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Abstract Trace element and 87Sr/86Sr isotope analyses
of fish pectoral fin rays offer non-destructive methods
for determining habitat use. In this study, water and fin
ray samples were analyzed for Gulf Sturgeon Acipenser
oxyrinchus desotoi from the Choctawhatchee River
Basin (FL and AL, USA) and compared with reference
samples from Atlantic Sturgeon A. o. oxyrinchus held at
controlled salinities (0, 10, 33 ppt). Samples were ana-
lyzed using inductively coupled plasma mass spectrom-
etry, with a multi-collector for 87Sr/86Sr. In water, Sr, Ba,
Mn and Zn differed between freshwater and saline hab-
itats, with increases in Sr and decreases in Ba, Mn and
Zn. 87Sr/86Sr decreased upstream to downstream with
lowest values in saline habitats. In the reference study,
water trace element concentrations and 87Sr/86Sr
corresponded to those in pectoral fin rays. 87Sr/86Sr
was higher in pectoral fin ray than water, due to influ-
ence of diet, which differed with salinity. In wild fish,

trace elements in pectoral fin rays indicated freshwater
emigration to saline habitats primarily occurred in the
second to third growth zone with some heterogeneity in
the population (4% <0.3 years, 39% 0.5–1.3 years, 39%
1.5–2.3 years, 17% 2.5–3.3 years). Analyses of
87Sr/86Sr indicated initial locations of Gulf Sturgeon
were in the middle river, with few fish in the upper or
lower river. Most (74%) juvenile Gulf Sturgeon utilized
more than one river region prior to freshwater emigra-
tion and 48% moved upstream temporarily based on
increased 87Sr/86Sr. After initial freshwater emigration,
fish utilized lower-river to saline habitats. Collectively,
these studies demonstrate the usefulness of trace ele-
ment and 87Sr/86Sr analyses in sturgeon pectoral fin
rays.
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Introduction

Field-based assessments of habitat use by fishes may be
limited by species rarity, difficulty in sampling certain
habitats, fish size and cost. Such challenges are particu-
larly exacerbated at early life history stages. Trace ele-
ment analysis of calcified structures has been used to
retrospectively identify movements and habitat use, par-
ticularly in anadromous fishes (Elsdon and Gillanders
2003; Nelson et al. 2013). Calcified structures incorpo-
rate trace elements from the environment with calcium
as fish grow, and chemistry changes can be related to
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fish age (Campana 1999; Elsdon et al. 2008). This
technique has primarily been applied to otoliths, which
are relatively inert (Campana 1999), but can also be
applied to other calcified structures such as scales and
fin rays (Clarke et al. 2007; Allen et al. 2009; Altenritter
et al. 2015).

Sturgeons are an imperiled group of long-lived fishes
(Birstein 1993), and the use of structures such as fin rays
is particularly beneficial due to their non-lethal collec-
tion (Collins and Smith 1996; Nguyen et al. 2016).
Further, these structures are frequently collected in pop-
ulation monitoring studies for ageing purposes (Nelson
et al. 2013) and are frequently easier to age than otoliths
(Stevenson and Secor 1999), although accuracy may
decrease in fish >14 years of age (Bruch et al. 2009).
Early life history stages of most sturgeons are difficult to
sample in their natural environments and as a result,
they are poorly understood, with particular uncertainty
in early freshwater habitat use and timing of seawater
entry (Secor et al. 2002). In sturgeons, trace element
analyses of pectoral fin rays have been used to deter-
mine the timing of seawater entry in Green
A. medirostris (Allen et al . 2009), Russian
A. gueldenstaedti (Arai et al. 2002), and White
A. transmontanus (Veinott et al. 1999) Sturgeons and
predict natal origin within freshwater in Shovelnose
Scaphirhynchus platorynchus, Pallid S. albus and Lake
Sturgeons A. fulvescens (Phelps et al. 2012, 2016).
Studies have also shown the usefulness of these tech-
niques in Atlantic Sturgeon A. oxyrinchus oxyrinchus
(Stevenson and Secor 1999; Balazik et al. 2012) and
using scutes in Shortnose Sturgeon A. brevirostrum
(Altenritter et al. 2015). The validation of trace element
techniques in sturgeons using reference conditions has
been conducted in several studies (Allen et al. 2009;
Balazik et al. 2012; Phelps et al. 2012; Altenritter et al.
2015; Carriere et al. 2016), few of which utilized mul-
tiple salinities to represent a range of environmental
conditions. Further verification is needed, particularly
considering the potential physiological regulation of
certain trace elements (Sturrock et al. 2015; Loewen
et al. 2016).

Another technique, the analysis of strontium (Sr)
isotopes, has been used in recent years to aid in identi-
fication of natal spawning areas (Hobbs et al. 2007,
2010). Sr is incorporated into bedrock and released by
weathering processes. In freshwater drainages it has
been measured at constant ratios spanning season and
year (Kennedy et al. 2000). The four naturally occurring

isotopes of Sr differ in relative abundance: 84Sr (0.56%),
86Sr (9.87%), 87Sr (7.04%) and 88Sr (82.53%) (Capo
et al. 1998). 87Sr is formed by the slow radioactive decay
of 87Rb, allowing concentrations of 87Sr to be related to
age and type of bedrock (Capo et al. 1998). In contrast,
concentrations of 86Sr do not change by radioactive
decay and are relatively stable in many environments
(Capo et al. 1998). The ratio of 87Sr/86Sr is characteristic
of freshwater rivers and within river reaches due to
differences in bedrock material, whereas oceanic
87Sr/86Sr is relatively homogenous (Capo et al. 1998).
Calcified structures in fishes have been shown to relate
closely to water concentrations of 87Sr/86Sr (Ingram and
Weber 1999; Kennedy et al. 2000), with similar ratios
found in otoliths, scales and vertebrae (Kennedy et al.
2000). Studies have primarily examined 87Sr/86Sr in
otoliths although a recent study described methodology
for reliable analyses in structures such as sturgeon fin
rays (Willmes et al. 2016). Analysis of 87Sr/86Sr has
particular application to freshwater and low salinity
habitat use (Milton and Chenery 2005; Hobbs et al.
2010; Chase et al. 2015; Hodge et al. 2016).
Therefore, Sr isotopes offer a means to evaluate use of
freshwater river reaches, as long as bedrock and corre-
sponding water signatures are differentiable with river
location or distance. This technique has recently been
validated in reference groups of sturgeon held under
controlled freshwater conditions (Sellheim et al. 2017),
and Sr metabolism of sturgeon indicates the pectoral fin
ray is a useful structure for assessing Sr due to accumu-
lation and long-term retention (Carriere et al. 2016).
However, no studies have documented longer-term val-
idation (> 3 months) of this technique with sturgeons
nor evaluated the effects of salinity.

The Gulf Sturgeon (A. o. desotoi) is an imperiled
species endemic to the northern Gulf of Mexico (Ross
2001), and has a different genetic stock structure and
geographic distribution than a closely-related sub-spe-
cies, the Atlantic Sturgeon (A. o. oxyrinchus), which
occurs along the Atlantic coast (Waldman et al. 2002).
Early life history habitat use within freshwater and the
timing of emigration to saline habitats are not well
known. Few studies have located first year juveniles,
with limited evidence indicating freshwater habitat use
spans a broad length of a natal river (Sulak and Clugston
1998), similar to predictions from laboratory early dis-
persal studies (Kynard and Parker 2004). Juveniles are
thought to first emigrate from freshwater to saline hab-
itats late in their first year of life (Sulak and Clugston
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1998). Habitat use thereafter includes winter use of
saline habitats such as estuaries (Fox et al. 2002;
Hightower et al. 2002; Sulak et al. 2009) and offshore
island regions (Ross et al. 2009). Juveniles and adults
return to freshwater habitats where they apparently seek
thermal refuge from warm saline habitats during sum-
mer months (Hightower et al. 2002). Adults move up-
river to spawn in the spring, but there has been limited
success in locating actual spawning locations (Fox et al.
2000).

Restoration plans for this species necessitate identi-
fication of habitats important to different life history
stages, such as for spawning, early life history growth,
holding or resting, and foraging. The Choctawhatchee
River System in Florida and Alabama, USA, provides
an excellent model to evaluate habitat use using trace
element and Sr isotopic techniques, due to the relatively
simple system consisting of two distinct branches of the
main river, a long drainage (> 200 km), and an estuary
terminating at the northern Gulf of Mexico. The identi-
fication of habitat use at juvenile life history stages and
adult spawning regions contributing to recruitment of
juveniles would be beneficial to guiding restoration for
this species. Therefore, the goal of this project was to
determine past habitat use of early-juvenile to adult Gulf
sturgeon through trace element and Sr isotopic analyses.
Objectives were to quantify trace element concentra-
tions and Sr isotope ratios within the Choctawhatchee
River System, validate the use of pectoral fin rays of
Gulf Sturgeon for trace element and Sr isotope analysis
using reference studies, and analyze wild Gulf Sturgeon
pectoral fin rays and develop retrospective habitat use
based on these techniques.

Methods

Water sample analysis of the Choctawhatchee River
System

Water samples were collected throughout the
Choctawhatchee River System (FL and AL, USA) dur-
ing July 2015, ranging from the limits of accessibility to
sturgeons in the upper reaches to its confluence with the
ocean (Fig. 1). The drainage basin has two main river
arms, the Choctawhatchee River to the east and the Pea
River to the west, meeting near Grenada, AL. After the
confluence, the Choctawhatchee River flows approxi-
mately 150 km until it empties into a large estuarine

region, Choctawhatchee Bay, and then into the Gulf of
Mexico near Destin, FL. This river system serves as an
excellent model to test the efficacy of trace element
techniques for Gulf Sturgeon due to its moderate size,
discrete location, and existing information base on Gulf
Sturgeon.

Water samples were acidified to pH <2 using 16 N
trace element grade nitric acid (Fluka TraceSelect,
Sigma Aldrich, St. Louis, MO, USA), filtered (0.45
um, VWR, Radnor, PA, USA) and stored at 4 °C prior
to analyses. Water samples were evaluated for trace
elements using solution inductively coupled plasma
mass spectrometry (ICPMS) to determine the elements
with the greatest changes between freshwater, estuarine
and oceanic areas. Due to differences in concentration,
freshwater samples were diluted 5 times and seawater
samples were diluted 10 times for determination of
208Pb, 55Mn, 66Zn, and 137Ba, and 2000 times for
44Ca, 26Mg, and 86Sr, and measured separately.
Sample and standard preparation were conducted in a
laminar flow hood using ultra high purity nitric acid
(Optima grade A467, Fisher Scientific) and Milli-Q
deionized water (18.2 MΩ). A Thermofinnigan
Element2 Sector Field ICPMS with Cetac SX-100
autosampler was used, with wash time of 60 s, take-up
time of 120 s, argon as the sample, cooling, auxiliary gas
and 4 runs/10 passes for low resolution elements and 3
runs/10 passes for medium resolution elements.

Water samples were also analyzed for Sr isotopic
(87Sr/86Sr) changes using a multi-collector ICPMS fol-
lowing methods by Willmes et al. (2016). For determi-
nation of 87Sr/86Sr in water samples, a multi-collector
(MC) ICPMS instrument was used (Nu Plasma HR, Nu
Instruments Ltd., Wrexham, UK). Samples were intro-
duced with a desolvating nebulizer system (DSN-100),
and computer software (Nu Plasma v. 1.4.2011) calcu-
lated twice the standard error (SE) from the baseline as
the detection limit and also identified outliers. Detectors
(sapphire-cased graphite to gold contact faraday cups
amplified by 1011 Ohm feedback resistors) were main-
tained in a pressure and temperature controlled environ-
ment and calibrated every 24 h. 87Sr/86Sr data were
internally normalized by the measured 86Sr/88Sr ratio
relative to the ratio of natural abundances of 86Sr and
88Sr: 0.1194. 85Rb was measured to correct for the
potential of small amounts of 87Rb present following
Willmes et al. (2016). NIST SRM 987 (Sr carbonate)
was analyzed every 6 analyses, and a correction factor
was applied to data based on the difference from the
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established value of 0.710249 (Housh and McMahon
2000). Marine coral was used as an in-house standard.

Fin ray trace element analysis

Gulf Sturgeon fin rays were collected by gill net sets,
following Fox et al. (2002), from the Choctawhatchee
River, FL on October 13 and 14, 2011 near river km 40,
in collaboration with Dr. Stephania Bolden (National
Oceanic and Atmospheric Administration) (Fig. 1).
Sections (1–2 cm) of the leading pectoral fin ray were
collected near the point of articulation using a coping
saw from 24 fish ranging from juveniles of approxi-
mately 1 m in total length to adults approaching 2 m in
length, with juveniles and adults based on size classes
identified by Sulak and Clugston (1999).

To better understand relationships between trace ele-
ment and isotope concentrations in water of varying
salinity and pectoral fin rays of wild Gulf Sturgeon, fin

ray samples were collected from Atlantic Sturgeon
maintained at known salinities. Due to the unavailability
of Gulf Sturgeon from restrictions imposed by US en-
dangered species status, Atlantic Sturgeon were used as
a reference species. It is important to note that Atlantic
and Gulf sturgeon are two sub-species of A. oxyrinchus
and so it is reasonable to assume metabolism of Sr
isotopes would be the same in both sub-species.

Atlantic Sturgeon were first generation progeny of
wild broodstock obtained from the Bears Bluff National
Fish Hatchery, Wademalaw Island, SC, in collaboration
with the Warm Springs National Fish Hatchery, Warm
Springs, GA. Fish were transferred to the Mississippi
State University South Farm Aquaculture Facility. Fish
were held for approximately one year in fresh water
(flow-through well-water) and then transferred to
recirculating systems with either fresh water (0 ppt),
brackish water (10 ppt) or seawater (33 ppt) for approx-
imately 5 months as described by Allen et al. (2014).

Fig. 1 Water sampling locations
(dark circles) and fish sampling
location (star) in the
Choctawhatchee River Basin and
river distance from the river
mouth/Choctawhatchee Bay.
Main stem river indicated by dark
blue line
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Treatment salinities were made using artificial marine
salt (Instant Ocean, Blacksburg, VA) and well-water. All
treatments were fed the same commercial diet (Soft
Moist Diet, Rangen Inc., Buhl, ID, USA) at 1% body
weight/day. In order to mark when fish were subjected
to different salinity environments, 25 mg oxytetracy-
cline (liquamycin)/kg fish mass was injected into the
dorsal musculature following Stevenson and Secor
(1999). Fish were injected at the time of increase in
salinity and a second time when salinity was returned
to freshwater values, with freshwater fish injected at
both of the same times. Fish were subsequently trans-
ferred to flow-through fresh water for an additional year,
euthanized in 200 mg/L tricaine methanesulfonate, and
leading pectoral fin rays were collected. Initial mean (±
SE) sizes of fish were 436 ± 13 g, 437 ± 4 mm fork
length and 513 ± 5 mm total length (n = 43), and final
mean sizes of fish were 3245 ± 137 g, 790 ± 10mm fork
length and 905 ± 12 mm total length (n = 34). All pro-
cedures were approved by an institutional animal use
and care committee (protocol #13–047).

From both wild Gulf Sturgeon and reference Atlantic
Sturgeon, leading pectoral fin rays or a 1–2 cm section
of the fin ray near the point of articulation were collected
using a coping saw, placed in sealed plastic bags on ice,
frozen at −20 °C, and then thawed and adhering tissue
was cleaned from the surface using forceps and a scal-
pel. Fin rays were rinsed in deionized water and air
dried. Rays were sectioned into 0.5 mm sections using
an Isomet low speed saw (Buehler, Lake Bluff, Illinois,
USA) with a diamond wafering blade (Allied High Tech
Products, Rancho Dominguez, CA, USA). Sections
were adhered to 45 × 25 mm glass slides using thermo-
plastic glue (Crystalbond, Electron Microscopy
Services, Hatfield, PA, USA) and polished using 600–
3000 grit lapidary film.

Fin ray trace elements (i.e., Ca, Mg, Sr, Ba, Mn,
Zn, Pb), were measured using laser ablation (LA)
ICPMS. A New Wave Research UP-213 Laser
Ablation System with helium carrier gas, and a
ThermoFinnigan Element2 Sector Field ICPMS (uti-
lizes magnetic force) with argon as the auxillary,
cooling and sample gas were used. For analyses,
Iolite 2.2.1 (Paton et al. 2011) was utilized. Trace
elements were measured in fin ray growth zones and
annuli. Growth zones are thicker layers deposited
during the growing season whereas annuli are thinner
hypermineralized layers deposited during periods of
slow growth (Wright et al. 2002).

Analysis of each sample was preceded by a pre-
ablation line transect (40 um wide laser, 0 s laser warm
up, speed: 150 um/s, laser output 65%, rep rate 10Hz) to
remove the top layer (3–4 um) of potential contamina-
tion along the same transect as the line scan. Line scan
ablation parameters consisted of: 30 um wide laser, 30 s
laser warm up, speed: 5 um/s (small rays) or 10 um/s
(large rays), laser output: 85%, rep rate 20 Hz. During
each ablation, one element was analyzed at a time for
0.050 s, divided into ten 0.005 s subsamples, looping
through all seven elements (43Ca, 88Sr, 137Ba, 25Mg,
55Mn, 66Zn, 208Pb) repeatedly during each transect.
The mean background concentration for each element
was removed from total counts and the limit of detection
for each element was set at three times the background.
Prior to and following each sample, a standard was run
(NIST 610). Calcium was set to 27% based on micro-
probe data for Atlantic Sturgeon (Stevenson and Secor
1999; J.T. Stevenson and D. Secor, Chesapeake
Biological Laboratory, University of Maryland,
unpublished data).

Fin ray sections were analyzed using line transects
from the core to the outer edge along the longest axis
(Fig. 2). Polished sections were photographed using a
camera (DFC290HD Camera, Leica Microsystems
Limited, Wetzlar, Germany) attached to a stereomicro-
scope (Leica S8AP0) and computer software (Leica
Application Suite v. 4.1.0), and laser line transect
lengths were determined.

Fin ray 87Sr/86Sr analysis

For fin ray 87Sr/86Sr analysis, a New Wave Research
UP213 laser ablation system with the sameMC-ICPMS
described for Sr isotope water analyses previously was
utilized. The carrier gas was helium and makeup gasses
were a combination of argon and nitrogen. Analyses
consisted of discrete spot ablations, with laser operating
parameters of a 30 s warm up, a 12 s delay between each
ablation spot, and a 25 s dwell on each spot, at 10 Hz
and 65% power. Spot ablations were 55 um-wide, with
10 um in between each spot, with ablation transects
conducted from the core to the outer edge along a short
axis to avoid organic inclusions (Fig. 2). Internal stan-
dards from fin ray sections collected from Green
Sturgeon from a saline water source and from White
Sturgeon from a freshwater source were run before each
slide to check for instrument drift.
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To determine relative contributions of diet and water
to 87Sr/86Sr in pectoral fin rays, 87Sr/86Sr was measured
in pectoral fin rays, commercial fish feed and treatment
water. For fin rays, two methods for determining
87Sr/86Sr in treatment regions were compared: laser
ablation ICPMS using data from spot ablations within
the oxytetracycline marked treatment regions of fin rays
(n = fin rays from 6 fish/salinity treatment), and
micromilling within the same region of fin rays followed
by solution ICPMS. Micromilling utilized a MicroMill
Sampling System (1000–3016 model, New Wave,
Electro Scientific Industries, Inc., Portland, OR, USA)
with a 0.5 mm diameter drill bit (Brasseler USA,
Savannah, GA, USA). Fin ray micromilled regions went
deeper and sampled a larger area than each discrete
ablation spot, due to greater sample volume require-
ments for analyses. Micromilled fin ray samples (n =
3/salinity) and feed (n = 3) were prepared following
Eerkens et al. (2016) and analyzed by solution MC-
ICPMS to determine 87Sr/86Sr, similar to water samples.
Percent contributions of 87Sr/86Sr in water and diet to
87Sr/86Sr in pectoral fin ray were calculated following
Kennedy et al. (2000):

%Srfrom water

¼ 1− SrIRwater–SrIRfin ray

� �
= SrIRwater–SrIRdietð Þ� �� �

x100

ð1Þ
%Srfrom diet

¼ 1− SrIRfin ray–SrIRdiet
� �

= SrIRwater–SrIRdietð Þ� �� �
x100

ð2Þ
where SrIR = Sr isotope ratio of 87Sr/86Sr; SrIRwater =

87

Sr/86Sr in water, SrIRfin ray =
87Sr/86Sr in pectoral fin ray,

and SrIRdiet =
87Sr/86Sr in food.

Statistical analysis

Values are reported as mean ± SE. Data for fin ray trace
element concentrations, and water and fin ray 87Sr/86Sr
from the reference experiment with Atlantic Sturgeon
were analyzed using a one-way analysis of variance
(ANOVA) with salinity as the independent factor. The
relationship between water 87Sr/86Sr and river distance
was analyzed with a linear regression. Normality and
homogeneity of variance were tested by Shapiro-Wilk
and Levene’s tests, respectively. Data transformation
(e.g., Log10) was used when necessary to meet
ANOVA assumptions. If the overall ANOVA was sig-
nificant, Tukey’s honestly significant difference (HSD)
test was used to compare treatment means. For all anal-
yses, differences were considered significant at P < 0.05
(JMP 12.2.0, SAS Institute Inc., Cary, NC, USA).

Results

Water analyses – Choctawhatchee River System

Both water elemental concentrations (i.e., mg/L or
μg/L) and elemental ratios to Ca (e.g., Sr/Ca) were
evaluated to determine which had similar patterns to
elemental patterns in fin rays for the purpose of life
history based movements and habitat (i.e., salinity:
freshwater, brackish water [estuarine] or seawater
[ocean]) use. In the Choctawhatchee River System,
there were distinct differences in trace element concen-
trations between freshwater, estuarine and ocean re-
gions. Ca, Mg and Sr increased with salinity, Ba and
Mn decreased with salinity, and Pb and Zn only changed
slightly and were highly variable (Table 1). Ratios of

Fig. 2 Representative laser ablation line transect (denoted by black arrow) and spot ablation transect (denoted by white arrow) in a cross-
section of a Gulf Sturgeon pectoral fin ray. A selection of annuli are denoted by black circles and growth zones are denoted by white circles
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elements relative to Ca had similar relationships (i.e.,
increasing or decreasing) to water concentrations, albeit
large changes in concentration did not necessarily relate
to large changes in element/Ca ratios (Table 2). Notably,
Sr, which is typically measured in calcified structures,
had large (190-fold) concentration increases with salin-
ity (Table 1), but relatively small (2-fold) increases
relative to Ca with salinity (Table 2). The greatest dif-
ferences between freshwater and seawater were seen in
decreases in Ba/Ca and Mn/Ca (Table 2). Although Zn/
Ca also decreased, concentrations were similar between
brackish water and seawater, and Mg/Ca increased with
salinity (Table 2).

Similar to water trace element concentrations, Sr
isotope ratios (87Sr/86Sr) differed between freshwater
and saline habitats (Table 1). Freshwater values were
high, whereas brackish water and seawater values were
low. Brackish water estuarine samples and seawater
ocean samples had similar values (Table 1).

The ratio of 87Sr/86Sr was related to river distance
from the estuary, with upriver areas having the highest
values and lower river areas, estuary and ocean, having
the lowest values (Fig. 3). Both the main stem
Choctawhatchee River and tributary streams exhibited
this same pattern, although tributaries generally had
slightly lower values (Fig. 3). The relationship between
87Sr/86Sr and main stem river distance was y = (5.92 ×
10−6)*x + 0.7092, n = 12 locations, p < 0.0001, R2 =
0.94. The relationship between 87Sr/86Sr main stem
and tributaries and river distance was y = (4.89 ×
10−6)*x + 0.7092, n = 16 locations, p < 0.0001, R2 =
0.83. Importantly for fin ray analyses, both trace ele-
ment and Sr isotopes differed within the watershed with
saline habitats, and in the case of 87Sr/86Sr, the clear
relationship with distance in the watershed allowed for
prediction of freshwater habitat use.

Water and fin ray analyses – reference systems

Reference conditions were used to establish relation-
ships between water and fin ray trace elements and
strontium isotopes for use in prediction of habitat move-
ments in wild fish. In reference conditions for Atlantic
Sturgeon, water concentrations of Ca, Mg and Sr in-
creased with salinity and Zn did not change with salinity
similar to the Choctawhatchee River System. Although
in reference conditions, concentrations of Sr were 3–5
fold higher in freshwater and brackish water (Table 1).
Unlike the Choctawhatchee River System, Ba and MnT
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increased with salinity, and Pb was not detectable
(Table 1).

In terms of changes in ratios of elements to Ca, Mg/Ca
was at similar levels to the Choctawhatchee River System,
increasing with salinity, with an approximately 5-fold
increase from freshwater to brackish water and 7-fold
increase from freshwater to seawater (Table 2). Notably,
Sr/Ca decreased with salinity, with an approximately 3-
fold decrease from freshwater to brackish water and sea-
water, due to higher ratios in freshwater as a result of
relatively high Sr and low Ca, unlike the Choctawhatchee
River System (Table 2). Although Ba andMn increased in
concentration with salinity (Table 1), their ratios to Ca
(Ba/Ca, Mn/Ca) both decreased with salinity, albeit with
smaller changes (i.e., Ba: 34–75 fold; Mn: 6–8 fold)
compared to the Choctawhatchee River System (i.e., Ba:
20–200 fold; Mn: 13–1300 fold; Table 2). Zn/Ca de-
creased with salinity, with an approximately 40-fold

decrease from freshwater to brackish water and an 80-
fold decrease from freshwater to seawater.

In reference fish, fin ray trace element concentrations
(i.e., μg /g) had the clearest relationships for Sr and Ba
with salinity (Table 3). Sr increased with salinity where-
as Ba decreased with salinity, with greater concentra-
tions of Ba in fin rays from fish in freshwater than
brackish water and seawater. Fin ray concentrations of
Mg, Mn, Pb and Zn did not have a clear increasing or
decreasing relationship with salinity (Table 3).

When compared with water trace element concentra-
tions, fin ray concentrations of Sr (i.e., μg/g) (Table 3)
showed increases with salinity. This pattern was similar
to water concentrations of Sr (i.e., μg/L) which increased
(Table 1), but not water concentrations relative to Ca
(e.g., Sr/Ca) which decreased (Table 2). In contrast, fin
ray concentrations of Ba (Table 3) decreased with salin-
ity. A similar pattern was observed in water Ba/Ca which

Table 2 Water mean (± standard error) trace element concentrations relative to water calcium concentrations from the Choctawhatchee
River System (CRS) and reference systems (Ref) used to hold Atlantic Sturgeon (Acipenser oxyrinchus oxyrinchus)

Salinity
(ppt)

Region Site n Mg/Ca Sr/Ca
(× 10−3)

Ba/Ca
(× 10−5)

Mn/Ca
(× 10−5)

Pb/Ca
(× 10−5)

Zn/Ca
(× 10−5)

0 River, FW CRS 12 0.25 ± 0.03 6.57 ± 1.05 319.66 ± 58.03 1070.72 ± 190.78 2.98 ± 1.02 81.60 ± 19.84

2–5 Estuary, BW CRS 3 1.60 ± 0.39 9.60 ± 2.28 15.43 ± 2.44 80.25 ± 21.49 0.25 ± 0.05 6.15 ± 0.82

34 Ocean, SW CRS 2 2.41 ± 0.20 14.76 ± 1.77 1.59 ± 0.39 0.80 ± 0.33 0.07 ± 0.07 3.82 ± 3.31

0 FW Ref 3 0.36 ± 0.00 52.15 ± 1.55 1330.23 ± 39.62 50.71 ± 0.58 0 63.83 ± 11.07

10 BW Ref 3 1.87 ± 0.30 14.85 ± 1.77 39.17 ± 2.00 6.74 ± 1.00 0 1.56 ± 0.05

33 SW Ref 2–3 2.41 ± 0.23 18.15 ± 0.97 17.82 ± 0.46 8.71 ± 0.98 0 0.80 ± 0.19

FW freshwater; BW brackish water; SW saltwater

River distance from estuary (km)
0100200300

87
Sr

/86
Sr

0.7090

0.7092

0.7094

0.7096
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Fig. 3 Relationships between
river distance from saline waters
and 87Sr/86Sr, determined by
solution MC-ICPMS. Regression
line for main stem
Choctawhatchee River:
y = (5.92 × 10−6)*x + 0.7092,
R2 = 0.94. Regression line for
main stem and tributaries:
y = (4.89 × 10−6)*x + 0.7092,
R2 = 0.83
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also decreased with salinity (Table 2), whereas water
concentrations of Ba increased with salinity (Table 1).

All water reference 87Sr/86Sr values were lower than
those in the Choctawhatchee River System, but notably,
the relationship between reference water concentrations
of 87Sr/86Sr and salinity were similar, with higher values
in freshwater than brackish water and seawater, and very
small differences between brackish water and seawater
(Table 1). Fin ray 87Sr/86Sr was distinguishable between
fish held in freshwater, brackish water and seawater
using laser ablation, but only between fish held in fresh-
water and brackish water or seawater for micromilled
and digested samples (Table 4). Ratios of fin ray
87Sr/86Sr from laser ablation were somewhat higher
(by 0.00020–0.00044) than water concentrations, al-
though fin ray values from saline habitats were still
below water values for freshwater (Table 4). Diet
87Sr/86Sr was determined to be 0.709332 ± 0.000006
by solution MC-ICPMS (n = 3). Contributions of
87Sr/86Sr from water and diet to 87Sr/86Sr in pectoral
fin rays were complex and related to salinity. For pec-
toral fin ray 87Sr/86Sr, the LA-MC-ICPMS method was
used to calculate relationships to diet and water due to its
use for all other pectoral fin ray samples, and greater
precision than solutionMC-ICPMS due tomore discrete

sampling areas and higher replication of subsamples
(n = 3–11 ablation spots) within the treatment region of
the fin ray. Contribution of 87Sr/86Sr from water was
greater than diet, and increased with salinity from 54.1%
at 0 ppt to 77.3% at 33 ppt (Table 4), with the equation
representing the relationship: y = 53.9962 + 1.4126×
−0.0214 × 2, where y = percent contribution to
87Sr/86Sr in pectoral fin rays and x = salinity.
Contribution of 87Sr/86Sr from diet decreased with sa-
linity from 45.9% at 0 ppt to 22.7% at 33 ppt (Table 4),
with the equation representing the relationship: y =
46.0038–1.4126× +0.0214 × 2.

Fin ray analyses – Gulf Sturgeon – trace elements

Gulf Sturgeon fin ray trace element concentrations were
evaluated as a group and by timing of freshwater emi-
gration and saline entry. As a group, mean values were
determined for each element and each age for all 24 fish,
based on mean values for laser ablation line transect
portions in growth zones or annuli (Fig. 4). In fin rays,
saline entry was indicated by a rapid increase in Sr,
which increases with salinity, and rapid decreases in
Ba, Mn and to a lesser degree Zn, which all decrease
with salinity (Tables 1 and 2). Mg and Pb were not very

Table 3 Fin ray mean (± standard error) trace element concentrations from Atlantic Sturgeon (Acipenser oxyrinchus oxyrinchus) in
reference conditions (n = 6 fish/salinity)

Salinity (ppt) Mg
(μg/g)

Sr
(μg/g)

Ba
(μg/g)

Mn
(μg/g)

Pb
(μg/g)

Zn
(μg/g)

0 3908.50±54.10 611.97±30.23c 41.42±3.76a 21.98±1.02 0.13±0.01 70.23±4.54b

10 3947.16±155.35 766.96±29.14b 18.03±1.20b 19.59±1.76 0.21±0.03 83.85±3.87a

33 4030.03±111.15 932.83±37.65a 16.70±1.93b 21.20±1.73 0.13±0.02 68.06±2.37b

Lowercase letters indicate significant differences between treatments (one-way analysis of variance, Tukey’s HSD, p < 0.05)

Table 4 Mean (± standard error) water andAtlantic Sturgeon (Acipenser oxyrinchus oxyrinchus) pectoral fin ray 87Sr/86Sr. Ablation data are
from fin ray regions exposed to salinity treatments

Salinity
(ppt)

Water 87Sr/86Sr
(solution ICPMS)

Fin spine 87Sr/86Sr
(LA-ICPMS)

Fin spine 87Sr/86Sr
(solution ICPMS)

%water contribution
to fin spine 87Sr/86Sr

% diet contribution
to fin spine 87Sr/86Sr

0 0.708885 ± 6.421 × 10−6 0.709090a ± 0.000026 0.708927a ± 0.000010 54.1 45.9

10 0.708059 ± 16.685 × 10−6 0.708497b ± 0.000030 0.708499b ± 0.000038 65.6 34.4

33 0.708040 ± 2.964 × 10−6 0.708333c ± 0.000017 0.708452b ± 0.000042 77.3 22.7

ICPMS inductively coupled plasma mass spectrometry; LA laser ablation; soln solution. Lowercase letters indicate significant differences
between treatments (one-way analysis of variance, Tukey’s HSD, p < 0.05). Data for each fish fin ray analyzed by LA-multi collector-
ICPMS for 87 Sr/86 Sr was comprised of a mean of 3–11 subsample ablation spots, n = 6 fish fin rays/salinity. Sample sizes: n = 2–3/salinity
for water and fin ray micromilled samples (solution–multi collector-ICPMS). Percent diet and water contribution to pectoral fin ray
87 Sr/86 Sr (LA-ICPMS) was based on a diet 87 Sr/86 Sr ratio of 0.709332 determined by solution ICPMS (n = 3)
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useful for identifying saline habitat use based on high
variability (Figs. 4 and 5) and lack of differences in
water between salinities (Tables 1 and 2).

When all fin rays were analyzed together as a group,
Sr was the only element analyzed that clearly increased
with age, reaching a plateau by 3.3 years of age. Pb

increased, but was highly variable at older ages. Ba, Mn
and Zn all decreased with age and reached plateaus
between 2.3–4.3 years of age. From 4.3–7.3 years of
age, there was relatively little change in trace element
concentrations. Differences in fin ray chemistry were
evident between growth zones and annuli (Fig. 4). Sr
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Fig. 4 Mean (± standard error) trace element concentrations of a strontium, b barium, cmanganese, d zinc, emagnesium and f lead in Gulf
Sturgeon (Acipenser oxyrinchus desotoi) fin ray growth zones and annuli (n = 24 fish)
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decreased in annuli compared to growth zones, and Zn
decreased in growth zones compared to annuli (Fig. 4).
Mnwas slightly decreased in growth zones, and no clear
differences were observed between growth zones and
annuli in Ba, Mg and Pb.

When fin rays were analyzed by timing of freshwater
emigration and saline entry, there were four patterns:
saline entry within growth zone 1 (n = 1), 2 (n = 9), 3
(n = 9) or 4 (n = 4). Thus, 4% of fish emigrate within
growth zone 1 (~0.3 years old), 39% emigrate in growth
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Fig. 5 Mean (± standard error) trace element concentrations of a
strontium, b barium, cmanganese, d zinc, emagnesium and f lead
in Gulf Sturgeon (Acipenser oxyrinchus desotoi) fin ray growth

zones for fish presumably entering saline water in growth zone
(GZ) 2 (~1.5 yrs. old; n = 9 fish), GZ 3 ~2.5 yrs. old; n = 9 fish) or
GZ 4 (~3.5 yrs. old; n = 4 fish)
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zone 2 (~0.5–1.3 years old), 39% emigrate in growth
zone 3 (~1.5–2.3 years old) and 17% emigrate in growth
zone 4 (~2.5–3.3 years old). The laser ablation for one
fish missed the first growth zone, so this fish was not
included in life history type analyses.

Fin ray analyses – Gulf Sturgeon – Predicted freshwater
habitat use based on 87Sr/86Sr

Retrospective habitat use in freshwater was predicted
based on 87Sr/86Sr in the Choctawhatchee River System
(Fig. 6). Assumptions were that water concentrations of
87Sr/86Sr correspond directly to fin ray concentrations,
which has been shown for scales and vertebrae in
Atlantic salmon (Kennedy et al. 2000). Increases in fin
ray 87Sr/86Sr were considered to be related to up-river
movements into areas where water 87Sr/86Sr was higher,

and similarly, decreases in fin ray 87Sr/86Sr were con-
sidered to be down-river movements.

Three methods were used to assess the natal signature
of Gulf Sturgeon, the ablation spot nearest the core, the
first three ablation spots nearest the core or the first
freshwater area utilized based on a cluster of 87Sr/86Sr
values from sequential ablation spots. Habitat use was
partitioned into regions of the Choctawhatchee River
system (Fig. 6) for greater understanding of population
patterns. Results for all three techniques were similar,
with 1 fish (4%) in upper-river habitats, 0–1 fish (0–4%)
in upper-middle river habitats, 8–9 fish (35–39%) in
middle river habitats, 12–14 fish (52–61%) in middle-
lower river habitats and 0–1 fish (0–4%) in lower river
habitats (Table 5).

Gulf Sturgeon moved within the Choctawhatchee
River System, based on separate clustering of 87Sr/86Sr
values from ablation spots. A total of 17 fish (74%) had

Fig. 6 Choctawhatchee River
Basin separated into sections
based upon 87Sr/86Sr values.
Main stem river indicated by dark
blue line
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more than one area of freshwater utilized, with nine fish
(39%) moving to the middle river region and eight fish
(35%) moving to the middle-lower river region
(Table 5). In addition, 11 fish (48%) moved upriver for
at least a brief period of time based on higher 87Sr/86Sr
values compared to values from the ablation spot closest
to the core. The highest values of 87Sr/86Sr from an
ablation spot for each fish indicated that fish were lo-
cated upstream as far as the upper river (one fish; 4%),
the upper-middle river (one fish; 4%), the middle river
(17 fish; 74%) or the middle-lower river (four fish; 17%)
at some point in their life history (Table 5).

Down-river movements of Gulf Sturgeon, based on
87Sr/86Sr values, indicated that 11 fish (46%) moved to
the estuary-ocean and 13 fish (54%) moved to the lower
river region at some point in their life history based on
the lowest 87Sr/86Sr ablation spot values for each fish
(Table 5). The overall Bsaline^ signature as determined
by a cluster of low 87Sr/86Sr values from ablation spots
following freshwater residence, indicated 23 fish (96%)
spent most of their time in the lower river and one fish
(4%) spent most of its time in the estuary/ocean.

Discussion

The use of trace elements and Sr isotopes for
reconstructing movements of sturgeons has been con-
ducted in relatively few species. Further, use of these
techniques in other fishes in structures beyond otoliths is
not common. This study establishes the use of these
techniques in Gulf Sturgeon pectoral fin rays, evaluating
water composition, fin ray incorporation, and predicted
habitat use of wild Gulf Sturgeon based on water and

pectoral fin ray composition of trace elements and
87Sr/86Sr, and comparison with reference fish held in
controlled conditions.

Water analyses – Choctawhatchee River System

Trace elements that are divalent cations substitute for Ca
during mineral deposition into calcified structures
(Blumenthal 1990), and the rate at which they are ex-
changed is generally considered to be proportional pri-
marily to their concentration in water and their relative
concentration to Ca (Walther and Thorrold 2006).
Evaluation of groups of trace elements including both
increasing and decreasing elements in relation to salinity
can be helpful for better partitioning of past habitat use.
In the Choctawhatchee River System, water concentra-
tions of Sr, Mg, Ba, Mn and Pb appeared the most
promising for comparison with concentrations in Gulf
Sturgeon pectoral fin rays, due to increases in Sr andMg
with salinity and decreases in Ba, Mn and Pb.
Relationships of these elements to Ca were somewhat
different than their total concentration, with Sr/Ca show-
ing small increases relative to salinity, although Ba/Ca
and Mn/Ca had large decreases in relationship to
salinity.

Water ratios of 87Sr/86Sr also showed differences
between freshwater and saline habitats, but were not as
useful for distinguishing within saline habitats due to
small differences between estuarine and oceanic salin-
ities. However, relationships between water 87Sr/86Sr
and river distance showed a steady decrease from head-
waters of the drainage basin to the ocean, suggesting the
possibility of broadly identifying natal location and
freshwater habitat use.

Table 5 Numbers of Gulf Sturgeon utilizing different river regions during early life history based on water and fin ray 87Sr/86Sr

River Region 87Sr/86Sr Spot
nearest core

3 spots
nearest core

First FW
area utilized

Second FW
area utilized

Highest
87Sr/86Sr spot

Lowest
87Sr/86Sr spot

Overall Bsaline^
signature

Upper ≥ 0.7104 1 1 1 0 1

Upper-Middle 0.7103–0.7102 0 0 1 0 1

Middle 0.7098–0.7102 8 8 9 9 17

Middle-Lower 0.7094–0.7097 13 14 12 8 4

Lower 0.7092–0.7094 1 0 0 0 0 13 23

Estuary-Ocean <0.7092 0 0 0 11 1

Fin ray cross sections were analyzed using laser ablation inductively coupled plasma mass spectrometry (ICPMS) with a mulitcollector in
discrete ablation spots. Water samples were analyzed using solution-ICPMS. Freshwater (FW) areas utilized are based on group of spots
clustered at similar 87 Sr/86 Sr values. Ablations on fin ray of one fish missed inner core area, therefore it was excluded from freshwater
analyses
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Water and fin ray analyses – Reference systems

In reference conditions for Atlantic Sturgeon, water
concentrations of Sr increased with salinity similar to
the Choctawhatchee River system, however, Sr/Ca de-
creased with salinity. Unlike the Choctawhatchee River
System, water concentrations of Ba and Mn increased
with salinity, but their ratios to Ca decreased with salin-
ity, albeit Mn was at a much smaller level of decrease.
Therefore, concentrations were not directly transferrable
to the Choctawhatchee River System, but relationships
could still be used to verify whether trace elements were
deposited relative to water concentrations. Water
87Sr/86Sr was lower than in fin rays but similar in
relationship to salinity between reference conditions
and the Choctawhatchee River System.

In pectoral fin rays of reference fish, Sr increased and
Ba decreased relative to salinity (Table 3), and were the
most useful trace elements for evaluating occupancy of
different salinities. The other elements analyzed (Mg,
Mn, Pb and Zn) did not have a clear relationship with
salinity. Interestingly, although Mg increased in water
samples with salinity, there was no relationship with
salinity in the fin ray. Notably, Mg was the only element
analyzed that occurred at greater concentrations in the
water than Ca. The processes of substitution for Ca are
likely complex and differ based on the relative concen-
tration of the element. Further, the regulation of certain
trace elements such as Mg and Zn are also important for
biological processes in the body and are physiologically
regulated, complicating environmental relationships to
deposition in calcified structures (Loewen et al. 2016).
Similar to this reference study, in Green Sturgeon, pec-
toral fin ray Sr/Ca increased with salinity and Ba/Ca
decreased with salinity, and were useful for delineating
habitat use (Allen et al. 2009).

Two techniques, micromilling of fin ray samples
followed by digestion and solutionMC-ICPMS analysis
or laser ablationMC-ICPMS from fin ray cross sections,
were used to determine whether fin ray 87Sr/86Sr was
directly comparable to water 87Sr/86Sr in reference fish.
Laser ablation MC-ICPMS had greater precision in
sampling and was used for quantification of the contri-
bution of water and diet to fin ray 87Sr/86Sr. Fin ray
87Sr/86Sr was higher than in water, presumably due to
the influence of diet. Water contribution was greater
than diet to fin ray 87Sr/86Sr, although the contribution
was not a static rate, with water contribution increasing
with increasing salinity (Table 4). Sellheim et al. (2017)

recently found incorporation of White Sturgeon fin ray
87Sr/86Sr is more closely related to water than diet with a
lower diet contribution (8%) than the present study,
although the study was of a shorter duration (three
months) and conducted only in fresh water.
Importantly, 87Sr/86Sr in natural diets has been shown
to relate directly or very closely to 87Sr/86Sr in the
surrounding river water (Ingram and Weber 1999;
Kennedy et al. 2000) in contrast to the commercial diet
used for reference fish in this study. Therefore, reference
fish were useful for establishing diet is also an important
influence on 87Sr/86Sr in pectoral fin rays, and the rela-
tive influence is complex, changing with salinity.
However, in wild fish, diet presumably would originate
from the nearby environment and would reflect water
87Sr/86Sr.

In reference fish, annuli were present immediately
prior to oxytetracycline marks from injections adminis-
tered in mid-September. This indicates annuli are depos-
ited in late summer to early fall (i.e., August–
September), which also corresponds with timing of
annuli deposition in wild Gulf Sturgeon (USFWS
1995). One growth zone and one annulus are deposited
every year in Choctawhatchee River Gulf Sturgeon
(Baremore and Rosati 2014) and Atlantic Sturgeon
(Stevenson and Secor 1999).

Fin ray analyses – Gulf Sturgeon – Trace elements

Increases in Gulf Sturgeon fin ray Sr and decreases in
Ba, Mn and to a lesser degree Zn were useful for
delineating freshwater emigration and saline entry,
whereas Mg and Pb were not very useful for identifying
habitat use. In wild fish, Mn was a very good marker of
freshwater or saline habitat use, contrasting inversely
with Sr. However, in reference fish, Mn was not a clear
marker of saline transition. Presumably, the much larger
Mn concentration gradient between freshwater and sea-
water in the Choctawhatchee River System contributed
to the distinct changes in Mn in the fin rays.

Trace element analyses revealed heterogeneity within
the wild population of Gulf Sturgeon in the
Choctawhatchee River System, with 4% of fish emigrat-
ing from freshwater to saline water within growth zone 1
(~0.3 years old), 39% emigrating in growth zone 2
(~0.5–1.3 years old), 39% emigrating in growth zone 3
(~1.5–2.3 years old) and 17% emigrating in growth
zone 4 (~2.5–3.3 years old). Relative stasis in Sr, Ba,
Mn and Zn from 4.3–7.3 years of age indicated
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prolonged habitat use of estuary and oceanic waters
during this time period.

Laser ablation ICPMS typically occurs in a transect
from the core or origin of a calcified structure to the
outside edge where new deposition is occurring.
Important to handling of the data are potential differ-
ences in mineral composition between growth zones,
deposited when fish are growing, and annuli, deposited
when fish are growing very slowly or not at all
(Stevenson and Secor 1999). For Gulf Sturgeon, notable
differences existed in concentrations of Sr, Zn and Mn
between growth zones and annuli. These differences
were beneficial for identifying age, but indicate com-
bining data from both areas may complicate interpreta-
tion of life history patterns.

Fin ray analyses – Gulf Sturgeon – 87Sr/86Sr

Retrospective habitat use in freshwater, from 87Sr/86Sr,
was based on the assumption that water concentrations
of 87Sr/86Sr correspond directly to concentrations in
calcified structures such as fin rays, previously verified
in scales and vertebrae of Atlantic salmon (Kennedy
et al. 2000). Diet has also been shown to affect fin ray
87Sr/86Sr (Kennedy et al. 2000), similar to the reference
fish in this experiment. However, diet sources within a
river system could be expected to relate directly to water
87Sr/86Sr based on very close or direct relationships
between 87Sr/86Sr in water and calcified structures in
fish (Ingram and Weber 1999; Kennedy et al. 2000).

In this study, pectoral fin ray 87Sr/86Sr data indicated
natal habitats were primarily in middle (35–39%) or
middle-lower (52–61%) river habitats, with few fish
(0–4%) in upper or lower portions of the drainage
(Table 5; Fig. 6). Most (74%) juveniles moved to more
than one freshwater region prior to emigration to saline
waters, generally within the middle to middle-lower
region of the river system. Interestingly, almost half of
the fish (48%)moved upriver at some point in their early
life history, albeit rarely beyond the middle river region.
Field studies have found wide dispersal of age-0 juve-
niles including locations upriver of known spawning
grounds (Sulak and Clugston 1998). Up- and down-
river movements have also been shown using 87Sr/86Sr
in juvenile life stages of other freshwater species (Chase
et al. 2015).

In contrast to trace element data, 87Sr/86Sr data on
downriver movements indicated many fish moved to
lower river habitats, but the transition to saline water

was not as clear. Data for 87Sr/86Sr showed decreases at
similar ages to the trace element data, but in outer
regions of the fin ray cross section the resolution wasn’t
as clear because a short axis of the fin ray was used
making determination of freshwater emigration more
problematic based on thin outer growth zones and an-
nuli. When interpreted with the trace element data, it
would appear all of these fish were utilizing saline and
lower river habitats after the first few years.

Comparison with field studies

Comparison of these data with field studies on the
timing of life history movements of Gulf Sturgeon is
important for assessing accuracy and providing greater
clarity due to difficulty of sampling of early life history
stages of sturgeon. Adult Gulf Sturgeon enter the
Choctawhatchee River in the spring, from late March
to summer, with spawning fish moving to upriver re-
gions as far as rkm 180 in the Pea and Choctawhatchee
Rivers (Fox et al. 2000). Spawning occurs from mid-
April to early May above rkm 100, based on limited egg
collection from both rivers from approximately rkm 110
to 130, near the confluence of the Choctawhatchee and
Pea Rivers (Fox et al. 2000). During summer months,
post-spawn and most non-spawning fish occupy the
lower river at discrete locations between river km 40–
50, below the confluence of the Choctawhatchee River
and Holmes Creek, although immature fish occupy a
broader area from rkm 0–60 (Hightower et al. 2002).
Thus, data from this study are supported by the locations
of known spawning and river occupancy of juveniles
and adults.

Gulf sturgeon appear to utilize freshwater as a ther-
mal refuge from high summer estuarine and ocean tem-
peratures (Hightower et al. 2002). Adult Gulf Sturgeon
are not known to forage during this period (Sulak and
Clugston 1999) and may lose body-weight (Sulak and
Randall 2002). Fish emigrate to estuarine and oceanic
habitats in the fall (September–November) with de-
creasing temperature, barometric pressure changes
(Grammer et al. 2015), decreased day length and in-
creased river discharge (Heise et al. 2005). Foraging and
growth occur primarily over a 4–6 month period from
November to April in saline habitats (Sulak and Randall
2002). In the Choctawhatchee River System, winter and
spring habitat use by Gulf Sturgeon is characterized by
foraging in Choctawhatchee Bay in salinities ranging
from 6 to 18 ppt by the majority (57%) of males,
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although a number of males (43%) and most females
(66%) have been documented to move into oceanic
habitats in the Gulf of Mexico (Fox et al. 2002).
Adults from the Pascagoula and Pearl Rivers have been
documented in shallow regions between barrier islands
(Ross et al. 2009). Winter habitat use by juveniles
occurs in estuaries and moderately saline (0.5–18 ppt)
habitats near river mouths, with occasional movements
into marine habitats during extreme cold events (Sulak
et al. 2009; Peterson et al. 2016). Data from this study
also indicate juveniles occupy saline habitats early in
their life history. Juvenile Gulf and Atlantic Sturgeons
have relatively high salinity tolerance from an early age
compared to many sturgeon species in part due to rapid
growth conferring large body sizes (Altinok et al. 1998;
Allen and Cech Jr 2007; Allen et al. 2014).

Young-of-year juveniles (age-0) have been particu-
larly difficult to locate. In the Choctawhatchee River
System, age-0 fish have not been documented. In the
Suwannee River, age-0 (described as <350 mm TL) and
age-1+ (up to 449 mm TL) Gulf Sturgeon have been
found from rkm 12–237.5 (Sulak and Clugston 1998).
Gut contents indicate age-0 juveniles do eat in freshwa-
ter, with diet consisting of insects and oligochaetes
(Mason and Clugston 1993). Laboratory studies also
indicate embryos have very rapid embryo-larval devel-
opment, remain hidden, and larvae-juveniles have a 1-
step downstream migration, with dispersal patterns
resulting in a broad distribution (Kynard and Parker
2004). In the Suwannee River, age-0 fish have been
predicted to move downriver to the river mouth region
in late January to mid-February after 9–10 months in
freshwater (Sulak and Clugston 1998), although fall
spawning has been suggested for up to 20% of the
population (Randall and Sulak 2012). The wide use of
the river and the presence of fish over age-1 in far
upriver locations (Sulak and Clugston 1998) indicate
the potential for heterogeneity in juvenile Gulf
Sturgeon habitat use, similar to the finding of a range
of ages initiating downriver movements to saline habi-
tats in this study.

Considerations for application of data to retrospective
habitat use

Potential limitations of data for determining retrospec-
tive habitat use need to be considered, which include
limitations of variability in water trace element and
87Sr/86Sr, limitations based on ecology of Gulf

Sturgeon, limitations of fin ray formation, and limita-
tions of the sampling technique for assessing 87Sr/86Sr.
Application of water 87Sr/86Sr may be limited by vari-
ability within the drainage basin and by variability be-
tween seasons. Within the Choctawhatchee River main
stem, water 87Sr/86Sr had a clear relationship with river
distance, with high values farther inland and low values
near the coast. Within the drainage basin, 87Sr/86Sr in
tributaries followed this pattern, albeit with often slight-
ly higher or lower values than the main stem river.
Variability in water 87Sr/86Sr within seasons and be-
tween years may also be present, although Sr signatures
are based on underlying bedrock weathering (Capo et al.
1998), presumably contributing to a fairly stable water
concentration over time. Stability in water 87Sr/86Sr has
been shown across seasons and years in other systems
(Kennedy et al. 2000).

Gulf sturgeon spawning and early life history use
may pose certain limitations on application of fin ray
87Sr/86Sr data for retrospective habitat use. Gulf
Sturgeon, like most other sturgeons, swim upriver to
spawn, potentially beyond natal rearing habitats. For
many sturgeons, larvae may have one or two periods
of Bswim-up^ where they swim vertically upwards into
the water current and are carried downstream to nursery
habitats rich in food resources. Laboratory experiments
on larval and juvenile Gulf and Atlantic Sturgeon have
shown a variable length 1-step migration with short and
long-distance migrants suggesting a broad river distri-
bution of fish (Kynard and Horgan 2002; Kynard and
Parker 2004).

The fin ray itself also has potential limitations in
application of 87Sr/86Sr data that need to be considered.
While otoliths are calcium carbonate, supplied by endo-
lymph, known to form by daily accretion and remain
relatively inert from subsequent remodeling (Pannella
1971; Campana 1999), these assumptions do not neces-
sarily hold true for fin rays. In sturgeons, fin rays are
lepidotrichia covered by dermal bone (Findeis 1997),
which is typically composed of a collagen matrix with
mineralized calcium phosphate (hydroxyapatite,
Ca10(PO4)6(OH)2) and supplied by systemic vasculature
(Dacke 1979). The potential for remodeling is not well
understood. The overall function of otoliths and fin rays
is also different. Whereas otoliths function for orienta-
tion, fin rays function as structural support for fins, as a
part of the skeletal system. Similarly, the rate of accre-
tion of the hydroxyapatite matrix of fin rays may be
more closely related to growth rate than that of otoliths.
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The rate of fin ray accretion during rapid juvenile
growth has been estimated at 6 μm/d with a duration
of 22 d needed to retain a water chemical signature,
when fish were held at 18 °C in fresh water (Sellheim
et al. 2017). However, fin rays may incorporate water
chemistry over much smaller time scales (Phelps et al.
2012), and detection ability may relate in part to method
of analysis. In this study, for both reference Atlantic
Sturgeon and wild Gulf Sturgeon, the widest bands were
associated with early growth zones, with growth zones
farther from the core becoming progressively thinner.
Growth rates are typically fastest in juvenile life history
stages, which would correspond to the widest growth
zones found near the fin ray core. The potential for
remodeling may be greater in larger, older individuals,
although this has not been demonstrated. Further, mo-
bilization of systemic calcium by reproductive female
fishes is often associated with osteoclasts (Persson et al.
1998), which are present in regions of bone but not in
otoliths. Therefore, juvenile fish may provide the least
concern for interpretation of chemical signature infor-
mation on early life history habitat use when utilizing fin
rays. However, several studies, including the present
reference study, indicate chemical composition of fin
rays is retained for long periods of time (Allen et al.
2009; Carriere et al. 2016), possibly because bone re-
modeling is not extensive in many fishes compared to
mammals (Meunier 2002).

Unlike otoliths, detection of a maternal signature in
fin rays is likely to be difficult. In sturgeons, distinguish-
able precursors to fin rays begin to form in the pectoral
fin by 14 d postfertilization or 4 d prior to exogenous
feeding (Davis et al. 2004). Interestingly, studies on
larval sturgeons have demonstrated Sr/Ca ratios reflect
environmental concentrations from hatching onwards
(Phelps et al. 2012). The location of collection of the
fin ray is also important, with fin ray sections closer to
the point of articulation providing better information
from early life history (Wright et al. 2002), due to
growth in width and length with time. In this study, fin
ray sections analyzed were close to the point of articu-
lation. Analyses of trace elements used the long axis of
the fin ray which provided better resolution of growth
zones and annuli between years, but included more
organic materials and fin ray inclusions within the fin
ray. The short axis was used for 87Sr/86Sr analyses, but
had less resolution in growth zones beyond the first few
years due to thinner bands of growth zones and annuli.
Ablation spots were useful for providing discrete

information for a particular location with little signal
carryover, whereas line transects were beneficial for
obtaining continuous data.

Conclusion

In reference Atlantic Sturgeon held in freshwater, estu-
arine or oceanic salinities, concentrations of trace ele-
ments and 87Sr/86Sr were relative to water concentra-
tions indicating fin rays can be used for determination of
past movements. In Gulf Sturgeon from the
Choctawhatchee River System, Sr, Ba, Mn and to a
lesser degree Zn were useful trace elements for
reconstructing life history, particularly movements be-
tween freshwater and saline water.

Initial freshwater emigration of Gulf Sturgeon to
saline waters occurred from age 0.3–3.3 years based
on decreases in Ba and Mn and increases in Sr, with
4% of fish emigrating at age 0.3 years (growth zone 1),
39% at age 0.5–1.3 years (growth zone 2), 39% at age
1.5–2.3 years (growth zone 3) and 17% at age 2.5–
3.3 years (growth zone 4). Prior to movements to saline
water, Gulf Sturgeon were using habitats throughout
most of the length of the river, with the exception of
extreme upper river habitats based on 87Sr/86Sr. Initial
locations of Gulf Sturgeon which may reflect natal
habitat, were generally in the middle and middle-lower
river, with few fish in the upper or lower river. The
majority (74%) of Gulf Sturgeon utilized more than
one river region prior to initial emigration based on
87Sr/86Sr.

Information from field studies on early life history
stages is very limited for most sturgeons, including Gulf
Sturgeon. Trace element and 87Sr/86Sr generally corrob-
orated with the limited results from field studies, pro-
viding a clearer picture of heterogeneity in habitat use
within the population and more detailed information on
freshwater habitat use and initial entry to saline habitats
at early life history stages. Future studies would benefit
from an evaluation of seasonal and annual variability in
trace element and Sr isotope water concentrations and
analysis of fin rays from telemetered fish in the
Choctawhatchee River System.
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