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Abstract While it is common knowledge that Red
Drum (Sciaenops ocellatus) inhabit oligohaline waters
(salinity <5), lifetime reconstructions of salinity histo-
ries have been lacking, and this study provides unique
insight into interannual and ontogenetic patterns of
oligohaline occupancy by this economically valuable
sportfish.Growth consequences of oligohaline exposure
and the relationship of oligohaline residency with river
discharge were also investigated. Oligohaline exposure
varied most during years 2 and 3 of life. During this
time, 22% (n = 26/120 individuals) of Red Drum were
oligohaline residents (≥ 90% of these years spent in
oligohaline salinities), 34% (n = 41) were meso-
polyhaline residents (< 10% of years 2 and 3 spent in
oligohaline waters), and 44% (n = 53) spent time in both
oligohaline and meso-polyhaline salinities. Trends in

oligohaline residency match putative Red Drum life
history. Oligohaline residents were present during years
1–6 of life; however, oligohaline residency peaked dur-
ing the second year of life (n = 37, 31%) and by year 7
no oligohaline residents remained. Growth of
oligohaline resident Red Drum during years 2–3 of life
was lower than non-resident fish. However, long-term
growth consequences of oligohaline residency were not
apparent. The proportion of oligohaline residents during
years 2 or 3 of life was positively related to river dis-
charge. This divergence in salinity residency by juvenile
Red Drum demonstrates that life history diversity was
present in this population and that oligohaline waters
provided important nursery habitat for fish that success-
fully recruited to the adult population.
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Introduction

Life history diversity in the habitats occupied within
animal populations can have important consequences
for species distribution, abundance, and resilience to
changing environmental conditions (Hilborn et al.
2003; Kerr et al. 2010; Schindler et al. 2010). Tradition-
ally, intrapopulation diversity in habitat use has been
observed through the occurrence of partial migrations
and identification of resident and migratory groups
within a population, originally in avian taxa (Mayr
1926; Berthold 1999; Chapman et al. 2011) and more
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recently in fishes (Jonsson and Jonsson 1993; Chapman
et al. 2012a; Chapman et al. 2012b). Estuarine depen-
dent fishes are typically euryhaline occupying a wide
range of salinities (Able 2005). This trait may result in
life history diversity in salinities that fishes inhabit
throughout life and during distinct life periods, like the
juvenile phase (Able 2005; Kerr et al. 2009; Secor and
Kerr 2009). In fishes, this diversity has been described
by the population contingent hypothesis where different
contingents exhibit varying migratory strategies across
or residency within salinity thresholds (Clark 1968;
Secor 1999; Nims and Walther 2014). In contrast, fish
populations may also contain individuals demonstrating
continuous gradients of salinity variation without iden-
tifiable contingent structure, exhibiting facultative use
of variable salinities throughout life (Cucherousset et al.
2005; Rohtla and Vetemaa 2016). Importantly, either
discrete or continuous differences in estuarine habitat
use and salinity exposure may be equally important for
the resilience of populations to ongoing environmental
change.

Salinity in estuaries is inherently variable, can be
affected by both climatic and anthropogenic drivers,
and salinity fluctuations are an osmoregulatory chal-
lenge for fishes. Seasonal changes in estuarine salinity
ranges and distribution are common in estuaries like
Mobile Bay, AL that receive high, but variable river
discharge throughout the year (Dzwonkowski et al.
2011; Coogan and Dzwonkowski 2018; Coogan et al.
2020). Climate change has the potential to augment
these seasonal patterns through increased extreme rain-
fall events, frequency, and intensity of storms (Scavia
et al. 2002; Gillanders et al. 2011). Sea level rise will
change estuaries through increased marine water input
and potential loss of marsh habitat through submergence
of land (Scavia et al. 2002; Gillanders et al. 2011;
Anderson et al. 2014). Estuarine salinity ranges are also
under anthropogenic alteration, freshwater inflow is
augmented through upstream water demand and flood
control (Pringle et al. 2000; Kimmerer 2002) and dredg-
ing activities can increase saltwater intrusion (Schroeder
andWiseman Jr. 1999). Salinity fluctuations are a phys-
iological challenge for fishes, because osmoregulatory
machinery has to be switched to handle conditions that
fluctuate from below to above isosmotic equilibrium
(Morgan et al. 1997; McDonald and Grosell 2006;
Watson et al. 2014). Continual metabolic costs are in-
curred when fishes inhabit salinities far from isosmotic
equilibrium (Boeuf and Payan 2001) and even

euryhaline fishes have decreased growth in fresh and
oligohaline waters (Lankford and Targett 1994; Secor
et al. 2000; Sampaio and Bianchini 2002). Maintaining
adequate growth is an important component of fish early
life history, given that elevated growth rates contribute
to higher survival and successful recruitment to adult
populations (Houde 1987; Houde 1997; Sogard 1997).
To ensure population persistence in a changing environ-
ment, knowledge of population diversity in salinity
exposure, salinity tolerance, and osmoregulatory fitness
consequences are needed.

One way to infer past salinity exposure of fishes is to
use otolith elemental ratios as salinity proxies. Otoliths
grow continuously with fish growth and deposit calcium
carbonate (CaCO3) in an annular ring structure that can
be used to age fishes (Campana and Neilson 1985;
Campana 1999). During CaCO3 accretion, other ele-
ments potentially indicative of the surrounding environ-
ment can be incorporated and remain in the otolith after
deposition (Campana 1999; Sturrock et al. 2012;
Walther and Limburg 2012). For elemental ratios to be
used as salinity proxies the dissolved fraction in ambient
waters must vary predictably with salinity changes and
incorporate into otoliths proportionally to environmen-
tal availability (Elsdon et al. 2008). The ratio of stron-
tium (Sr) to calcium (Ca) is a common salinity proxy
given that dissolved Sr:Ca typically increases asymptot-
ically with salinity (Phillis et al. 2011; Walther and
Limburg 2012); however, this is not always the case
(Kraus and Secor 2004; Brown and Severin 2009). In
Mobile Bay Alabama, both Sr and Ca have positive
conservative relationships with salinity and the Sr:Ca
ratio increases asymptotically with salinity (Nelson and
Powers 2020a). The Sr:Ca partition coefficient from
water to juvenile Red Drum (Sciaenops ocellatus, Lin-
naeus) otoliths is consistent across salinity in the lab
(Nelson and Powers 2019) and the field (Nelson and
Powers 2020a) and otolith Sr:Ca varies predictably with
salinity across a wide temperature range (Nelson and
Powers 2020a). Although past work has found Red
Drum otolith Sr:Ca to be unrelated to salinity (Rooker
et al. 2004), our validation studies (Nelson and Powers
2019, 2020a) demonstrate that Sr:Ca can identify
oligohaline salinity exposure within coastal Alabama
and other estuaries with similar dissolved ambient ratio
trends.

Red Drum (Sciaenops ocellatus, Linnaeus) are an
estuarine dependent euryhaline fish that utilize a wide
salinity range across juvenile and adult life stages. Adult
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Red Drum spawn in the fall near passes (inlets) that
connect estuaries to marine waters (Holt et al. 1983;
Overstreet 1983; Holt et al. 1989). Typically, spawning
occurs in nearshore marine waters (Holt et al. 1989;
Lowerre-Barbieri et al. 2019), but spawning aggrega-
tions have been observed in high salinity estuarine wa-
ters (Lowerre-Barbieri et al. 2008; Reyier et al. 2011).
After spawning tidal currents carry eggs and larvae into
estuaries (Holt et al. 1983; Holt et al. 1989), where larval
Red Drum (≥ 4 mm Standard Length [SL]) settle (15–
20 days post hatch) across seagrass, saltmarsh, and
nonvegetated bottoms (Holt et al. 1983; Rooker and
Holt 1997; Stunz et al. 2002). Although post-
settlement Red Drum are typically encountered in salin-
ities greater than 20 (Rooker and Holt 1997; Stunz et al.
2002), by 9 mm SL low salinity exposure (< 1) is
tolerated (Crocker et al. 1981), and juveniles are found
throughout estuaries from fresh to marine waters
(Bacheler et al. 2008; Bacheler et al. 2009a; Dance
and Rooker 2016). While not as common, juvenile
Red Drum are also encountered in nearshore marine
habitats (Winner et al. 2014; Hightower et al. 2016).
This wide-ranging juvenile salinity exposure is possible
given that Red Drum can almost instantaneously regu-
late internal ion concentrations in response to abrupt
salinity shifts, even between fresh and marine waters
(Watson et al. 2014). After maturation, which occurs
from ages 3–6 (Wilson and Nieland 1994), adult Red
Drum typically migrate down the estuary to high salinity
inshore, nearshore, and offshore waters (Overstreet
1983; Winner et al. 2014; Lowerre-Barbieri et al.
2019). However, adult Red Drum have been collected
throughout Mobile Bay in salinities ≤5 (Powers et al.
2012; Hightower et al. 2016; Livernois et al. 2020).
Therefore, Red Drum may exhibit diversity in salinity
exposure and habitats occupied during both juvenile and
adult stages.

Red Drum populations drastically decreased
throughout the Gulf of Mexico during the 1980s given
increased commercial harvest to meet demand for the
popular blackened redfish dish (Powers et al. 2012). To
rebuild populations, Red Drum harvest was banned in
federal waters in 1988 (Gulf of Mexico Fishery
Management Council 1988; Porch 2000; Hightower
et al. 2016). Since commercial harvest cessation, a valu-
able recreational fishery has developed that primarily
targets juvenile fish (1–4 years old) in inshore waters
(Porch 2000; Nelson and Powers 2020b). This fishery is
tightly regulated to ensure that 30% of juveniles escape

the inshore fishery and contribute to the adult spawning
stock (Powers and Burns 2010; Powers et al. 2012).
Although Red Drum inhabit a wide salinity range, there
is limited knowledge on how oligohaline salinity expo-
sure varies throughout the population during both juve-
nile and adult life stages. Furthermore, fitness conse-
quences of oligohaline exposure and drivers of
oligohaline residency are also unknown. To ensure per-
sistence of this popular sportfish, this knowledge is
needed and will help elucidate Red Drum essential fish
habitat, the importance of oligohaline waters to adult
Red Drum production, and how fish may respond to
fluctuating salinities within estuaries. Therefore, the
objectives of this study were to: 1) quantify age specific
oligohaline salinity exposure of RedDrum, 2) determine
if Red Drum growth was related to oligohaline salinity
exposure, and 3) determine if oligohaline residency was
related to river discharge into the estuary.

Methods

Fish collection and otolith processing

Adult Red Drum were collected from large schools in
nearshore Alabama waters during fall 2014 via purse
seine as part of a concurrent age and growth study
(Hightower et al. 2016). Collection sites were directly
adjacent to Mobile Bay/Mississippi Sound Alabama
(Fig. 1). A spotter pilot located Red Drum schools and
a fishing vessel deployed a purse seine (0.55 km long,
39.62 m high, 2.54 cm mesh) enclosing each school.
Once the net was pursed, a random sample of Red Drum
were removed, passed to a small research vessel, and
transported back to the Dauphin Island Sea Lab (DISL).
Three schools were sampled during this period; 129 fish
were collected from the first school on October 28th,
128 fish were collected from a second school on Octo-
ber 29th, and 211 fish were collected from the third
school on October 31st (Fig. 1).

The left sagittae from each Red Drum was used to
age fish and a subset was selected for otolith chemical
analysis. Otoliths were sectioned on a Hillquist thin-
sectioning petrographic saw, mounted to glass slides,
and polished using 0.3 μm alumina powder to obtain a
smooth surface for otolith aging and chemical analysis.
All fish were aged by two independent readers and fish
age was determined by counting the number of opaque
annuli and assigning an integer age. Red Drum deposit
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annuli in the winter and have easily discernable rings
(VanderKooy 2009), which consistently leads to high
agreement among readers (Powers et al. 2012;
Hightower et al. 2016). After aging, an attempt was
made to randomly select 20 males and 20 females from
each school for otolith chemical analysis. To be includ-
ed in the selection process, fish had to be at least 10 years
old, which slightly skewed the sex ratios sampled from
each school (n = 120, Table 1). The aging average per-
cent error (Beamish and Fournier 1981) from these 120
otoliths was 0.67%, equaling >99% agreement among
readers. For any otolith where the two readers did not
agree (n = 15), both readers reviewed the otolith togeth-
er and reached a consensus on the final age. Prior to
chemical analysis, multiple otoliths were adhered to a
single slide, triple rinsed with ultrapure (18.2 MΩ-cm)
water, scrubbed for one minute with an acid cleaned
toothbrush, and triple rinsed with ultrapure water once
more. Otoliths were dried and stored in a laminar flow
clean hood until chemical analysis.

Otolith chemical and increment analysis

Elemental concentrations (43Ca and 88Sr) of otoliths
were quantified with laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) at the DISL
instrumentation lab with a 213 nm Nd:YAGNWR laser
coupled to a Agilent 7700x quadrupole ICPMS. Life-
time otolith profiles were obtained with straight line
laser ablation tracks. These profiles originated in the
core, continued along the sulcus, and passed through
each annulus until the otolith edge was reached. For
each profile a pre-ablation pass was performed with
20% energy, 5 Hz repetition rate, 40 μm spot size, and
a speed of 100 μm/s. Each ablation used 30% energy,
10 Hz repetition rate, a spot size of 25 μm, and moved at
a speed of 5 μm/s, resulting in an approximate output
energy of 5 J/cm2. Duplicate runs of certified reference
materials (CRM) NIST-612 and MACS-3 were per-
formed before analysis began and after each subsequent
hour of analysis. The NIST-612 was used to asses

Fig. 1 Collection locations of adult Red Drum schools and the depth averaged salinity of coastal Alabama waters predicted with the
Environmental Fluid Dynamics Code (Kim and Park 2012) from June 2008–2010

422 Environ Biol Fish (2021) 104:419–436



analytical precision (RSD 88Sr = 8.3%) and sixty seconds
of background signal were obtained before ablations of
both CRMs and otoliths. Limits of detection calculation,
background signal removal, instrument drift correction,
and conversion of raw elemental counts to concentrations
(ppm) were performed in Iolite version 3 (Igor version
6.37) using the Trace Element IS data reduction scheme
with Ca as the internal standard (37.69%) and MACS-3
as the CRM (Longerich et al. 1996; Paton et al. 2011).
The ppm concentrations of Sr were converted to molar
ratios with Ca prior to statistical analysis.

Otoliths were imaged and ablation transects were
measured with Olympus cellSens software to determine
the year of life that ablation transect data corresponded
to. Straight-line laser ablation transects were measured
in μm from their origin (otolith core) to the middle of
each annuli and the otolith edge. Continuous ablation
elemental data was converted from time (output every
0.512 s) to distance (μm) by multiplying the output
timestamp by 5 μm/s (the speed of the laser). If ablation
transect data fell from the otolith core (ablation origin)
to the middle of the first annulus it received a 1,
representing the first year of life. If data occurred from
the middle of the first annulus to the middle of the
second it received a 2, and this continued at each sub-
sequent annuli until the otolith edge was reached. Cal-
endar year was assigned to profile increments by back-
dating from the time of capture (fall 2014) and it was
assumed that annuli deposition occurred in the winter
(VanderKooy 2009).

Given that annuli measurements were along straight-
line ablation tracks, these measurements could be used
to predict fish length-at-age with otolith back calcula-
tion. Predicted length at a given age was obtained using
the Dahl-Lea method

Li ¼ Lc Oi=Ocð Þ;

where Li is the back-calculated length of a fish at age i,
Lc is the length of fish at capture, Oi is the length of the

otolith from the ablation origin (otolith core) to the ith
annulus, and Oc is the length from the otolith core to the
otolith edge along the laser track (Quist et al. 2012). The
proportional nature of this method accounted for poten-
tial bias among otolith accretion measurements resulting
from section and transect variability. Therefore, predict-
ed fish length and predicted fish growth within a given
year of life were used for all growth analyses.

Data processing, oligohaline thresholds, and inference
statistics

Prior to all analyses, outliers were removed and data was
smoothed using a loess regression. Outliers in each
Ele:Ca profile were identified as data points greater than
four times the 3rd quartile of the entire ablation. This
was a conservative approach to remove outliers, but
clearly filtered out erroneous data that was likely a result
of instrument noise rather than ecologically relevant
values (Smith et al. 2013; McMillan et al. 2017). After
outlier removal all data was passed through a local
polynomial regression (loess), using the loess package
in R with a span equal to 0.025. This low span smoothed
high frequency variation that are too fine to be used for
environmental interpretation, a common approach in
LA-ICPMS analysis (Sinclair et al. 1998; Lowe et al.
2011; Nims and Walther 2014), but retained
ecologically-relevant Sr:Ca variations. All analyses
and oligohaline exposure inference were performed
using the smoothed data from the loess regression.

Past Red Drum oligohaline salinity (< 5) exposure
was inferred using otolith Sr:Ca as a salinity proxy.
Otolith Sr:Ca partition coefficients (DSr mean = 0.22
[0.213–0.227 95% CI]) were multiplied by their respec-
tive water Sr:Ca ratios (mean = 7.5 mmol:mol [7.31–
7.71 95% CI]) at a salinity of 5 (Morse and Bender
1990; Nelson and Powers 2019, 2020a), to generate
low (1.56 mmol:mol), mean (1.65 mmol:mol), and high
(1.75 mmol:mol) oligohaline thresholds. Multiple
thresholds were used to ensure that overall exposure

Table 1 Summary statistics of Red Drum randomly selected from schools (School #) for otolith chemistry analysis. The collection date,
number of individuals (n) from each school, the median age (min-max), sex ratios (F:M), and median total length (TL) are reported

School Date n Age (min-max) Sex (F: M) TL (min-max)

1 10/28/2014 40 14.0 (10–25) 21: 19 888.5 (822–962)

2 10/29/2014 40 17.0 (10–24) 19: 21 899.0 (845–970)

3 10/31/2014 40 16.5 (10–23) 20: 20 905.5 (795–989)
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patterns were robust to threshold variation. Within a
given year of life, the number of ablation transect points
below oligohaline thresholds was divided by the
total number of transect points within that year
to infer the percentage of time fish spent in
oligohaline waters at each threshold value. Com-
bined percentages were also calculated for years
1–4 and 2–3, given initial patterns observed in the
data. Fish that spent ≥90% of a year of life in
oligohaline waters were considered oligohaline res-
idents during that year and fish that spent <10% of
a year in oligohaline waters were considered meso-
polyhaline residents. The same criteria were used
to classify fish throughout years 1–4 and 2–3 of
life. For the purposes of this study, oligohaline
waters were defined as those with salinity <5 and
meso-polyhaline waters were those ≥5 regardless
of where these waters occurred.

Growth analyses

To determine if Sr:Ca was related to age-specific
juvenile Red Drum growth, linear regressions were
performed for years 1–4 of life, with annual pre-
dicted fish growth as the dependent variable and
mean annual Sr:Ca as the independent variable.
Predicted fish growth within a given year of life
was obtained by subtracting the predicted length of
fish at age i-1 from the length of fish at age i. For
the first year of life, growth was the same as back
calculated fish length. A similar approach was
taken to determine if the proportion of time spent
in oligohaline waters (as inferred from Sr:Ca
thresholds) was related to fish growth during years
1–4 of life. These linear models were run for each
threshold percentage classifications to determine if
results were robust to the threshold chosen.

After initial data review, it was apparent that a
large proportion of Red Drum were oligohaline
residents during years 2 and 3 of life (≥ 90% of
time in oligohaline waters). To determine if com-
bined growth differed among oligohaline residents
and all others in the study during these years, a t-
test with each threshold value (low, mean, high)
was run. The combined predicted fish growth dur-
ing years 2–3 of life was the sum of growth from
each year. To determine if oligohaline residency
early in life affected lifetime growth trajectories,
differences in oligohaline resident (during yrs. 2–

3) growth and all other fish were further investi-
gated with von Bertalanffy growth models,

Lt ¼ L∞ 1−e−K t−t0ð Þ
h i

;

where Lt is the predicted length at a given age (t),
L∞ is the asymptotic maximum length reached by
individuals in the population, K is a growth coef-
ficient that adjusts how quickly the asymptotic
length is reached, and t0 is an extrapolation to
fix the curve to the x-axis. These models were
run with each threshold classification to determine
if results were sensitive to variable thresholds. To
ensure that Red Drum sex specific growth (Powers
et al. 2012) did not bias comparisons among sa-
linity groupings, growth among sexes or salinity
groupings were allowed to vary within models.
The most parsimonious model comparing sex or
salinity groupings was selected as the one with the
lowest corrected Akaike information criterion
(AICc), unless a simpler model was within 2 AICc
units. Bootstrapped 95% confidence intervals were
obtained using the nlsBoot function (5000 itera-
tions) in R (Baty et al. 2015) for each parameter
estimate from the best fitting models. Differences
in collection age distributions between oligohaline
resident Red Drum (during yrs. 2–3) and all other
fish were tested with the Kolmogorov-Smirnov (K-
S) test, and Chi-squared (X2) tests were used to
determine if oligohaline residency assignment was
independent of sex and collection school.

Analysis of oligohaline residency with river discharge

The relationship of oligohaline residency during years 2
and 3 of life and river discharge was investigated with
generalized linear models (GLM) in R using the Gamma
family and log link. The freshwater discharge into Mo-
bile Bay was obtained by adding the daily discharge at
Coffeeville and Claiborne lock and dams (waterdata.
usgs.gov) and generating annual means for 1990–
2008. This mean annual discharge was the
independent variable in GLMs. The response variable
was the proportion of oligohaline resident Red Drum
during years 2 or 3 of life in each calendar year. For each
calendar year, this proportion was the number of
oligohaline residents during years 2 or 3 of life,
divided by the total number of Red Drum present
during years 2 or 3 of life. These proportions only
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included individuals from otolith chemical analysis and
at least ten fish, whose second or third year of life
corresponded to a respective calendar year, needed to
be present for inclusion of that year. Therefore, only
years 1993 through 2006 were used for analysis and
GLMs were run with oligohaline classifications based
on each threshold value.

Results

Lifetime Sr:Ca profiles and salinity inference

All Red Drum had otolith Sr:Ca ratios that increased as
fish aged (Fig. 2, Online Resources 1, 2, 3). The largest
increases occurred during years 4–6 of life and after this
Sr:Ca increase, the mean adult (years ≥7) Sr:Ca
(3.55 mmol:mol ± 0.01 SE) across all individuals was
almost double the value predicted at 35 psu using 0.22
DSr (1.83 mmol:mol). Profiles among individuals were
similar after this increase and exhibited periodicity
throughout the duration of life (Online Resources 1, 2,
3). The majority of juvenile (years 1–4 of life) Sr:Ca
ratios were within expected ranges and individual vari-
ability in Sr:Ca was present. Sr:Ca below oligohaline
thresholds (Fig. 2a, Online Resource 1), near thresholds
(Fig. 2b, Online Resource 2), and above thresholds (Fig.
2c, Online Resource 3) was observed among juvenile
Red Drum.

The largest differences among Red Drum Sr:Ca
and inferred salinity exposure occurred during the
second and third years of life. During year 2, 37
(low = 31, high = 43) Red Drum were classified as
oligohaline residents and 37 (low = 48, high = 29)
were meso-polyhaline residents. The 46 (low = 41,
high = 48) remaining Red Drum spent between
10% and < 90% of their time in oligohaline waters
(Fig. 3a). During their third year of life, more Red
Drum were meso-polyhaline residents (low = 60,
mean = 51, high = 39); however, 24 (low = 22,
high = 30) were oligohaline residents (Fig. 3a).
During years 2–3 of life combined, 26 (low = 23,
high = 31) Red Drum were oligohaline residents,
41 (low = 53, high = 31) were meso-polyhaline res-
idents, and 53 (low = 44, high = 58) spent between
10% and < 90% of their time in oligohaline waters
(Fig. 3b). Some Red Drum also resided in
oligohaline salinities during years 1–6 of life and
years 1–4 combined (Fig. 3); however, after year 6

no within-year oligohaline residents were present.
While these patterns of oligohaline salinity expo-
sure were present, 100% of fish spent some por-
tion of life in oligohaline waters according to the
mean and high thresholds. When the low threshold
was used, only 3 fish were classified as never
entering oligohaline waters. While the absolute
number of age-specific oligohaline residents varied
in the above analyses, the overall patterns and
trends remained, demonstrating robust results to
variable thresholds tested here.

Growth

Annual Red Drum growth during years 1–3 of life
was unrelated to otolith Sr:Ca or the percentage of
time spent in oligohaline waters. All models for
each of these three years had R2 < 0.03, and
p values >0.07 indicating that no correlations were
present (Fig. 4a - 4c, 4e - 4 g). During the fourth
year of life, a negative relationship with growth
and otolith Sr:Ca (R2 = 0.18, p < 0.001, Fig. 4d)
and a positive relationship with growth and the
percentage of time spent in oligohaline waters
were present (all threshold R2 < 0.1, all p < 0.001,
Fig. 4h). However, R2 were still low in these models,
indicating weak relationships. The models regressing
growth with the percentage of time in oligohaline waters
did have clustering of points at extreme values, which
could have biased analyses. However, the residual vs.
leverage plots of these models indicated that these points
were not overly influential.

Although continuous within-year growth relation-
ships were not detected, combined growth during
years 2–3 was lower for oligohaline residents then
for others across all threshold values (all t > 2.6, all
p < 0.01, Fig. 5a). This slower growth was also
apparent in von Bertalanffy models, oligohaline res-
ident Red Drum (during yrs. 2–3 of life) had lower
K values across all thresholds (Table 2, Fig. 5b). von
Bertlannaffy models among sex indicated that fe-
male Red Drum had a higher L∞ (Table 2,
Online Resource 4). However, individual assign-
ment to oligohaline resident (during yrs. 2–3) was
independent of sex (all X2 > 0.86, all p > 0.12) and
collection school (all X2 > 0.75, all p > 0.53), and
age distributions did not differ between oligohaline
residents or others (all D < 0.15, all p > 0.78). Fur-
thermore, growth results were robust to variable
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thresholds, given that results did not differ among
threshold choice.

Oligohaline residency and river discharge

The proportion of oligohaline resident Red Drum during
years 2 or 3 of life was positively related to discharge
from corresponding calendar years, across all
oligohaline thresholds (all p ≤ 0.02, Fig. 6). For each
m3s−1 increase in discharge, the proportion of

oligohaline residents was predicted to increase by
1.001 times (Table 3). Obtaining the same results across
thresholds demonstrates that discharge results are robust
to the thresholds tested here.

Discussion

Red Drum habitat use and salinity exposure has previ-
ously been assessed with field surveys and tagging
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studies that focused on sub-adult fish (Bacheler et al.
2009a; Bacheler et al. 2009b; Dance and Rooker 2016).
These studies were temporally restrictive, given that fish
had to be captured or detected for insight to be drawn.
While it is common knowledge Red Drum may inhabit
oligohaline waters (Bacheler et al. 2009a; Bacheler et al.
2009b), lifetime reconstructions of salinity histories

have been lacking, and the results in this study provide
unique insight into interannual and ontogenetic patterns
of oligohaline occupancy by this important species.
Salinity exposure varied most during years 2 and 3 of
life. In this time period, 22% of Red Drum were
oligohaline residents, 34% were meso-polyhaline resi-
dents, and 44% spent years 2 and 3 in both oligohaline
waters and higher salinities. After age 2, oligohaline
occupancy decreased and by age 7, only one Red Drum
spent any time in oligohaline waters. This divergence in
salinity residency by juvenile Red Drum demonstrates
that life history diversity was present in this population
and that oligohaline waters provided important nursery
habitat for fish that successfully recruited to the adult
population.

Considerations and caveats

When using otolith chemical markers as salinity proxies
there are many important considerations and caveats
that must be addressed (Elsdon et al. 2008). First and
foremost is the choice of elemental proxy or proxies that
are used. In Mobile Bay AL, the relationship of salinity
with ambient Sr and Ca is conservative and does not
change with variable discharge into the estuary (Nelson
and Powers 2020a). Therefore, the water Sr:Ca salinity
relationship is also unaffected by discharge and exhibits
temporally stable discernable differences among
oligohaline and meso-polyhaline salinities (Nelson and
Powers 2020a). In contrast, Ba is not temporally con-
servative and peaks during periods of low discharge
(Nelson and Powers 2020a). Although Ba:Ca was

Fig. 5 The mean ± 1 standard error (SE) of predicted Red Drum
growth of oligohaline resident (< 5) and non-resident (≥ 5) fish
classified with low, mean, and high threshold values during their
second and third year of life (a). The back calculated lengths at
each age for oligohaline resident and non-resident Red Drum
during years 2–3 of life and the predicted growth curves obtained
from the most parsimonious von Bertalanffy growth equation
using the mean threshold value (b)

Table 2 Parameter estimates (est) and 95% confidence intervals
(95% CI) of the most parsimonious Von Bertalanffy growth
models among sexes (Sex) and salinity groupings (Salinity) during
years 2–3 of life. Low, mean, and high parameters correspond to

models run with Red Drum classified as either oligohaline resi-
dents or not, during years 2–3 of life, across these three oligohaline
threshold values

Sex est (95% CI)

L∞ (Female) 911.04 (901.07–921.15)

L∞ (male) 892.09 (882.47–901.83)

K 0.155 (0.148–0.162)

t0 −1.80 (−1.97 - -1.64)

Salinity Low est (95% CI) Mean est (95% CI) High est (95% CI)

L∞ 901.42 (892.57–911.27) 901.72 (892.84–911.18) 901.17 (892.05–910.43)

K (< 5) 0.145 (0.138–0.152) 0.144 (0.138–0.151) 0.149 (0.143–0.157)

K (≥ 5) 0.158 (0.151–0.166) 0.159 (0.152–0.166) 0.158 (0.151–0.166)

t0 −1.79 (−1.96 - -1.62) −1.79 (−1.96 - -1.62) −1.79 (−1.96 - -1.62)
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quantified in Red Drum otoliths, this non-conservative
behavior was the first reason why Ba:Ca was not used as
a salinity proxy in this study. The second was that Ba:Ca
partition (DBa) into Red Drum otoliths was not consis-
tent across salinities, whileDSrwas (Nelson and Powers
2019). Consistent DSr indicates that ambient water
chemical shifts are responsible for otolith Sr:Ca chang-
es, which are not confounded by salinity effects beyond
changing water chemistry. Although Rooker et al. 2004
found no salinity effect on juvenile Red Drum otolith
Sr:Ca, their study did not quantify underlying water
Sr:Ca variability among salinity treatments. It is possible
that no variation existed, leading to their insignificant
results. Discernable differences in water Sr:Ca among
salinities and consistent DSr are important assumptions
(Elsdon et al. 2008; Walther and Limburg 2012) that
were met for Red Drum in coastal Alabama (Nelson and
Powers 2019, 2020a).

Another important consideration is the lag time be-
tween salinity shifts and otolith chemical signature sta-
bilization. Previous studies have found that it takes 12 to

30 days (Lowe et al. 2009; Macdonald and Crook 2010;
Miller 2011) for otolith chemical signatures to stabilize
after environmental changes. However, discernable
changes in otolith composition after environmental
shifts have been observed within 1–3 days (Miller
2011; Hoover et al. 2012). Entire otolith scans of juve-
nile Red Drum Sr:Ca indicate that otolith composition
rapidly changes with salinity shifts (Nelson and Powers
2019). However, even if otolith Sr:Ca instantaneously
shifts with changing salinity, enough otolith material
must be deposited for a change to be detected with a
given laser spot size (Nims and Walther 2014). Like all
fishes, as Red Drum age the amount of time incorporat-
ed by a fixed laser size increases, because Red Drum
growth rate decreases (Powers et al. 2012). Therefore, as
fish age more time must be spent in a chemically unique
environment for it to be detected in the otolith. This time
compression within laser spot size could be why
oligohaline exposure was not detected in the adult por-
tion of Red Drum otoliths. Rapid juvenile fish move-
ments among oligohaline and meso-polyhaine waters
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residents during their second or third year of life within each
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oligohaline thresholds. Example Red Drum otolith, laser ablation
track, and corresponding calendar years for an age 12 Red Drum
(b). The measurement length (mm) from the otolith core to the first
annuli is included for scale

Table 3 Parameter estimates (est) across low, mean, and high oligohaline thresholds from discharge GLM models

Low est exp(est) Std. error t value p

Discharge 0.000697 1.000697 0.000268 2.60 0.023

Mean

Discharge 0.001017 1.001017 0.000232 4.382 < 0.001

High

Discharge 0.000795 1.000795 0.000254 3.128 0.009
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may have also been undetected because of time lags and
the loess smoothing we applied. Although this is the
case, our approach provided insight into the dominant
age-specific salinity ranges inhabited by Red Drum.

In addition to ambient water chemistry, other exoge-
nous and endogenous factors such as diet, temperature,
growth, and ontogeny may affect otolith elemental ra-
tios, potentially confounding the use of Sr:Ca as a
salinity proxy (Sturrock et al. 2012; Izzo et al. 2018;
Reis-Santos et al. 2018). Although dietary sources can
augment Sr:Ca, water has been found to be the dominant
source of otolith Sr (Walther and Thorrold 2006; Webb
et al. 2012; Doubleday et al. 2013). Furthermore, prey
consumed in oligohaline waters likely have Sr concen-
trations that reflect these waters (Nims and Walther
2014). Even if Red Drum otolith Sr:Ca was slightly
elevated in oligohaline salinities through consuming
prey with Sr concentrations indicative of higher salin-
ities, this would have decreased our estimates of
oligohaline water exposure. Therefore, our estimates of
oligohaline exposure are conservative with respect to
dietary confounding.

Both positive (Bath et al. 2000; Martin et al. 2004;
Nelson et al. 2018) and negative (Townsend et al. 1992;
DiMaria et al. 2010; Miller and Hurst 2020) correlations
of otolith DSr with temperature have been found.
Decoupling the interactive effects of fish growth and
temperature is also difficult given that fish growth is
linked to temperature and somatic growth rate is nega-
tively related toDSr (Sadovy and Severin 1992; Walther
et al. 2010; Miller and Hurst 2020). Consistent DSr for
field collected juvenile Red Drum across a wide tem-
perature range (Nelson and Powers 2020a) demonstrates
that temperature confounding effects were minimal. Red
Drum throughout the estuary should also experience
similar seasonal temperature fluctuations. Therefore dif-
ferences among individuals in oligohaline exposure in-
ferred from Sr:Ca should be unaffected by temperature
bias even if it was present. There is the possibility that
oligohaline resident Red Drum during years 2–3 had
higher DSr then other fish, given that their growth rate
was lower within this time period. This would have
resulted in higher otolith Sr:Ca during these years,
which once again indicates that our estimates of
oligohaline exposure and residency are conservative at
least in juvenile fish.

One final consideration was our choice to use thresh-
old analysis and the values selected as part of this
analysis. Although impacts of confounding variables

on otolith Sr:Ca were likely minimal, we cannot con-
clude they were nonexistent, and as such, cannot assign
exact salinities to otolith Sr:Ca. Furthermore, otolith and
water Sr:Ca in Mobile Bay does not exhibit changes
beyond salinities of 10 (Nelson and Powers 2020a). This
asymptotic Sr:Ca relationship is typical among estuar-
ies; however, differences in oligohaline and meso-
polyhaline salinity ranges are discernable with this
proxy (Walther and Limburg 2012; Seeley and
Walther 2018; Nelson and Powers 2020a). The choice
of an oligohaline threshold was also physiologically and
ecologically relevant. Red Drum residency within
oligohaline portions of estuaries has been poorly studied
and these salinities are below Red Drum isosmotic
equilibrium (Crocker et al. 1983; Forsberg and Neill
1997; Watson et al. 2014). While thresholds cannot
determine precise salinities, they provide probable con-
servative estimates of inhabited salinity ranges, espe-
cially when results are robust across variable thresholds
(Nims and Walther 2014; Seeley and Walther 2018), as
was the case here. While we are confident that juvenile
Red Drum otolith Sr:Ca can reliably discern oligohaline
waters from meso-polyhailne ones, we do believe that
growth and maturation likely affected otolith Sr:Ca ra-
tios in adult Red Drum and discuss these ontogenetic
implications in the following section.

Ontogenetic patterns of oligohaline exposure

The percentage of oligohaline resident Red Drum ex-
hibited an inverse pattern to Red Drum maturation. Red
Drum mature during years 3–6 of life (Wilson and
Nieland 1994) and after maturation move down the
estuary to join spawning aggregations (Overstreet
1983; Winner et al. 2014; Lowerre-Barbieri et al.
2019). The percentage of within-year oligohaline resi-
dents decreased during their third year of life, and few
fish were classified as oligohaline residents past year 4,
the time when most fish have matured by (Wilson and
Nieland 1994). Therefore, the trend of decreasing
oligohaline salinity exposure with age matched expect-
ed Red Drum life history.

Although movement to higher salinities was expect-
ed after maturation, otolith Sr:Ca may have been affect-
ed by maturation and/or decreased somatic growth.
Around maturation timing (during yrs. 3–6), otolith
Sr:Ca increased approaching values nearly double the
maximum predicted from water elemental curves and
juvenile partition coefficients (Nelson and Powers 2019,
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2020a). As discussed above, an increase in Sr:Ca is
expected given known migrations associated with mat-
uration. However, this large increase of Sr:Ca around
the age of maturity is likely a result of increased otolith
Sr:Ca partition (DSr). Otolith Sr:Ca can increase with
respect to gonad development in otoliths, blood, and
endolymph (Kalish 1991; Sturrock et al. 2014;
Sturrock et al. 2015) and increased Sr:Ca with age has
been shown in both resident freshwater and marine
fishes (Brown and Severin 2009; Loewen et al. 2016).
Furthermore, steady increases of Sr:Ca with fish age
have been observed in Red Drum (Hoff and Fuiman
1993; Fuiman and Hoff 1995) andWhitemouth Croaker
(Micropogonias furnieri), another estuarine dependent
Sciaenid (Albuquerque et al. 2012). The age of matura-
tion is also when Red Drum growth rapidly decreases
(Porch 2000; Powers et al. 2012), which as discussed
above also increases DSr. Although age-specific trends
in oligohaline exposure matched putative Red Drum life
history, the confounding effects of growth and matura-
tion on Sr:Ca, coupled with laser time compression
(discussed above), could have led to erroneous salinity
inference in adult otolith regions.

Future validation work is needed to elucidate the
drivers behind increased adult otolith Sr:Ca and ob-
served periodicity within this time period. After this
Sr:Ca increase, regular variations with peaks and valleys
that could be driven by internal physiological processes
or external environmental changes were observed. One
avenue for this work would be to investigate whether
otolith Sr:Ca co-varies with magnesium calcium ratios
(Mg:Ca). Otolith Mg:Ca is a likely indicator of meta-
bolic activity and growth that is unaffected by the sur-
rounding environment (Limburg et al. 2018). If otolith
Sr:Ca and Mg:Ca have similar patterns of periodicity
than a physiological driver on otolith Sr:Ca is likely.
One way to disentangle many confounding effects on
Sr:Ca would be to use otolith Sr87:Sr86 ratios as salinity
proxies, given that no significant biological fraction-
ation occurs in Sr87:Sr86 incorporation (Kennedy et al.
2000; Walther and Limburg 2012). If adult Red Drum
spend enough time in oligohaline waters for it to be
detectable with a given laser spot size then otolith
Sr87:Sr86 should elucidate this exposure.

Growth and drivers of oligohaline residency

Slower growth among oligohaline resident Red Drum
and other fish during years 2–3 of life was clearly shown

through mean comparisons and lower von Bertalanffy
growth coefficients (K). The metabolic costs of
inhabiting salinities below their isosmotic equilibrium
(Boeuf and Payan 2001), which is near 10 salinity
(Crocker et al. 1983; Forsberg and Neill 1997; Neill
et al. 2004), likely led to this slower growth rate; a
common trend among euryhaline species (Lankford
and Targett 1994; Secor et al. 2000; Sampaio and
Bianchini 2002). The largest consequence of slower
growth during this life stage is that oligohaline resident
Red Drum may remain in the harvestable slot limit for a
longer duration, potentially increasing vulnerability to
recreational harvest and oligohaline mortality rates
(Nelson and Powers 2020b).

While differences in juvenile growth were present,
the lack of continuous growth relationships and the
shared L∞ in von Bertalanffy models, indicates growth
effects were minimal and did not result in long-term
growth consequences. The osmoregulatory capability
of Red Drum likely contributed to these minimal growth
consequences of oligohaline salinity residency. Within
8 h of transfer from sea water to freshwater, Red Drum
are able to downregulate sea water excretion pathways
and rely on existing ion uptake channels to maintain
muscle ion and water balance (Watson et al. 2014). This
rapid osmoregulatory response is unique among fishes,
95% of teleosts are stenohaline (McCormick 2001), and
some euryhaline species (i.e. Mozambique Tilapia
[Oreochromis mossambicus, Peters] and Southern
Flounder) take 4 days or longer to adjust to rapid salinity
shifts incurring stressful metabolic costs (Morgan et al.
1997; Tipsmark et al. 2008). This osmoregulation capa-
bility likely contributed to minimal growth conse-
quences of oligohaline exposure allowing for prolonged
residency periods within these waters.

Although back calculation of length from otolith
incremental analysis can under estimate fish length and
older individuals are usually predicted to be smaller at a
given age than younger fish (Ricker 1975; Quist et al.
2012), the equal distribution of collection age among
oligohaline resident individuals (during yrs. 2–3) and
other fish in should remove any age bias in growth
comparisons. Female Red Drum also have larger L∞
than males (Powers et al. 2012), which was detected in
our sex-specific von Bertalanffy model. However, Red
Drum sex and collection school should not bias salinity
growth models given that assignment to oligohaline
residency (during yrs. 2–3) was independent of these
variables. The L∞ and K estimates from von Bertalanffy
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models were also similar to those obtained from ob-
served fish length at age data (Powers et al. 2012),
indicating that otolith back calculation did not introduce
large biases in growth models. Instead, this approach
was likely an appropriate way to account for otolith
accretion measurement bias, introduced through otolith
section and transect variability.

The facultative use of oligohaline habitat by juvenile
Red Drum may be a strategy to alleviate negative den-
sity dependent interactions. Movement of age 1 Red
Drum to upper and lower estuarine habitats was hypoth-
esized to alleviate the negative relationship of juvenile
Red Drum growth and abundance (Bacheler et al. 2012).
It is possible that similar density dependent mechanisms
operate inMobile Bay. Larval Red Drum typically settle
in meso-polyhaline portions of the estuary (Rooker and
Holt 1997; Stunz et al. 2002) and initially, these areas
may provide plentiful resources. However, as juvenile
Red Drum grow and age requiring more food (Neill
et al. 2004) some fish may move into potentially less
exploited oligohaline waters. This hypothetical mech-
anism may explain why oligohaline residency was
highest during years 2–3 of life. Perhaps the min-
imal growth consequences of oligohaline residency
are less than those that would be present if Red
Drum remained in crowded portions of the estuary.
This density dependent driver of oligohaline resi-
dency in Gulf of Mexico estuaries could be inves-
tigated in the future with new field studies or
analysis of long-term monitoring data.

Oligohaline residency is likely driven by both
physical and ecological processes, because the pro-
portion of oligohaline resident Red Drum during
years 2 or 3 of life was positively related to river
discharge. The oligohaline proportion of Mobile Bay
increases with elevated river discharge into this estu-
ary (Coogan and Dzwonkowski 2018). Therefore, if
Red Drum move up the estuary to alleviate negative
density dependent effects, then a higher proportion of
fish would be exposed to oligohaline waters during
high discharge periods. There may also be a genetic
component behind oligohaline residency, because
Red Drum genetic divergence in the Gulf of Mexico
is likely driven by discharge into estuaries
(Hollenbeck et al. 2019). Although the exact mecha-
nism behind juvenile Red Drum oligohaline residen-
cy remains unknown, future research should strive to
elucidate these mechanisms, shedding light on
drivers of life history diversity in euryhaline fishes.

Contingent vs. continuum and conclusions

Although life history diversity in oligohaline exposure
of juvenile Red Drum exists, this diversity does not fit
the population contingent hypothesis as seen in other
euryhaline fishes like Striped Bass (Morone saxatilis,
Walbaum) (Secor 1999; Zlokovitz et al. 2003;
Morissette et al. 2016), White Perch (Morone america-
na, Gmelin) (Kerr et al. 2009), and Southern Flounder
(Paralichthys lethostigma, Girard) (Nims and Walther
2014). For Striped Bass and White Perch, a contingent
of individuals within the population remained resident
in freshwater throughout life while other individuals
migrated to mesohaline or polyhaline salinities (Secor
et al. 2001; Kerr et al. 2009). The opposite pattern is
present in Southern Flounder, a contingent remained in
meso-polyhaline salinities throughout life, while others
made single or multiple migrations into oligohaline
waters (Nims andWalther 2014). In contrast, Red Drum
spent time in both oligohaline and meso-polyhaline
salinities, and life history diversity in oligohaline expo-
sure was only present in juvenile fish. This continuous
use of estuarine nursery habitats provides resiliency to
the inevitable future fluctuations of estuarine salinity
(Scavia et al. 2002; Gillanders et al. 2011; Tupitza and
Glaspie 2020). Facultative occupancy of oligohaline
salinities is likely present in other estuarine dependent
fishes and should be investigated further, elucidating
resiliency in other economically valuable species.
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