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Abstract Trace elements and stable isotopes are commonly
used in chronologically formed biominerals as proxies of tem-
perature and/or salinity in estuarine and marine environments.
To accurately use the chemistry of biominerals as salinity prox-
ies, understanding the consistency of dissolved element-salinity
relationships across spatiotemporal scales is essential. We exam-
ined relationships between dissolved Ba:Ca, Sr:Ca, Mg:Ca,
Mn:Ca, δ18O, and salinity on regional, local, and seasonal scales
in the lower portions of subtropical estuaries (salinities 15–
42 ppt) of Texas, including locations where seasonal alternations
between negative and positive estuaries can occur. Across all
spatiotemporal scales, Ba:Ca displayed a negative linear rela-
tionship within the sampled salinity range and was elevated at
sites furthest from the ocean and lowest at locations closest to the
Gulf of Mexico. This pattern remained consistent as the neutral
estuary switched from negative to positive after a rain event. On
regional scales, δ18O displayed a positive linear relationshipwith
salinity and was strongly related to evaporation rates. On local
and seasonal scales, evaporation-enriched δ18O at upper
enclosed estuarine sites and this pattern was consistent over time
including periods of reverse estuary conditions. Dissolved Sr:Ca
and Mg:Ca varied linearly with salinity on regional scales but
displayed minimal variation across temporal scales within an
estuary. High variability in dissolved Mn:Ca-salinity relations
was found at all spatiotemporal scales, with localized episodic
peaks ofMn:Ca possibly due to sediment disturbance. Although
dissolvedBa:Ca and δ18Owere not predictably related to salinity

on local scales, consistent up-estuary enrichment and lower-
estuary depletion make these two constituents reliable proxies
for animal movements across the ocean–estuary gradient as
recorded in chronologically formed biominerals.
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Introduction

The physicochemical properties of estuaries are often highly
dynamic and can exhibit considerable temporal and spatial
variation. The mixing of fresh river water and seawater results
in gradients of salinity, ionic strength, pH, dissolved organic
carbon (DOC), nutrient concentrations, and alkalinity, all
which influence the distribution and behavior of many trace
elements and isotope ratios (Benoit et al. 1994; Fry 2002). The
concentrations of many trace elements in freshwater end-
members are controlled by the weathering of terrigenous
minerals with rock composition and age influencing element
type and abundance (Middelburg et al. 1988; Negrel et al.
1993). In the estuarine mixing zone, sorption–desorption pro-
cesses may alter the concentrations of certain elements.
Removal processes of trace elements include complexation
of metals with organic ligands (Wen et al. 1999), while sedi-
ment resuspension due to tidal action, storms, or biological
activity may supply elements to either dissolved or particulate
pools (Zhang 1995; Zwolsman and van Eck 1999). While
some elements display conservative behavior across salinity
gradients with linear salinity-element relationships that result
from simple dilution between two end-members (Fry 2002),
non-conservative (non-linear) salinity-element relationships
may occur if estuarine mixing is influenced by a third end-
member or by biogeochemical processes and/or anthropogen-
ic activities (Paucot and Wollast 1997) that supply or remove
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dissolved constituents resulting in uncoupling of predictive
relationships to salinity (Morris et al. 1978).

Salinity-constituent relationships have been examined in
several estuarine systems, and the behavior of individual
constituents depends strongly on the degree to which addi-
tions, removals, or isotopic fractionation alters constituent
values across the estuarine gradient. Strontium, magnesium,
and calcium often exhibit conservative behavior and increase
linearly with salinity in most estuaries (Dorval et al. 2005;
Gillanders and Munro 2012); however, exceptions do occur
where freshwater end-members (i.e., strontium) may be higher
in freshwater compared to marine end-members (Kraus and
Secor 2004). Curvilinear behavior for these constituents may
also result when, for instance, groundwater addition intro-
duces a third end-member at intermediate salinities (Walther
and Nims 2014). Dissolved barium typically displays non-
conservative behavior with high concentrations at low salin-
ities due to desorption from suspended particulate matter in
the estuarine mixing zone, normally followed by linear mixing
with salinity for the remainder of the gradient (Hanor and
Chan 1977; Coffey et al. 1997). Manganese is redox-
sensitive and the dissolved species (Mn2+) shows high vari-
ability due to release from sediment reduction of organic
matter in suboxic and anoxic conditions and vertical supply
to the water column (Trefry and Presley 1982; Klinkhammer
and McManus 2001). Decreases in pH and physical distur-
bances of the sediments affect release of Mn to a much greater
degree than changes in dissolved oxygen or salinity (Atkinson
et al. 2007), and this sensitivity to environmental parameters
often leads to high seasonal and spatial variability in concen-
trations (Shiller 1997; Dorval et al. 2005; Kowalski et al.
2012). Finally, δ18O-stable isotope values in estuarine waters
are influenced by fractionation associated with precipitation
and evaporation processes as well as the composition of the
freshwater end-member and often show strong linear relation-
ships with salinity (Ingram et al. 1996; Cooper et al. 1997).

Estuary-to-ocean salinity gradients in subtropical Texas estu-
aries can fluctuate temporally due to seasonal differences in
freshwater inputs associated with precipitation events (Flint
1985; Nielsen-Gammon et al. 2005). On a large spatial scale,
the coast of Texas displays a north–south latitudinal climatic and
hydrologic gradient. Increased rainfall and freshwater inflow
occur in the northern estuaries, while southern estuaries experi-
ence half the amount rainfall and orders of magnitude less
freshwater inflow compared to northern estuaries (Tolan
2007). Salinity regimes of estuaries along the north–south
Texas coast are characterized as positive, neutral, and negative.
North Texas estuaries receive consistent rainfall and fluvial
freshwater inputs and thus remain positive year-round, while
in south Texas estuaries, evaporation greatly exceeds freshwater
inputs resulting in hypersaline conditions and negative estuaries,
such as the LagunaMadre (Tolan 2007). Central Texas estuaries,
such as theMission-Aransas, can alternate between positive and

negative regimes throughout the year due to seasonal pre-
cipitation events and can be considered neutral estuaries
(Tolan 2007).

Hypersaline conditions (salinity >35 ppt) and reverse estu-
ary behavior can potentially disrupt expected constituent-
salinity relationships. For instance, Gillanders and Munro
(2012) reported that dissolved barium concentrations within
the Australian Coorong Lagoon decreased from freshwater to
marine salinities and then dramatically increased in hypersa-
line waters with salinities above 40 ppt, a previously undoc-
umented phenomenon. Therefore, more studies on
constituent-salinity relationships in hypersaline conditions
are necessary, especially for dissolved elements that are typi-
cally used in biogenic calcified structures as salinity proxies
(Diouf et al. 2006; Gillanders and Munro 2012). If linear
behavior was disrupted due to hypersalinity, then predictive
relationships of dissolved elements to salinity would not hold,
leading to inaccurate interpretations of salinity proxies, such
as the calcified earstones of fish (otoliths) which are common-
ly used to estimate migratory fish movement across salinity
gradients.

In this study, we investigated the consistency of element-
salinity relationships across local, regional, and seasonal
scales in subtropical Texas estuaries. This study examined
constituent-salinity relationships in three contexts. First, rela-
tionships were evaluated across three separate estuaries across
the entire Texas coast, including a positive, neutral, and neg-
ative estuary to determine regional patterns. Second, relation-
ships were evaluated within each of the three estuary types to
determine local patterns. Third, constituents were monitored
within the neutral estuary at several fixed stations over a span
of 12 months to determine seasonal patterns. Over the dura-
tion of the 12-month study, the salinity regime in the neutral
estuary reversed from a negative to a positive regime after
heavy spring precipitation, allowing us to examine the con-
sistency of element-salinity relationships after an elevated
freshwater inflow period. In the neutral estuary, environmental
and climatic time series were examined for correlations to
dissolved elemental and isotopic constituents to explore pos-
sible mechanisms driving the observed seasonal patterns. This
project focused on relationships observed for the lower estu-
arine regions with salinities >15 ppt given that the dynamics
of the freshwater end-members are addressed in a companion
paper (Walther and Nims 2014).

Materials and Methods

Study Area and Environmental Data

To examine coast-wide geographic variation in dissolved
chemistry, replicate samples were collected from five sites
within Galveston Bay (GB, a positive estuary), the Mission-
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Aransas estuary (MA, a neutral estuary), and the Laguna
Madre (LM, a negative estuary; Fig. 1). Each estuary was
sampled in July 2012 within ten consecutive days to reduce
temporal variation and make spatial comparisons between
estuaries. To assess temporal variation across the seasons,
the Mission-Aransas estuary was sampled monthly from
October 2011 through September 2012 at five fixed stations
that form the Mission-Aransas National Estuarine Research
Reserve System Wide Monitoring Program (MANERR
SWMP; Fig. 1). At each station, a YSI 600XL sonde mea-
sured temperature, salinity, dissolved oxygen, and pH, and
water samples were collected for trace elements and isotopes
as described below. The environmental parameters were mea-
sured to investigate alternative (i.e., other than salinity) influ-
ences on element behavior. For example, phytoplankton may
influence dissolved element behavior through biological up-
take or absorption/desorption processes (Stecher and Kogut
1999). Chlorophyll a samples were passed through Whatman
GF/F filters and extracted with 90 % acetone, and concentra-
tions were determined using a Turner Designs Trilogy
Fluorometer as described by Mooney and McClelland
(2012). Daily cumulative precipitation data recorded at the
Copano East (CE) site were downloaded from the NOAA
NERR Centralized Data Management Office website http://
cdmo.baruch.sc.edu on August 6, 2013. Mean monthly
precipitation values were calculated from these data for
graphical display. Mean monthly discharge data was
downloaded from U.S. Geological Survey website http://
waterdata.usgs.gov/nwis for gauge station 8189500 in
Refugio, TX on the Mission River that drains into Copano

Bay, for gauge station 8188500 in the San Antonio River, and
gauge 8176500 in the Guadalupe River. These three river
gauge stations were selected as they characterize the
dominant contributors to water inflow in the Mission-
Aransas estuary from the north (Mission River) and the east
(San Antonio and Guadalupe Rivers) (Ward 2010). Mean
monthly lake evaporation data was downloaded from the
Texas Water Development Board website (http://www.twdb.
texas.gov/surfacewater/conditions/evaporation/index.asp)
from indexed regions 813 (Galveston Bay), 910 (Mission-
Aransas), and 1010 (Laguna Madre). Mean monthly
evaporation rates were compared between the three regions
from September 2011 through October 2012. July 2012
evaporation rates were then plotted against regional mean
δ18O values in July.

Water Sample Collection

Surface water samples were obtained using a portable sampler
(Barnant Company) equipped with a peristaltic pump
(Masterflex Easy Load L/S, Cole Parmer) and acid-washed
tubing (Masterflex C-Flex L/S 17) deployed at approximately
0.5 m depth from the leeward side of a small fiberglass boat.
Sample water was collected in 30-ml acid-washed
polytetrafluorethylene (PTFE) syringes (Norm-Ject) that were
rinsed with three sample volumes before being filtered into
30-ml acid-washed LDPE Nalgene bottles with acid-washed
0.45- and 0.2-μm PTFE filters (Sartorius Stedim Minisart
SRP 25). Filtered water was fixed to pH <2 with trace metal
grade nitric acid (Aristar Ultra) and refrigerated until analysis.

Fig. 1 Map of water sampling
locations (white dots) in
Galveston Bay (GB), Mission-
Aransas (MA), and LagunaMadre
(LM). Five fixed stations Copano
West (CW), Copano East (CE),
Mesquite Bay (MB), Aransas Bay
(AB), and Ship Channel (SC) were
sampled monthly in Mission-
Aransas
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Oxygenstable isotope samples were syringe filtered (0.45 and
0.2 μm) into 30-ml amber glass vials (Fisherbrand) that were
filled to overflowing to eliminate headspace and refrigerated
until analysis. Ultrapure (18.2 MΩ cm) water was filtered in
the field as described above to serve as method blanks during
laboratory analysis.

Water Sample Analysis

All samples were analyzed at the University of Texas
Jackson School of Geosciences. Trace elements 24Mg,
40Ca, 55Mn, 88Sr, and 137 Ba were quantified using an
Agilent 7500ce quadrupole inductively coupled plasma
mass spectrometer (ICP-MS) run in solution mode.
Samples were diluted 100× by weight using 2 % ultra-
pure trace metal grade nitric acid. A subset (N=12) of
samples were spiked with an internal multi-element
standard solution to assess mean spike recoveries (mean
98 %) and monitor instrument drift. An external stan-
dard reference material NIST 1643e diluted 10× was
used to determine accuracy and was between 5 and
10 % for all elements. Elemental counts were converted
to concentrations using internally spiked standards and
then converted to molar element:Ca ratios. Stable oxy-
gen isotopes were analyzed with a Thermo Electron 253
isotope ratio mass spectrometer (IRMS) coupled to a
Gasbench II. One milliliter of sample water was equil-
ibrated with 3,000 ppmV CO2 in helium for 24 h at
25 °C, and the equilibrated headspace CO2 was sampled
in continuous flow. Laboratory standards were calibrated
against Vienna Standard Mean Ocean Water (VSMOW),
and reported δ18O values were reproducible within 0.05
‰. Linear regression was used to investigate the
strength of element-salinity relationships against the null
hypothesis that the slope=0 at regional, local, and sea-
sonal scales. Local salinity-element regressions within a
particular estuary represent small-scale mixing and dilu-
tion processes, which are different mechanisms com-
pared to regional regressions, which depict larger-scale
climatic controls, such as temperature, inflow, and evap-
oration. Regional lake evaporation data from July was
plotted against δ18O values to examine relationships.
For the Mission-Aransas annual dataset, Pearson corre-
lations were compared between dissolved elements and
physicochemical parameters (salinity, temperature, DO,
Chl a) to investigate potential relationships. Evaporation
rate data was excluded from the correlation analysis
because only a single regional value was available and
not site-specific indices. The ship channel (SC) site was
excluded from correlation analysis because it is primar-
ily oceanic Gulf of Mexico water (Fig. 1) and was
missing data for January and February. Values of pH

were missing from several sites and months and so were
also excluded from correlation analysis.

Results

Regional Relationships

Water samples across all estuaries and locations sampled in
July 2012 included salinities ranging from 15.7 to 43.8 ppt.
Within each estuary, salinity ranges were 15.7–22.4
(Galveston Bay), 29–36.4 (Mission-Aransas), and 42.2–43.8
(Laguna Madre). For the regional scale comparison of con-
stituents across all three estuaries, all element-salinity relation-
ships were statistically significant and positive, except for
expected negative relationship for Ba:Ca (Table 1 and
Fig. 2). Barium:Ca displayed the highest range in observed
values across the salinity gradient, ranging from 5 to
150 μmol/mol, with a slope of −3.21±0.6 and an intercept
of 175±21 μmol/mol (Table 1). The elemental ratios Sr:Ca
and Mg:Ca exhibited minimal variation across the salinity
range (∼1 mmol/mol) but were strongly related to salinity
and had similar slopes of approximately 0.03 (Table 1).
Values of δ18O ranged from −0.3‰ in Galveston Bay to 2.5
‰ in Laguna Madre with a slope of 0.1±0.008 (Table 1).
Notably, δ18O values were most enriched at the southern
Laguna Madre sampling sites, moderately enriched at
Mission-Aransas, and closer to typical Gulf of Mexico values
(∼0‰) in the northern Galveston Bay, corresponding to the
average salinity ranges encountered during sampling within
each estuary and regional evaporation rates in July (Fig. 3).
Manganese:Ca showed high variability even within replicate
samples, resulting in large error bars, but still displayed a
significant positive relationship to salinity (Fig. 2).

Local Relationships

Examining relationships on a local scale within each estuary,
fewer elements displayed statistically significant linear rela-
tionships, likely due to restricted salinity ranges observed in
each of the estuaries (Fig. 2). No significant relationships were
detected in Laguna Madre, which was not surprising given
that salinities only ranged from 42.2 to 43.8 ppt. Barium:Ca
was significantly negatively related to salinity in both
Galveston Bay (slope=−9.7±2.6; intercept=294±50) and
Mission-Aransas (slope=−12.2±1.9; intercept=454±
61 μmol/mol) (Table 1 and Fig. 2). Strontium:Ca was not
significantly related to salinity within any estuary; however,
Mg:Ca was significantly related to salinity in GB with a very
similar slope and intercept compared to the regional regres-
sion (Table 1). Values of δ18O displayed a negative statistical-
ly significant relationship to salinity in Mission-Aransas;
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however, the negative relationship was driven by local
evaporation and not salinity and thus the regression line
is not plotted (Fig. 2). Significant relationships between
Mn:Ca and salinity were negative in Galveston Bay and
positive in Mission-Aransas (Table 1). Overall, the
Mn:Ca-salinity regression parameters of slope and inter-
cept were highly variable with large errors (SE) when
comparing local to region regressions and even local to
local (Galveston Bay and Mission-Aransas) regressions
(Table 1).

Seasonal Relationships

Mean lake evaporation rates increased threefold from winter
to summer, and regional evaporation rates consistently ranked
Laguna Madre > Mission-Aransas > Galveston Bay during
the summer (Fig. 3). From October to April, the Mission-
Aransas was a negative estuary with higher salinities at
Copano West, the site farthest inland from the ocean (Figs. 1
and 4). Local precipitation gradually increased in the winter,
after which a large rain event in April resulted in a 20-fold
increase in Mission River discharge into Copano Bay (Fig. 5).
Additionally, the combined flow of the San Antonio and
Guadalupe Rivers also peaked in February and March
(Fig. 5). The earlier peak in flow from the San Antonio and
Guadalupe Rivers was expected given their sensitivity to

rainfall events across the entire watersheds that span signifi-
cant portions of Texas. This punctuated rainfall and subse-
quent inflow effectively reversed Mission-Aransas back to a
positive estuary from April through September (Fig. 4).
Geographic differences in the influence of specific tributaries
on salinity at certain sites were evident. For instance, salinity
at the Mesquite Bay site began to decline in March concurrent
with elevated inflow from the San Antonio and Guadalupe
Rivers, whereas salinity at Copano East declined in April–
May after the April peak in inflow from the Mission River.
These patterns were expected given the close proximities of
the Mesquite Bay and Copano East sites to the mouths of the
Guadalupe or Mission river mouths, respectively. The elevat-
ed springtime discharge also increased pH from May to June
at all sites except Ship Channel (Fig. 4). All sites had
similar temperatures each month, with January
exhibiting the lowest temperature of 15 °C that in-
creased each month until reaching a plateau in the
summer at 29 °C (Fig. 4). Dissolved oxygen was
highest in December and gradually declined into the
summer as temperatures increased (Fig. 4). Chlorophyll
a displayed peaks in the following months and loca-
tions: January in Copano West; January and March in
Copano East; December and March in Mesquite Bay;
and April in all sites except Mesquite Bay. In May, Chl
a decreased at all sites and remained low throughout the

Table 1 Linear relationships between salinity and dissolved elemental and isotopic constituents at regional, local, and seasonal scales. Slope and
intercept estimates are presented ±SE. Only statistically significant relationships testing the null hypotheses that slope=0 are reported

Scale Bay Site Element Equation r2 F p

Regional All All Sr:Ca mmol/mol Y=0.033±0.003×X+6.99±0.09 0.83 136.6 <0.0001

All All Ba:Ca μmol/mol Y=−3.21±0.6×X+175±21 0.65 24.67 0.0003

All All Mg:Ca mol/mol Y=0.028±0.002×X+3.92±0.07 0.91 147.6 <0.0001

All All Mn:Ca μmol/mol Y=0.25±0.05×X−4.63±1.7 0.64 23.42 0.0003

All All δ18O per mil Y=0.10±0.008×X−1.94±0.3 0.85 160.7 <0.0001

Local GB All Ba:Ca μmol/mol Y=−9.77±2.6×X+294±50 0.63 13.89 0.0058

GB All Mg:Ca mol/mol Y=0.038±0.01×X+3.73±0.2 0.54 9.37 0.0156

GB All Mn:Ca μmol/mol Y=−0.0037±0.0005×X+0.16±0.01 0.85 47.14 0.0001

Local MA All Ba:Ca μmol/mol Y=−12.2±1.9×X+454±61 0.83 39.36 0.0002

MA All Mn:Ca μmol/mol Y=1.05±0.3×X−29.21±8.5 0.65 15.04 0.0047

MA All δ18O per mil Y=−0.093±0.02×X+4.34±0.7 0.67 16.54 0.0036

Seasonal MA All Ba:Ca μmol/mol Y=−4.60±1.1×X+211±36 0.27 18.77 <0.0001

MA All δ18O per mil Y=0.065±0.02×X−0.72±0.7 0.18 11.13 0.0016

Seasonal MA CW Ba:Ca μmol/mol Y=−6.46±2.5×X+307±84 0.42 6.51 0.0311

MA CW δ18O per mil Y=0.090±0.03×X−0.81±0.9 0.55 10.93 0.0091

Seasonal MA CE δ18O per mil Y=0.099±0.02×X−1.56±0.6 0.77 29.31 0.0004

Seasonal MA MB Ba:Ca μmol/mol Y=−2.70±1.1×X+145±35 0.42 6.453 0.0317

MA MB Mn:Ca μmol/mol Y=0.44±0.09×X−8.46±10 0.74 26.15 0.0006

MA MB δ18O per mil Y=0.076±0.02×X−1.19±0.6 0.64 15.91 0.0032

Seasonal MA AB δ18O per mil Y=0.11±0.03×X−2.56±1.1 0.58 12.52 0.0063

Seasonal MA SC δ18O per mil Y=0.11±0.03×X−3.27±1 0.69 15.83 0.0053
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Fig. 2 Element-salinity relationships on regional (left column) and local
(right column) scales from samples collected in July 2012. Plotted lines
display significant linear regressions (excluding δ18O in Mission-

Aransas). Error bars indicate standard deviation from two replicate
samples for regional data. Dotted lines indicate expected oceanic δ18O
value of 0‰
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summer and fall compared to the winter and spring
(Fig. 4).

Values of Ba:Ca showed a consistent up-estuary to ocean
gradient, with rankings in Ba:Ca values of Copano West >
Copano East > Mequite Bay > Aransas Bay > Ship Channel
during all months of the year except January and February,
when a distinct drop in values occurred at all sites (Fig. 6).
Values of δ18O were enriched above typical oceanic values
and displayed an up-estuary to ocean gradient for all months
except during May when values converged following the
discharge event (Fig. 6). Strontium:Ca, Mg:Ca, and Mn:Ca
exhibited limited variation throughout the year, except for a
large spike in Mn:Ca in January at Copano East (Fig. 6).
Seasonal consistency of element-salinity relationships was
investigated by using linear regression analysis on the year-
long Mission-Aransas data set for all sites together and then
for each site individually. For all sites combined across the
year, Ba:Ca was negatively related to salinity and δ18O was
positively related to salinity, and the regression parameters
(slope and intercept) were very similar to the regional regres-
sions (Table 1 and Fig. 7). Similarly, δ18O was significantly
positively related to salinity within each individual bay
throughout the year, while Ba:Ca was significantly negatively
related to salinity in Copano West and Mesquite Bay across

the seasons (Table 1 and Fig. 7). However, a single January
data point largely drove the regression in CopanoWest and the
relationship became insignificant if the January point was
removed (F=1.15; p=0.319). The Ba:Ca-salinity relationship
in Mesquite Bay became stronger with the r2 increasing to
0.65 if the January data point was removed. Although there
was a significant relationship found between Mn:Ca and
salinity in Mesquite Bay, the regression parameters were
inconsistent when compared to regional and local regressions
(Table 1 and Fig. 7).

Correlation analysis revealed that Ba:Ca was negatively
correlated to salinity and positively correlated to temperature
(Table 2). Oxygen-stable isotopes were positively correlated
to salinity, but no other elements displayed significant corre-
lations to salinity, temperature, DO, or Chl a (Table 2).

Discussion

Across the Texas coast, constituent-salinity regressions were
significant and linear for dissolved Ba:Ca, Sr:Ca, Mg:Ca,
Mn:Ca, and δ18O across large spatial scales. For these com-
parisons, salinity was considered a proxy for regional differ-
ences in climate and the balance between evaporation and
inflow, rather than representing a mixing relationship between
fresh and marine end-members as would occur within a given
estuary. On finer local scales within individual estuaries and
on temporal scales of 1 year, Ba:Ca and δ18O displayed
consistent up-estuary to down-estuary gradients, even though
the Mission-Aransas estuary reversed from negative to posi-
tive after a rain event, uncoupling the direct relationship of
Ba:Ca to salinity. Dissolved elements that display consistent
up-estuary enrichment and lower-estuary depletion are reli-
able candidates for studying animal movements across the
ocean–estuary gradient, by quantifying elemental changes in
chronologically formed binominals.

Spatial Patterns

In our study, dissolved Ba:Ca demonstrated the most consis-
tent linear behavior across all scales of space and time over the
salinity range sampled. Slopes of the Ba:Ca-salinity relation-
ship were similar on regional (b=−3.2) and seasonal (b=−4.6)
scales but slightly higher on local (bGB=−9.8; bMA=−12.2)
scales. In the Mission-Aransas Estuary, only the CopanoWest
and Mesquite Bay sites maintained significant Ba:Ca-salinity
regressions on seasonal scales, possibly due the influence of
the Mission River inflows on Copano West and the influence
of the combined San Antonio plus Guadalupe River inflows
on Mesquite Bay. The Mission-Aransas Ba:Ca-salinity rela-
tionship displayed the largest y-intercept (454 μmol/mol),
which is within error of the mean freshwater end-member

Fig. 3 Mean monthly lake evaporation rates for Galveston Bay (GB),
Mission-Aransas (MA), and LagunaMadre (LM) and relationship tomean
July δ18O in each bay
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value of 471±106 (S.D.)μmol/mol measured in the neighbor-
ing Nueces estuary (Walther and Nims 2014). The linear
nature of the observed Ba:Ca-salinity relationships was likely
due to the high salinity range sampled (>15 ppt). Non-linear

curved behavior would be expected for Ba:Ca at lower salin-
ities, but linear behavior is expected at higher salinities
(Coffey et al. 1997; Walther and Nims 2014). If linear mixing
of barium at low salinities is assumed, then the effective river
end-member (EREM) concentration can be estimated (Coffey
et al. 1997; Sinclair and McCulloch 2004). The Ba EREM
estimates the total effective flux of Ba from a river including
dissolved Ba inputs and the contribution from desorption
processes from the suspended particulate matter load
(Sinclair and McCulloch 2004) and is useful for making
comparisons between rivers. However, interpreting the y-in-
tercept as effective river end-member concentrations may not
apply in the Mission-Aransas, where multiple tributaries with
distinct Ba end-members all contribute water masses that vary
in relative magnitude geographically and temporally. Dorval
et al. (2005) reported linear behavior of dissolved barium in
the Chesapeake Bay across a salinity gradient (13–27 ppt)
similar to our study. In contrast, Hanor and Chan (1977)
describe highly non-linear behavior of dissolved Ba due to
low-salinity desorption of particulate Ba in the mixing zone of
the Mississippi River. Low-salinity peaks in dissolved Ba are
commonly reported in estuaries across the world, but the
location and magnitude of the peak along the salinity gradient

Fig. 4 Time series of
physicochemical parameters and
Chl a concentrations from
October 2011 to September 2012
in the Mission-Aransas Estuary.
Breaks in the pH time series lines
represent missing data

Fig. 5 Mean monthly discharge for the Mission River (MR) at USGS
station gauge 8189500 in Refugio, TX and summed discharge (USGS
8188500 + USGS 8176500) of the San Antonio (SA) and Guadalupe
Rivers (GR). Daily cumulative precipitation data recorded at the Copano
East (CE), the only site with meteorological data
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vary depending on estuarine particle dynamics, riverine sedi-
ment delivery, and Ba storage/release in salt marshes (Coffey
et al. 1997). Barium ions adsorbed to suspended particulate
matter (SPM) in freshwater will be exchanged with major
cations in seawater, resulting in mid-salinity peaks in dis-
solved Ba (Hanor and Chan 1977). Barium:Ca displayed
consistent linear behavior across the range of salinities (15–
43 ppt) we sampled, but non-linear behavior would most
likely be detected if lower salinities were sampled (Hanor
and Chan 1977; Coffey et al. 1997, Walther and Nims
2014). Novel behavior of dissolved Ba was found in the
Coorong Lagoon of Australia, where the Ba-salinity relation-
ship displayed expected negative slopes from salinities of 0 to
37 ppt but switched to unexpected positive slopes from 37 to
120 ppt (Gillanders andMunro 2012). Hypersalinities >42 ppt
did not disrupt the dissolved Ba:Ca-salinity relationships in
the Laguna Madre; however, Gillanders and Munro (2012)
sampled salinities >100 ppt, and these highly concentrated ion
concentrations may be required to disrupt expected Ba:Ca-
salinity relationships. Additional factors that may disrupt lin-
ear Ba-salinity relationships include submarine groundwater
discharge (Shaw et al. 1998; Walther and Nims 2014),

dissolution and diffusion from the sediment (Joung and
Shiller 2014), and anthropogenic activities (i.e., drilling muds)
(Joung and Shiller 2013).

Stable oxygen isotopes were consistently positively related
to salinity over both regional and seasonal scales, but at local
scales within the Mission-Aransas evaporation-enriched 18O
at lower salinities, resulting in a negative linear fit. Several
studies have found positive linear relationships between δ18O
and salinity (Ingram et al. 1996; Cooper et al. 1997). The δ18O
of estuarine water is both a mixture of groundwater sources
and precipitation (Stalker et al. 2009). Evaporative processes
can lead to enriched δ18O values due to preferential escape of
light 16O atoms (Stalker et al. 2009). In the Mission-Aransas,
evaporative processes increased δ18O values at Copano West
and Copano East, the two sites furthest from the ocean,
which resulted in the negative relationship between
δ18O and salinity in Mission-Aransas during July
(Stalker et al. 2009). This result contrasts that of
Walther and Nims (2014) who found no relationship
of δ18O to salinity (0–50 ppt) in the Nueces River in
neighboring Corpus Christi Bay in 2011, potentially due
to evaporative enrichment of 18O atoms during the

Fig. 6 Time series of dissolved
elemental and isotopic
constituents in the Mission-
Aransas from October 2011 to
September 2012. Different colors
represent different sites. Note that
sampling was not conducted in
November and March (breaks in
line). Note: break in Y-axis for
Mn:Ca. Dotted line in δ18O plot
indicates expected oceanic δ18O
value of 0‰
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drought-dominated period that was sampled. We found a
strong relationship between regional evaporation rates
and δ18O, indicating that evaporation increasingly dom-
inates δ18O behavior in subtropical estuaries with

decreasing latitude. It is therefore important to consider
local evaporative effects that can disrupt predictable
relationships of water δ18O to salinity in some subtrop-
ical systems when choosing reliable salinity proxies.

Fig. 7 Element-salinity
relationships for all Mission-
Aransas sites combined (left
column) and for each site indi-
vidually (right column) through-
out the year. Different color lines
represent different sites and plot-
ted lines display significant linear
regressions. Dotted lines indicate
expected oceanic δ18O value of
0‰
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On regional and local scales, both Sr:Ca and Mg:Ca exhib-
ited very similar behavior. Neither dissolved constituent var-
ied more than 1 mmol/mol (Sr:Ca) or mol/mol (Mg:Ca) and
very similar slopes were detected ranging from 0.028 to 0.038
(Table 1), indicating minimal variation over the salinity ranges
sampled. The underlying geology of this region of the Texas
coast tends to be primarily carbonates, which are typically
high in Sr, Mg, and Ca. Due to the limited range of variation,
dissolved concentrations of Sr and Mg may provide limited
information as salinity proxies along the Texas coast (Walther
and Nims 2014).

The dissolved element ratio which exhibited the highest
variability across all spatial and temporal scales was Mn:Ca.
The behavior of the redox-sensitive element manganese is
controlled mostly by redox potentials, in contrast to the other
element examined that tend to vary by salinity. In experimen-
tal conditions, changes in pH and physical disturbance of the
sediments can influence dissolved Mn release more than
changes in dissolved oxygen or salinity (Atkinson et al.
2007). On a coast-wide regional scale, dissolved Mn:Ca was
significantly positively related to salinity, although on a local
scale, only the Mission-Aransas showed a positive Mn:Ca-
salinity relationship. Several other studies have reported non-
linear behavior of Mn:Ca across salinity gradients (Dorval
et al. 2005; Gillanders and Munro 2012). Additionally, the
slope and y-intercept of the Mn:Ca-salinity relationship were
highly variable across spatial and temporal scales indicating
less reliability as a salinity proxy. However, if the variation in
dissolvedMn is influenced by redox potentials and DO levels,
then Mn:Ca in calcified structures may provide information
on dissolved oxygen exposure histories (Limburg et al. 2011;
Mohan et al. 2012; Limburg et al. 2014).

Temporal Patterns

Similar to observed spatial patterns, both Ba:Ca and δ18O
exhibited consistent temporal patterns over a 12-month sam-
pling schedule. The sampling stations used in Mission-
Aransas display distinct distance-to-ocean gradients in

Ba:Ca values, with values decreasing across sites ranking
from farthest to closest to the Gulf of Mexico in order
Copano West > Copano East > Mesquite Bay > Aransas
Bay > Ship Channel. Interestingly, both Ba:Ca and δ18O
maintained this distinct gradient for every month except two
distinct instances. In January, dissolved barium was depleted
below detection at all sites, which coincided with lowest
annual temperatures. Besides salinity, temperature was the
only other environmental factor that was related to Ba:Ca. It
is difficult to pinpoint the mechanism for decreased dissolved
Ba:Ca in January, but potentially reduced freshwater inputs
had influenced Ba:Ca behavior. There was minimal precipita-
tion (<1 mm) and very low river discharge from November
through January in the Mission-Aransas. Perhaps, low fresh-
water inputs did not deliver much SPM to Copano Bay in the
winter, resulting in less desorption of barium from SPM due to
ion exchange and thus decreased dissolved pools of barium
(Coffey et al. 1997). Although we detected high variation in
Ba on monthly time scales, Elsdon and Gillanders (2006)
found large variation in dissolved Ba at small temporal scales
of days and weeks in three different Australian estuaries.
Stecher and Kogut (1999) reported rapid dissolved Ba remov-
al in the Delaware estuary that was associated with the end of
the spring bloom and barite precipitation and depletion of the
dissolved Ba pool. Chl a data from the Mission-Aransas
exhibits increases in April at all sites in response to the inflow
event but not in January. Thus, dissolved Ba depletion due to
phytoplankton-associated barite precipitation does not seem to
account for the decrease in Ba:Ca in January at all Mission-
Aransas sites.

Similar to Ba:Ca, stable oxygen isotopes did show
distinct spatial separation between sites throughout the
year ranking from most enriched to least enriched
Copano West > Copano East > Mesquite Bay >
Aransas Bay > Ship Channel. Values of δ18O did con-
verge in May in response to the elevated spring dis-
charge, but sites returned to unique values the next
month in June. In contrast to the seasonal and spatial
variability of Ba:Ca and δ18O, Sr:Ca and Mg:Ca exhib-
ited limited variation across all months at each site. As
mentioned above, these patterns may be due to the
limited range of salinities sampled (20–39 ppt) in the
Mission-Aransas for the sampled year. Curvilinear
mixing curves of both Sr:Ca and Mg:Ca have been
reported in systems with salinities <20, with both ele-
mental ratios decreasing at low salinities (Walther and
Nims 2014; Gillanders and Munro 2012; Mohan et al.
2012). Managanese:Ca also exhibited limited seasonal
variation with values <10 μmol/mol, except for one
large spike in January only at Copano East when dis-
solved Mn:Ca reached 145 μmol/mol. A potential ex-
planation for the spike may have been a sedimentary
disturbance, which could have delivered reduced Mn2+

Table 2 Pearson correlation results between dissolved elements and
environmental factors in the Mission-Aransas sampled for 12 months.
Significant (p<0.05) correlations using Bonferroni probabilities are indi-
cated in bold. The Ship Channel site and pH were excluded due to
missing data

Element Salinity Temperature DO Chl a

Sr:Ca mmol/mol −0.06 −0.04 −0.01 0.09

Ba:Ca μmol/mol −0.494 0.45 −0.35 −0.03
δ18O per mil 0.59 −0.12 −0.06 −0.23
Mg:Ca mol/mol 0.129 −0.196 0.2 0.03

Mn:Ca μmol/mol 0.19 −0.32 0.18 0.19
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from the sediments into the water column. Dissolved
oxygen levels were above 5 mg/l throughout the year,
indicating that a hypoxic event was not the source of
elevated Mn at Copano East in January. Many other
studies have found high spatial (Statham et al. 2005)
and temporal (Shiller 1997; Elsdon and Gillanders
2006) variation in dissolved Mn, which is not unexpect-
ed since Mn behavior is highly influenced by natural
redox cycles and mediated by microbial activities
(Thamdrup et al. 1994; Pakhomova et al. 2007;
Richard et al. 2013).

Conclusions

We found that dissolved Ba:Ca displays consistent up-estuary
to down-estuary concentration gradients in subtropical estuar-
ies in Texas, suggesting Ba:Ca would be reliable for tracking
animal movements across the ocean–estuary gradient even
during periods of reverse estuary conditions. On seasonal
scales, dissolved Ba:Ca decreased sharply in the winter, po-
tentially related to decreased delivery of SPM and decreased
ion exchange, depleting dissolved Ba pools. Stable oxygen
isotopes displayed positive conservative behavior across re-
gional and temporal scales, but the relationship was reversed
in the Mission-Aransas due to local evaporation effects.
Although dissolved Sr:Ca and Mg:Ca also exhibited conser-
vative behavior, the minimal variation we detected in these
ratios makes them less reliable proxies of salinity in south
Texas estuaries. Although δ18O values varied positively or
negatively with salinity at regional and local scales, these
dynamics were strongly driven by the magnitude of evapora-
tive processes in driving local enrichment of δ18O values.
Together, these results suggest that dissolved Ba:Ca exhibits
the most reliable gradient along the estuary–ocean continuum
due to mixing between freshwater and marine end-members,
and this constituent holds the best promise for reconstructing
movements of mobile fauna with calcified hard parts, such as
fish otoliths.
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