay, Florida Bay, and the Florida Keys (Fig.
2a); three main fishing areas/subregions of the Florida
bonefish fishery. Both, Biscayne Bay and Florida Bay are
shallow subtropical estuarine lagoons that are influenced
by the hydrodynamics of the Greatest Everglades Eco-
system watershed (Browder et al. 2005; Rudnick et al.
2005; Lirman et al. 2008). Biscayne Bay is located adja-
cent to the city of Miami, and Florida Bay at the southern
end of the Everglades National Park (Fig. 2a). Both bays
have nearshore, shallow fragmented seagrass seascapes
with meso- (5—18 ppt) and poly-haline conditions (18—
30 ppt) (Lirman et al. 2008; Larkin 2011; Santos et al.
2011; Hall et al. 2016) that could be suitable for bonefish
juveniles. However, altered freshwater flows associated
with freshwater management upstream have disturbed the
salinity regimes of both bays (Browder et al. 2005;
Rudnick et al. 2005; Lirman et al. 2008), potentially
putting these nearshore nursery habitats at risk.

The sampling in the Florida Keys concentrated in the
Upper Florida Keys (Key Largo to Lower Matecumbe
Key), Middle Keys (Long Key to the Seven Mile
Bridge), and Lower Keys (Seven Mile Bridge to the
Marquesas, Fig. 2a). For this study, areas on the ocean
(east) side of the Upper and northern part of the Middle
Keys were considered part of the Florida Keys, while
western areas were considered part of Florida Bay
(Frezza and Clem 2015). Unlike Biscayne Bay and
Florida Bay, nearshore and shallow habitats (e.g., lee-
ward sand flats) in the Florida Keys suitable for juvenile
and adult bonefish have a more stable euhaline marine
environment (30-35 ppt; Bricefio and Boyer 2012).

Bonefish collected in Southwest Cuba came from
fishing locations within San Felipe Keys (Cayo San
Felipe) and Zapata Swamp (Cienagas de Zapata; Fig.
2b, Table 1B). San Felipe Keys and Zapata Swamp
share some climatic, habitat and fishery conditions with
the locations sampled in South Florida. Both locations
have marine resources highly valued for tourism (e.g.,
scuba, hiking) and fishery activities (e.g., commercial,
recreational, sport), and which are protected and manage
by a National Park system and designated no-take zones
(Claro and Lindeman 2003; Perera Valderrama et al.
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Fig. 2 Map of the study domain in (a) South Florida and (b)
Southwest Cuba. Fishing locations in South Florida included:
Biscayne Bay (blue), Florida Bay (light blue), and the Florida

2017; Goulart et al. 2018). Similar to the influence of the
Everglades on Biscayne Bay and Florida Bay ecosys-
tems, the Zapata Swamp complex drainage system, the
largest in the Caribbean, influences coastal and marine
habitats that support high biodiversity (Perera
Valderrama et al. 2017). The Zapata Swamp national
park has an enforcement program, and there is a limited
bonefish catch-and-release recreational fishery in the
Las Salinas lagoon and other portions of Zapata Swamp
(Rennert et al. this issue). San Felipe Keys are a chain of
islands similar to the Florida Keys, characterized by
coastal lagoons associated with mangroves and soft
bottom with seagrass, and bordered by fringe and patch
reefs (de la Guardia et al. 2018). Bonefish in this region
is subject to subsistence fishing pressure (Rennert et al.
this issue) and reduced freshwater inputs (Baisre and
Arboleya 2006).

Keys (black and including the Upper, Middle and Lower Keys).
Fishing locations in Southwest Cuba included: Zapata Swamp
(blue) and San Felipe Cays (black)

Sampling and otolith processing

The otoliths samples used in this study were originally
obtained and processed by two previous bonefish aging
projects in South Florida (Larkin 2011) and Cuba
(Rennert et al. in this issue). Adult and juvenile bonefish
specimens were collected by numerous fishermen using
several sampling gears. Bonefish in South Florida were
obtained from tournaments, and fishers and guides op-
erating in Biscayne Bay, Florida Bay, and the Florida
Keys. We obtained bonefish samples collected between
2003 and 2010 (N =40) (Table 1A), but the majority of
the samples were collected on the last 2 years (> 50% of
the samples concentrated in 2008-2010, including col-
lections associated with mortalities due to the 2010 cold
event, Larkin 2011). In Cuba, we obtained bonefish
samples from fishers in local markets (N = 10) between
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Table 1 Details of otolith samples for: (A) South Florida and (B) Southwest Cuba, showing fishing locations, sample sizes (N), size ranges
and means (Fork length mm — FL mm), and age ranges and means (years - yrs)

Mean Size (FL mm) Age Range (yrs) Mean Age (yrs)

Region Location N Size Range (FL mm)
A) South Florida Biscayne Bay 16 378-718

Florida Bay 15 353-720

Florida Keys 9 303-716
B) Southwest Cuba  San Felipe 5 311-510

Zapata Swamp 5 289-400

619.0 4.0-8.7 8.7
493.8 2.0-5.5 5.5
607.3 3.0-8.8 8.8
419.0 5.0-6.0 6

3282 4.0-54 5.4

2016 and 2017, which primarily catch bonefish using
gill nets (Table 1B). For all samples, otoliths were
removed and stored until sectioned. The left sagittae
were then embedded in crystal polyester resin, and
transverse sections were cut through the cores using a
low-speed blade saw. Once mounted onto glass the cross
sections were used to age the specimens by counting the
number of annuli from the core (see Larkin 2011;
Rennert et al. this issue for additional details on otolith
processing and aging). All sample used in our study
were genetically confirmed to be A. vulpes.

Otolith microchemistry analysis

Elemental analysis for each otolith was conducted using
Laser Ablation Inductively-Coupled Plasma Mass Spec-
trometry (LA-ICP-MYS) at the Florida International Uni-
versity Trace Evidence Analysis Facility (http://teaf.fiu.
edu/). An Axiom J200 laser ablation unit (Applied
Spectra, Fremont, CA, USA) was utilized to digitally
draw transects (core to edge) and set laser settings while
an ELAN DRC II ICP-MS (Perkin Elmer, Waltham,
MA, USA) was used to identify and quantify elements
based on their atomic mass. LA-ICP-MS settings are
detailed in Table S1 (Supplementary Materials). The
ICP-MS instrument was set to start recording elemental
signals 20 s before ablation to account for the back-
ground noise that was later removed from the signal
strength calculation for each element. Calibration stan-
dards from the National Institute of Standards and Tech-
nology (NIST), Standard Reference Material (SRM)
610 and NIST SRM 612 (Trace Elements in Glass,
NIST, Gaithersburg, MD, USA), were used at the start
and conclusion of each lab session to adjust for any
instrumental drift. All signals were adjusted to remove
the background noise. Instrument sensitivity was
calculated following the equation modified by
McGowan et al. (2014) to include both SRMs:
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2

Where R4 ne10 and Ry ne1o are the average NIST SRM
610 and 612 signals for the element in question; Cy4 10
and Cyne12 represent the values taken from the respec-
tive SRM Certificate for the element; R;g is the average
value for Calcium; Rjgs19 and Rjgs1» are the average
NIST SRM 610 and 612 signals for Calcium; Cjgg10 and
Cise12 are the values taken from the respective SRM
Certificate for Calcium; and Cygg is the concentration of
Calcium in the otolith taken from FEBS-1 (National
Research Council Canada, Ottawa, Ontario, Canada).
Calcium was used for normalization of the analyte in the
equation due to the abundance of calcium naturally
found in otoliths (McGowan et al. 2014). The Sr con-
centration was then reported as mmol of Sr over mol of
calcium (Ca) (mmol/mol; referred to as Sr:Ca hereafter).

Data processing and statistical analysis

The first step in analyses was to relate distance in the
otolith to age. The distance-from-core of the ablation
laser transect (otolith radius) was related to the estimated
age of each bonefish (obtained from the previous aging
studies, Suppl. Mat. Fig. S1). A generalized additive
model (GAM) with a log link function and Gaussian
error distribution was used to estimate the bonefish age
as a function of the otolith radius (age-otolith radius
model hereafter) separately for the 40 South Florida
and 10 Cuban samples. The model was later used to
estimate the expected age of habitat shifts, and to clas-
sify the Sr:Ca concentration profile into age classes.
Based on the age and growth analyses performed in
Florida (Crabtree et al. 1996) and Cuba (Rennert et al.
this issue), the age at maturity used in this study was 4
years for Florida otoliths, and 1 year for Cuba otoliths.
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The Sr:Ca concentrations during the adult stage were
compared among sampling locations (within each re-
gion) through analysis of variance (One-way ANOVA).
A Tukey post-hoc test was used to assess pairwise Sr:Ca
differences among the South Florida locations, and a t-
test (Welch two sample t-test) to compare the two loca-
tions in Cuba. Thus, these tests were performed to detect
distinct patterns of habitat occupancy for adult bonefish
between South Florida and Southwest Cuba based on
salinity. Residuals diagnostic plots were used to assess
the assumptions of ANOVA and t-test, and the response
variable was log (+1) transformed to approach and
conform to the normal distribution assumption (Suppl.
Mat. Fig. S2-S3).

We then performed analyses to assess changes in the
salinity environment over the life of bonefish based on
significant changes in the otolith Sr:Ca profiles. First, to
identify significant salinity changes (i.e., estuarine <
marine habitats, Fig. 2b), the change of Sr:Ca concen-
tration from core (larvae/juvenile stage) to edge (adult
stage) (i.c., the slope of the Sr:Ca profile) was assessed
by fitting a linear model using generalized least squares
(GLS). An AR-1 autocorrelation structure was added to
the models to control for autocorrelation and avoid the
violation of independence due to the proximity and
sequential nature of the data points (see Zuur et al.
2009 for details). We used the GLS model output for
each otolith to create a juvenile migratory index (JMI,
sensu Albuquerque et al. 2012). For each bonefish, a
JMI was calculated by identifying the significance (o« =
0.01 - i.e., a larger alpha value considered to account for
atype 1 error) and direction of the slope coefficient (31)
(Suppl. Mat. Tables S2-S3). If the coefficient in the
model was not significant (p >0.01), the JMI was clas-
sified as “No Change”. If significant then, the JMI was
classified as either “Positive” or “Negative” depending
on the direction of the slope coefficient (= 3;). We were
interested in the Sr:Ca trends between the juvenile and
adult stage; thus, positive and negative values of JMI
were presumed to indicate ontogenic habitat changes
toward higher and lower salinities, respectively (i.e.,
juveniles moving from estuarine to marine conditions,
or adults moving to estuarine habitats, Fig. 2b). A Chi-
squared contingency table test (x2 test) was then per-
formed to assess for variation in the frequency of JMI
scores among locations and determine variation in these
possible habitat shifts in Cuba vs. South Florida.

Last, we used a breakpoint analysis to identify
ontogenic habitat shifts by quantifying abrupt changes

on the Sr:Ca profiles of those individuals classified with
either a positive or negative JMI. The breakpoint anal-
ysis helped to determine the distance-from-core at
which individuals presented major abrupt changes in
Sr:Ca signatures; interpreted here, as the age where
bonefish showed shifts between estuarine and marine
habitats. The breakpoint analysis was based on a change
point model (CPM) with a sequential change detection
approach (i.e., observations are processed sequentially;
Ross 2015). A generalized likelihood ratio test statistic
(GLR) was used to identify the significant breakpoints
(Ross 2015). We used the CPM results to quantify the
proportion of individuals with the presence or absence
of a significant breakpoint in their Sr:Ca profiles (e.g.,
indicative of abrupt or complete vs. gradual or partial
habitat changes).

Following the CPMs, we created a mean distribution
of distance-from-core values identified by the
breakpoint analysis (i.e., the distance-from-core where
a major shift in Sr:Ca is expected to occur) to identify
the age at which these breakpoints were observed. Due
to the limited sample size, we constructed these mean
distributions based on a bootstrapping procedure with
1000 replicates and with replacement (Davison and
Hinkley 1997; Canty and Ripley 2016). These
bootstrapped means (and upper and lower 95% confi-
dence levels) were then used to estimate the ages of
shifts in Sr:Ca concentrations by using the age-otolith
radius model (Suppl. Mat. Fig. S1).

All statistical analyses were performed in R v3.2.5 (R
Core Team 2017). The GLS linear model, change point
model and the bootstrapping were performed respec-
tively with the nlme (Pinheiro et al. 2017), cpm (Ross
2015) and boot (Canty and Ripley 2016) R packages.

Results
Adult Sr:Ca concentrations

Strontium concentrations measured in all otoliths were
above the detection limits, except for two South Florida
samples that we eliminated from further analyses. Thus,
we were able to use temporal trends in Sr:Ca concentra-
tions (Sr:Ca profiles) as a tool to assess ontogenic hab-
itat shifts in 38 South Florida and 10 Southwest Cuban
A. vulpes. Across all fishing locations and regions, Sr:Ca
concentrations at the adult stage were above 1.0 mmol/
mol (Fig. 3). However, there were significant
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Fig. 3 Mean Sr:Ca concentrations (mmol/mol £ SE) in bonefish
otoliths for adults compared across (a) South Florida fishing
locations (Florida Bay, Biscayne Bay, Florida Keys) and (b)
Southwest Cuba fishing locations (Zapata Swamp and San Felipe).

differences in adult Sr:Ca concentrations between the
fishing locations sampled in South Florida (ANOVA,
F. 33.064=17.66, p=2.31 x10"%) and Cuba (Welch t-
test, #;. ;29,=13.57, p=2.2x10""°). In Florida, fish
collected in both Florida Bay and the Florida Keys
showed a significantly higher Sr:Ca concentration than
in Biscayne Bay (Fig. 3a, Tukey test, p=1x 10"® and
p=3x 1076). In Cuba, the mean Sr:Ca concentration of
adults in Zapata Swamp, where freshwater inputs are
greater, was significantly higher than the mean concen-
tration in the San Felipe Keys (Welch t-test, #;. ;29> =
13.57, p=2.2x 107", Fig. 3b).

Juvenile migration index

The JMI was used to assess the direction of salinity and
thus habitat change (i.e., low < high salinity; estuarine
< marine habitats) between juvenile and adult stages.
Positive values of JMI were more frequent (68.4% and
70% in Florida and Cuba, respectively) than negative or
neutral (no change) values across all fishing locations
and regions (Fig. 4, Table 2), indicating a dominant
pattern of individuals shifting from low to high-salinity
environments between the juvenile and adult stage.
However, based on the chi-squared test, this proportion
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The letters mark significant groupings within the South Florida
fishing locations, while the asterisk demarks a significant differ-
ence between Cuban fishing locations

toward positive values was not significantly different
across fishing locations (Table 2, x2=0.2-3.57;
p<0.05), probably due to a low count in some
of the JMI scores (more than 20% of cells have an
expected count less than 5). A negative change
between the juvenile and adult stage was not de-
tected in any of the locations (Table 2, Fig. 4),
indicating a lack of movement from high to low
salinity environments.

Ontogenic habitat shifts

To identify habitats shifts, we considered only individ-
uals with a positive JMI in the breakpoint analysis (N =
33, Florida =26, Cuba = 7). The majority of these indi-
viduals showed a significant break point in their Sr:Ca
signatures (84.6% of Florida and 85.7% of Cuban sam-
ples respectively; Table 3). On average, the breakpoint
in Sr:Ca signatures on bonefish otoliths in South Florida
was detected closer to the otolith core (Table 4A,
Fig. 5a), and at lower Sr:Ca concentrations (Table 4A).
However, there was an overlap between the mean dis-
tributions of distance-from-core identified by the
breakpoint analysis, indicating similar Sr:Ca
breakpoints along the otolith.
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Fig. 4 Juvenile migration index (JMI) across fishing locations in
(a) South Florida and (b) Southwest Cuba. ‘Positive’ (black;
indicative of an increase in salinity through life) denotes signifi-
cant positive slope coefficients in the Sr:Ca profiles, while ‘No

Combining this information with the age-otolith ra-
dius model, we observed that the majority of individuals
manifested a habitat shift from a low to high salinity
environment after 2 (95% CI [1, 3]) years of age in
South Florida, and after 4 (95% CI [2, 8]) years of age
in Southwest Cuba (Table 4A, Fig. 5b). However, we
could not discern a significant difference in the age of
habitat shifts between Florida and Cuba as told by the
overlapping 95% confidence intervals (Fig. 5). Similarly

Table 2 Summary of the breakdown of changes in Sr:Ca concen-
trations used to develop a Juvenile Migratory Index (JMI) for (A)
South Florida and (B) Southwest Cuba. Slope coefficients from a
linear model (generalized least square) were fitted to each otolith’s

change’ (grey; indicative of constant or variable salinity through
life) denotes the number of nonsignificant slopes. No otoliths with
negative changes were observed (indicative of a decrease in salin-
ity through life)

in South Florida, the shift in Sr:Ca signatures did not
differ across fishing locations (Fig. 6, Table 4B). We
saw a trend in the mean of ontogenetic habitats
shifts, which occurred after 1 (95% CI [1, 2]) year
of age in Florida Bay, after 2 (95% CI [1, 2])
years of age in Biscayne Bay and after 3 (95% CI
[1, 6]) years of age in the Florida Keys, but
overlapping confidence indicated no significant
differences among these values (Fig. 6b).

concentrations to determine a negative, positive or no change in
Sr:Ca concentrations. Significant differences among frequencies
were tested with a chi-squared test (X2 and p.value) using obser-
vations per fishing location (n)

Region Location Juvenile Migratory Index n X2 p-value
Negative No Change Positive

A) South Florida Biscayne Bay 0 4 11 15 3.27 0.123
Florida Bay 0 7 9 16 0.25 0.812
Florida Keys 0 1 6 7 3.57 0.132

Total 0 (0%) 12 (31.6%) 26 (68.4%) 38

B) Southwest Cuba San Felipe 0 2 3 5 0.2 1
Zapata Swamp 0 1 4 5 1.8 0.365

Total 0 (0%) 3 (30%) 7 (70%) 10
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Table 3 (A) South Florida and (B) Southwest Cuba proportion of

bonefish individuals with and without a significant breakpoint in
their Sr:Ca signatures, indicative of an ontogenetic habitat shift

from lower to higher salinity environments. Breakpoints were
identified with a change point model using only the individuals
with a positive JMI

Region Location Breakpoint Presence? n
No Yes

A) South Florida Biscayne Bay 0 11 11
Florida Bay 3 6 9
Florida Keys 1 5 6

Total 4 (15.4%) 12 (84.6%) 26

B) Southwest Cuba San Felipe 1 2 3
Zapata Swamp 0 4

Total 1 (14.3%) 6 (85.7%)

Discussion of estuarine habitats for recruitment (i.e., nursery areas).

Juveniles of many marine fish species often recruit to
nearshore habitats where they reside and develop for
some extended time (months to years) before moving
and joining adult populations at offshore or marine
habitats (Beck et al. 2001; Gillanders et al. 2003;
Mumby et al. 2004). Thus, identifying the relative im-
portance of various nursery areas is critical for the
understanding of the ecological roles of diverse habitats
as well as for the sustainable management of fisheries
and other coastal resources (Mumby et al. 2004; Mateo
et al. 2010; Nagelkerken et al. 2015). However, for
many marine fish species, the life history strategies
and ontogenic shifts between nursery and adult habitats
are unknown, including for highly-valued recreational
species such as the bonefish (Larkin 2011; Adams et al.
2014; Brownscombe et al. 2018). In our study, we used
otolith microchemistry to reconstruct the life history
strategies of bonefish and assess the relative importance

Table 4 Mean (95% CI [lower, upper bounds]) Sr:Ca
(mmol/mol), distance-from-core (um) and bonefish age (years)
at which a ontogenic habitat shift is expected in (A) South Florida
and Southwest Cuba. Similarly, results for the fishing locations in
(B) South Florida: Biscayne Bay, Florida Bay and the Florida

Strontium concentrations of adult stages on the bonefish
otoliths were different across all locations in South
Florida and Southwest Cuba, but consistently higher
than the juvenile stage Sr:Ca concentrations. A
juvenile-migration index showed that a vast majority
of individuals (68.4% and 70% in South Florida and
Southwest Cuba, respectively) moved from low- to
high-salinity environments between the juvenile and
adult stage. The breakpoint analysis of the Sr:Ca profiles
showed that the in most samples (85%), the increase in
salinity was marked and occurred early in life, consistent
with an ontogenetic habitat shift. This shift was detected
between 2 and 4 years of age in both South Florida and
Southwest Cuba. These findings point to the reliance of
bonefish on two types of nursery habitats, estuarine and
marine nearshore habitats, but a greater reliance on the
estuarine habitats as juveniles.

These results increase our understanding of the pos-
sible bonefish paths of recruitment, and provide the first

Keys. Sr:Ca and distance-from-core values were obtained by
bootstrapping the change point model results. Age values were
obtained using an age and otolith radius generalized additive
model (Suppl. Mat. Fig. S1)

Region Sr:Ca Distance-from-core (pm) Age
A) South Florida 0.88 (95% CI[0.75, 1.00]) 2023 (95% CI [1430, 2601]) 2 (95% CI[1, 3])
Southwest Cuba 0.99 (95% CI1[0.82, 1.15]) 2721 (95% CI [1734, 3699]) 4(95% CI1[2, 8])
B) Biscayne Bay 0.81 (95% CI1[0.62, 0.99]) 2046 (95% CI [1199, 2894]) 2(95% CI[1, 3])
Florida Bay 0.88 (95% CI[0.69, 1.06]) 1556 (95% CI [707, 2399]) 1(95% CI[1, 2])
Florida Keys 0.99 (95% C1[0.69, 1.29]) 2680 (95% CI [1251, 4117]) 3(95% CI[1, 6])
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Fig. 5 a Mean distribution of distance-from-core indicating a
significant positive shift in Sr:Ca signatures and interpreted as
ontogenetic habitat shifts in South Florida (red) and Southwest
Cuba (black). Vertical lines indicate the mean distance-from-core

quantitative evidence of the connectivity of juvenile
nearshore estuarine habitats with adult marine habitats
for this species in the Caribbean Basin. Our findings
follow on a number of studies that have shown the utility
of otoliths Sr tracers to assess the life history strategies
and habitat linkages in fishes (Campana 1999; Brown
and Severin 2009; Albuquerque et al. 2012; Morat et al.
2014). For instance, Morat et al. (2014) used Sr (along
with Barium and isotopic analyses) to identify two type
of nurseries for the common sole in the Mediterranean
(brackish and marine/hypersaline environments), and
argue for habitat-integrated management of fisheries.
Albuquerque et al. (2012) used Sr profiles to establish
the estuarine-dependency of Whitemouth croaker early
in its life history (for 71% of marine-sampled fish), and
to identify the timing of estuarine egress at 2—4 years of
age. Also, similar to our study, Sr profiles of Pomatomus
saltarix showed a variety of life history patterns and
plasticity in the use of coastal and estuarine habitats in
Australia (Schilling et al. 2018).

While otolith chemistry is known to be reflective of
the surrounding water chemistry, including salinity, oth-
er factors such as temperature, growth rate, and

identified by the breakpoint analysis. We determined (b) the age of
this ontogenetic habitat shift in South Florida (red) and Southwest
Cuba (black)

ontogeny can potentially influence Sr uptake into the
otoliths (Brown and Severin 2009; Webb et al. 2012;
Izzo et al. 2018). All processes affecting ion transport
have the potential to affect otolith chemistry (Izzo et al.
2018). To date, however, no laboratory experiments
have been performed to disentangle the importance of
these factors on bonefish otoliths Sr uptake. Several
reared laboratory experiments have consistently shown
a positive correlation between otolith Sr and salinity
(Campana 1999; Rooker et al. 2004; Chen et al. 2008;
Izzo et al. 2018). Still, laboratory experiment results
could be influenced by the duration of the experiment
(i.e., exposition time), and the condition and growth rate
of specimens (Izzo et al. 2018). The opportunistic nature
of our sampling design also hindered our ability to
compare the otolith Sr:Ca concentrations to field salinity
measurements to confirm their relationship in bonefish
otoliths. At the same time, our Sr:Ca (mol/mmol) values
were lower than those of other studies that have used
this trace element to assess ontogenetic habitat shifts
between estuarine and marine habitats (Suppl. Mat.
Table S4). This inconsistency highlights the need for
follow-up studies to address how Sr in bonefish otoliths
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Fig. 6 a Mean distribution of distance-from-core indicating a
significant positive shift in Sr:Ca signatures and interpreted as
ontogenetic habitat shifts in South Florida fishing locations: Flor-
ida Bay (black), Biscayne Bay (dark grey) and the Florida Keys

respond to salinity and how other physiological or on-
togeny (e.g., diet shifts) factors may influence the Sr-
salinity relationship. However, our results do match
Sr:Ca values reported by a study on a South Atlantic
sciaenid, which demonstrated estuarine to marine habi-
tat shifts over ontogeny (Albuquerque et al. 2012;
Suppl. Mat. Table S4).

Despite these potential unaccounted sources of Sr
variation in bonefish otoliths, the overall Sr:Ca profile
pattern is consistent with other studies’ findings that
have identified ontogenic habitat shifts using this trace
element. In our study, 85% of the individuals showed an
abrupt change in their Sr:Ca from low to high values. As
observed in our study, the predominance of abrupt
changes (i.e., breakpoint) from low to higher Sr:Ca
concentrations have been successfully used by previous
work to determine habitat shifts between estuarine and
marine habitats, and determine the period of reliance on
estuarine habitats (Fablet et al. 2007; Brown and Severin
2009; Tabouret et al. 2011; Payne Wynne et al. 2015;
Rohtla and Vetemaa 2016). For instance, Payne Wynne
et al. (2015) used a regime shift analysis based on Sr:Ca
profiles to identify various migratory patterns of
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(grey). Vertical lines indicate the mean distance-from-core identi-
fied by the breakpoint analysis. We determined (b) the age of these
shifts lower to higher salinity in each location

blueback herring (Alosa aestivalis) in the coast of Maine
(USA). In addition, a recent review and meta-analysis
by Izzo et al. (2018) concluded that the Sr:Ca in fish
otoliths is mostly correlated with the element concentra-
tions of the surrounding water, with the strength and
variation of this relationship being influenced by other
intrinsic factors (e.g., growth rate, sexual maturation,
body condition). Thus, the positive JMI and abrupt
changes observed in our study are consistent with what
would be expected if bonefish switch from estuarine to
marine habitats (Fig. 2b). Moreover, the consistency of
the JMI patterns across the locations and regions, and
the observations of juvenile bonefish in nearshore hab-
itats with estuarine conditions (Fig. 2a), support the
premise that the Sr:Ca patterns observed here are related
to habitat changes across a salinity gradient and not to
other environmental or physiological factors.

The prevalence of positive slopes in Sr:Ca profiles
and the breakpoint analysis suggested that bonefishes
often observed on marine flats spend time as juveniles in
nearshore habitats with lower salinity conditions (i.e.,
estuarine habitats) and experienced marked ontogenetic
habitats switches. Other elopomorph species related to



Environ Biol Fish (2019) 102:267-283

279

bonefish (e.g., Tarpon, Megalops atlanticus and Lady-
fish, Elops saurus) also display ontogenic habitat shifts
involving nearshore habitats. For example, studies on
M. atlanticus otoliths and scales Sr:Ca concentrations
have successfully shown migratory patterns across es-
tuarine gradients, and the settlement and habitat use in
environments with diverse salinity conditions (e.g.,
freshwater, brackish, marine and hypersalinity
conditions; Brown and Severin 2008; Seeley et al.
2015; Rohtla and Vetemaa 2016).

The JMI patterns across all of the locations in South
Florida and Southwest Cuba (both “No Change” and
“Positive” JMI) also supported the notion that, like
many other species in the Caribbean, bonefish relay on
different nearshore habitats for nursery functions
(Nagelkerken et al. 2000, 2015; Grol et al. 2014). For
instance, our results indicated that a large portion of the
bonefish populations uses environments with lower sa-
linity at early ages (~70%) but, a considerable fraction
(~30%) of the populations use environments with sim-
ilar salinity conditions throughout their entire life-
history (Fig. 2b). Other otolith microchemistry studies
have also observed similar intra-specific variability in
juvenile habitat use and ontogenic habitat shifts (Brown
and Severin 2009; Morat et al. 2014; Rohtla and
Vetemaa 2016; Schilling et al. 2018). Multi-patterns in
habitat use and recruitment may indicate a bet-hedging
strategy — i.e., a form of diversification of activities
having the purpose of reducing risk through averaging
independent random events (Lauck et al. 1998). Spatial
asynchrony through bet-hedging may ensure that some
recruits are distributed across various spatial and tem-
poral states of environmental suitability (Lauck et al.
1998; Hsieh et al. 2006; Coates and Hovel 2014). This
strategy may be critical for the resilience of bonefish
populations, especially in South Florida, where near-
shore environments are dynamic and highly influenced
by natural and anthropogenic disturbances.

The higher Sr:Ca values in the otolith adult stage
agree with observed habitat use patterns of adult
bonefishes in marine environments (Adams et al.
2007, 2014; Murchie et al. 2013). However, there were
significant differences between adult Sr:Ca values
across locations in South Florida and Southwest Cuba
that may be associated with distinct hydrological and
habitat use patterns. For instance, the adult Sr:Ca values
in Biscayne Bay were lower than those of other loca-
tions. A portion of the bonefishing grounds in Biscayne
Bay is in shallow nearshore areas influenced by

freshwater canals (Larkin 2011), which may explain
these lower concentrations. In contrast, high salinity
regimes are prevalent in large portions of Florida Bay,
including recurrent, seasonal hypersalinity conditions
(Stabenau and Kotun 2012). In Southwest Cuba, the
Sr:Ca signatures were higher in the adult stage of the
individuals assigned to the Zapata Swamp Region, an
area with high freshwater discharge (Perera Valderrama
et al. 2017). The different locations where fishers col-
lected the samples or intra-specific fitness related to
bonefish habitat use are factors that could contribute to
the unexpected differences observed between the Zapata
and Felipe Keys adults Sr:Ca. Intra-specific variability
in Sr:Ca could be influenced by differences in diet and
fitness of individuals as discussed earlier (Izzo et al.
2018). This could be a possibility for bonefish, knowing
that the quality and quantity of freshwater discharges
have been associated with major transformations of
estuarine and coastal habitats by inducing habitat loss
and fragmentation, and by changing nutrient pathways
and physical properties of the water column (Browder
etal. 2005; Rudnick et al. 2005; Orth et al. 2006; Lirman
et al. 2014; Santos et al. 2015).

There is growing evidence that growth and reproduc-
tive development, in conjunction with salinity, can also
exert a major influence in the variance of otolith element
incorporation (Campana 1999; Stanley et al. 2015;
Sturrock et al. 2015). An age-length study performed
in Cuba determined that bonefish sexually mature ap-
proximately at 1-2 years of age, and determined that
individuals grow to smaller sizes and mature earlier than
in South Florida (Rennert et al. this issue). Also, within
South Florida, there are differences in bonefish size
distribution among fishing locations, potentially illus-
trating a growth rate differentiation at the local scale.
The trend for regional and local variability in the timing
of ontogenetic habitat shifts detected could have been
associated with this difference at the local and regional
scale in growth rate and age/size at maturity. Differences
in maturity and growth rate can be influenced by
fisheries-induced evolution (Olsen et al. 2004) and by
environmental controls on the quality and quantity ma-
rine habitats (McManus and Travis 1998; Froeschke and
Stunz 2012; Yeager et al. 2012). Furthermore, these life
history parameters can influence how long fish species
depend on or benefit from nursery habitats and areas use
for shelter (i.e., exposure time; Gillanders et al. 2003;
Claudet et al. 2010; Grol et al. 2014; Nagelkerken et al.
2015), and the extent of protein synthesis that influence
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the amount of the trace elements that is incorporated into
the blood (Campana 1999).

The expected age of egress from habitat with lower
salinity observed in our study points to a suite of poten-
tial risk factors associated with estuarine nearshore dis-
turbances. Especially, risk factors associated with fresh-
water discharges such as nutrients, pollution, and con-
taminants. Restoration efforts in South Florida are on-
going to reestablish natural flows and minimize algal
blooms, hypersalinity, and seagrass die-off events in
coastal habitats (Browder et al. 2005; Rudnick et al.
2005; Kelble et al. 2013; Hall et al. 2016). Estuarine
habitat conditions associated with freshwater deliveries
may influence bonefish, especially juveniles, by affect-
ing factors that control individual fitness (e.g., quality
and quantity of food), shelter quality (e.g., patch com-
plexity, habitat fragmentation), and predation rate and
seascape of risk (Grol et al. 2011; Santos et al. 2011,
2018; Nagelkerken et al. 2015). We believed that the
results of our study are important to lay the foundation
for future research studies on bonefish ecology.
Specifically, the results provide evidence that the
health of bonefish fisheries in South Florida (and
in the Caribbean) may be strongly linked to fresh-
water management and Everglades restoration ef-
forts than previously anticipated.

In summary, this study provided evidence that bone-
fish in South Florida and Southwest Cuba use low-
salinity waters associated with estuarine conditions, es-
pecially during juvenile and subadult stages. The ma-
jority of studies performed to assess the distribution of
bonefish post-larvae and juveniles have concentrated on
leeward sand flats and shallow marine lagoons (Larkin
2011; Brownscombe et al. 2018). However, the results
of this study highlight the importance of including near-
shore estuarine habitats in future sampling efforts for a
complete assessment of bonefish nursery habitats and
recruitment events. Future steps of this study should
consider other trace elements, such as Barium and Zinc,
that also indicate habitat shifts (Morat et al. 2014;
Sturrock et al. 2015; Izzo et al. 2018), and contrast
otoliths trace elements between young-of-the-year and
adults collected across salinity environments (e.g., Sr:Ca
profile analysis of young-of-the-year vs adults; Tabouret
et al. 2011; Albuquerque et al. 2012; Morat et al. 2014).
In addition, future steps should identify distinct water
fingerprints using trace elements to resolve the impor-
tance and identity estuarine habitats, and examine how
different habitats are proportionally used across
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bonefish age classes and sub-populations (e.g., Lara
et al. 2007; Mateo et al. 2010; Morat et al. 2014). The
spatial discrimination between adult and juvenile bone-
fish habitats should be a priority for the conservation of
this species; especially in South Florida, where the
quality of the flats fisheries and the stability of nearshore
habitats are highly interconnected with freshwater man-
agement decisions associated with the confounding
pressure of population growth and climate change.
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