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Abstract
Given projected changes in river flow to coastal regions worldwide due to climate change and increasing

human freshwater demands, it is necessary to determine the role hydrology plays in regulating the biogeochem-
istry of estuaries. A climatic gradient exists along the Texas coast where freshwater inflow balance ranges from
hydrologically positive to negative (where evaporation exceeds inflow) within a narrow latitudinal band, provid-
ing a natural experiment for examining inflow effects. Four Texas estuaries ranging from mesosaline to hypersa-
line were studied for 3 yr to determine how hydrological changes alter the biogeochemistry within and among
the estuaries. Trends in dissolved inorganic nutrients, chlorophyll, dissolved organic matter, and carbonate
chemistry indicated that these estuaries had drastically different biogeochemical signatures. Nutrients and chlo-
rophyll patterns illustrated an emerging paradigm where phytoplankton biomass in positive estuaries is sup-
ported by “new” nitrogen from riverine input, while high concentrations of reduced nitrogen (organic,
ammonium) allowed for high chlorophyll in the negative estuary. For carbonate chemistry, a positive estuary
receiving river input from a limestone-dominated watershed was well-buffered under moderate to high freshwa-
ter inflow conditions. When weathering products were diluted during high-flow conditions, there is carbonate
undersaturation (for aragonite) and decreases in pH. However, “acidification” was not observed in the negative
estuary because evaporation concentrated the dissolved species and increased buffering capacity. Hydrological
changes over spatial gradients are analogous to climatic changes over time, meaning climate change forecasts of
higher temperatures and decreased precipitation can make the biogeochemistry of fresher estuaries change to
the patterns of saltier estuaries.

Estuaries are coastal indentations where freshwater mixes
with seawater (Pritchard 1967), and are found everywhere in
the world. However, the characteristics of the coasts can vary
dramatically in terms of the geological setting, climate regime,
and tidal regime. These three characteristics drive differences
in geomorphology, hydrology, and physical exchange, and
the interaction among these drivers will result in different
estuary conditions everywhere. The vast number of combina-
tions of these three drivers has led some to posit that there is
an “estuarine signature” that is unique to each estuary (Turner
2001; Montagna et al. 2013).

The hydrology of an area controls water balance in an estu-
ary, which is the sum of water sources minus the sum of water
losses. The sources of freshwater to the coastal zone include:
rivers, streams, groundwater, direct precipitation, point-source

discharges, and non-point-source runoff. There are fewer
mechanisms that cause losses of freshwater, but these primar-
ily include evaporation and freshwater diversions for human
use. There are three classes of estuaries based on natural
hydrological processes: (1) positive estuaries where freshwater
input exceeds evaporation; (2) neutral estuaries where the
sources and sinks are in balance; and (3) negative or inverse
estuaries where evaporation exceeds the combined sources of
freshwater (Pritchard 1952; Potter et al. 2010). Many estuaries
in the world have strong year-to-year hydrological variability
caused by climatic variability.

The Texas coast located in the northwestern Gulf of Mexico
provides a unique opportunity to examine questions about
the role of hydrology in determining an estuarine signature.
There are seven major estuarine systems along the 600 km of
coastline, and all have similar geomorphic structure and phys-
iography (Longley 1994; Montagna et al. 2013). The estuaries
are lagoons with barrier islands parallel to the mainland. The
lagoon opens to a large primary bay, and there is a constric-
tion between the primary bay and the smaller secondary bay.
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Most secondary bays are fed by just one or two rivers draining
watersheds. The estuaries are hydrologically diverse because of
a climatic gradient of decreasing rainfall and concomitant
freshwater inflow from higher to lower latitudes (Longley
1994). Along this gradient, rainfall decreases to the point
where inflow balance (i.e., sum of water inputs minus evapo-
ration and diversions) changes from positive to negative. The
net effect is a gradient of estuaries with similar physical char-
acteristics but sharp salinity differences.

The study is motivated by a need to determine the role that
hydrology plays in the biogeochemistry of estuaries, given dra-
matic climatic and anthropogenic changes that are affecting
river flows to coastal regions worldwide (Olsen et al. 2006;
Montagna et al. 2013). The working hypothesis is that on the
Texas coast and regions with similar watershed geology, rivers
act as a hydrological switch, with river inflow delivering nutri-
ents from land and weathering products from karst aquifers
and drainage basins that have carbonate minerals. In terms of

nutrient inputs, eutrophication effects such as low dissolved
oxygen (DO) may be observed. But during dry periods, the
reduced inflow can cause acidification (or dealkalization)
effects due to decreased riverine alkalinity input and within
estuary alkalinity consumption. The latter was discovered
recently and is worth further investigation (Hu et al. 2015).
The approach here is to compare negative, neutral, and posi-
tive estuaries over time to capture different hydrological
regimes and subsequent effects on estuarine biogeochemistry.

Methods
Study area

To test the hypothesis that hydrology drives biogeochemis-
try, four estuaries were studied: Baffin Bay (BB), Nueces Estu-
ary (NC), Guadalupe Estuary (GE), and Lavaca-Colorado
Estuary (LC) (Fig. 1). Although the estuaries share common
geomorphological characteristics with one another, they are

Fig. 1. Map of study area with 18 stations and eight bays within four estuaries along the Texas coast.
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different in historical hydrology and long-term average salin-
ity (Table 1). Within NC, GE, and LC, there is a positive salin-
ity gradient from secondary bays to primary bays. In contrast,
BB is typically a negative estuary where evaporation rates are
greater than freshwater runoff into the system, and during
drought, salinity may increase from the mouth to upper
estuary.

Sample collection
Discrete water samples were collected quarterly between

July 2013 and July 2016. Samples were collected within
10 cm of the surface for chlorophyll a (Chl a), inorganic
nutrients, dissolved organic carbon (DOC) and total dis-
solved nitrogen (TDN), calcium concentration, and carbon-
ate system variables, i.e., pH, total dissolved inorganic
carbon (DIC), and total alkalinity (TA). In addition, a multi-
parameter sonde was used to measure DO, pH, temperature,
salinity, and conductivity at each site and time point.
Sondes were precalibrated and postcalibrated to ensure qual-
ity control of data.

Sample analysis
For determination of chlorophyll concentrations, a known

volume of water sample was gently (≤ 5 mm Hg) filtered
through Whatman 25 mm GF/F filters that were then stored
frozen until analysis. Chl a was extracted from the filters by
soaking for 18–24 h in either 95% methanol (LC, GE, NC) or
90% High-performance liquid chromatography (HPLC)-grade

acetone at −20�C (BB), after which Chl a was determined
fluorometrically with a Turner Trilogy fluorometer without
acidification.

For LC, GE, and NC, inorganic nutrient concentrations
[nitrate + nitrite (NOx), ammonium, orthophosphate, silicate]
were determined from the filtrate of water that passed through a
0.45 μm polycarbonate filter and stored frozen (−20�C) until
analysis within 2 weeks of collection (Paudel et al. 2015, 2017).
Samples were analyzed with an O.I. Analytical Flow Solution IV
analyzer. Check standards of known concentrations, as well as
matrix spikes and laboratory duplicates were run after every
10 samples. Method detection limits were 0.01 μM for NOx, 0.03
μM for ammonium, 0.01 μM for orthophosphate, and 0.07 μM
for silicate. For BB, inorganic nutrient concentrations were deter-
mined from the filtrate of water samples that were passed
through 25 mm GF/F filters and stored frozen (−20�C) until anal-
ysis (Wetz et al. 2017). After thawing to room temperature, sam-
ples were analyzed on a Seal QuAAtro autoanalyzer. Standard
curves with five different concentrations were run daily at the
beginning of each run. Fresh standards were made prior to each
run by diluting a primary standard with low nutrient surface sea-
water. Deionized water (DIW) was used as a blank, and DIW
blanks were run at the beginning and end of each run, as well as
after every 8–10 samples to correct for baseline shifts. Method
detection limits were 0.02 μM for NOx and ammonium, and <
0.01 μM for orthophosphate and silicate.

For determination of DOC and TDN concentrations, water
samples were collected in acid-washed amber polycarbonate

Table 1. Characteristics of Texas estuaries from the present study. Estuaries are listed from high to low latitude. Shown are area at
mean low tide, average annual rainfall 1951–1980, average annual freshwater inflow balance 1941–2009, and average estuary-wide
salinity 1976–2007. Standard deviation in parentheses.

Estuary
Area*
(km2)

Watershed
population†

(n)

Watershed
land use†

(%Urban/%Ag)

Nitrogen
load‡,§

(kg km−2 yr−1)

Mean
residence
time||,¶

(yr)
Rainfall#

(cm yr−1)
Inflow**

(106 m3 yr−1)
Salinity††

(psu)

Lavaca-Colorado 1158 1,432,800 4/29.8 123–133 0.21 102 3999 (3420) 19.98

(4.58)

Guadalupe 551 1,590,933 7.2/36.7 361 0.19 91 2799 (2083) 16.81

(4.90)

Nueces 433 424,884 1.9/17.5 52–56 0.46 76 323 (823) 28.99

(3.78)

Baffin Bay-Upper

Laguna Madre

1139 75,842 1.3/32.2 145–717 >1 69 −734 (968) 35.94

(7.00)

*Diener (1975).
†Bricker et al. (2007).
‡Alexander et al. (2001).
§Rebich et al. (2011).
||Longley (1994).
¶Wetz et al. (2017).
#Larkin and Bomar (1983).
**Texas Water Development Board (https://waterdatafortexas.org/coastal/hydrology).
††Montagna et al. (2011).

Montagna et al. Hydrological variability drives biogeochemistry

3

https://waterdatafortexas.org/coastal/hydrology


bottles. Bottles were stored on ice until return to a shore-based
facility where processing of samples occurred. DOC and TDN
were determined using the filtrate of water samples that
passed through precombusted 25 mm GF/F filters and stored
frozen (−20�C) until analysis. Samples were subsequently ana-
lyzed using the High Temperature Catalytic Oxidation method
on a Shimadzu TOC-Vs analyzer with nitrogen module. Stan-
dard curves were run twice daily using a DIW blank and five
concentrations of either acid potassium phthalate solution or
potassium nitrate for DOC and TDN, respectively. Three to
five subsamples were taken from each standard and water
sample and injected in sequence. Reagent grade glucosamine
was used as a laboratory check standard and inserted through-
out each run, as were Certified Reference Material Program
(CRMP) deep-water standards of known DOC/TDN concentra-
tion. Average daily CRMP DOC and TDN concentrations were
45.2 � 7.0 μmol L−1 and 31.8 � 2.1 μmol L−1, respectively. Dis-
solved organic nitrogen (DON) was determined by subtracting
dissolved inorganic nitrogen (ammonium, NOx) from TDN.

For carbonate system (TA and total DIC) samples, 250 mL
narrow-neck borosilicate glass bottles were used to collect
water samples. Hundred microliter of saturated HgCl2 was
added to the water sample to stop biological activity and the
bottles were sealed with the aid of Apiezon® grease and a rub-
ber band. The samples were stored at 4�C in the dark until
analysis, usually within 2–3 weeks of sample collection. Poly-
propylene bottles (125 mL) were used to collect Ca2+ samples.
In the study by Bockmon and Dickson (2014), filtration for
coastal water carbonate system characterization was recom-
mended. However, no significant difference between filtered
and unfiltered samples was found in these samples
(Hu et al. 2015), thus unfiltered samples were used exclusively
in this study. For DIC analysis, a 0.5 mL water sample was
acidified by 0.5 mL 10% H3PO4 using a 2.5 mL syringe pump,
and the released CO2 was then analyzed on an AS-C3 DIC
analyzer (Apollo SciTech). For TA analysis, 25 mL water sam-
ple was titrated with a 0.1 M HCl solution (in 0.5 M NaCl)
using an AS-ALK2 alkalinity titrator (Apollo SciTech). Temper-
ature of the titration vessel was maintained at 22 � 0.1�C
using a water-jacketed circulation system. Certificate Reference
Material (Dickson et al. 2003) was used to construct the stan-
dard curve for the DIC analysis and to calibrate the acid used
for TA titration. Both DIC and TA analyses had a precision of
� 0.1%. Two different approaches were taken to measure pH
of the water samples. For salinity less than 20 and greater than
40, a high-precision Thermo Orion RossTM glass electrode cali-
brated with three pH buffers (4.01, 7.00, and 10.01, Fisher Sci-
entific) was used with a precision of � 0.01 pH units; for
salinity at the range of 20–40, a purified m-cresol purple
obtained from Robert Byrne’s lab was used following the equa-
tion in Liu et al. (2011) to calculate pH on an experimental
setup similar to Carter et al. (2013). The spectrophotometric
method has a measurement precision of � 0.0004 pH units.
Both pH measurements were done at 25�C.

Ca2+ concentration was determined by potentiometric titra-
tion (Kanamori and Ikegami 1980) using ethylene glycol tetra-
acetic acid (EGTA) as the titrant. The end-point was detected
using a Metrohm® calcium-selective electrode on a semi-
automated titration system. This method had a precision of �
0.2% or better for estuarine waters.

Carbonate saturation state with respect to aragonite (Ωarag)
at in situ conditions was calculated using the program
CO2SYS (Pierrot et al. 2006) and lab measured pH and DIC
were taken as input variables, and the program derived in situ
Ωarag was corrected using titration-obtained Ca2+ concentra-
tions. Average propagated error of Ωarag at low salinity (< 20)
conditions was estimated to be � 0.06 and at high salinity
(> 20) conditions, � 0.01. The choice of using DIC-pH as
input pair in the CO2SYS calculations was based on the fact
that estuarine waters often contain non-negligible amount of
non-carbonate alkalinity species (Cai et al. 1998; Hunt
et al. 2011; Abril et al. 2015; Nydahl et al. 2017), which would
result in bias in the carbonate system speciation calculations.

Statistical analyses
All chemical variables (X) were log transformed using

ln(X + 1), except for pH, which is already on logarithmic scale.
Transformation of the values was necessary for the residuals to
meet the assumptions of analysis of variance. Additionally, for
the principal components analysis (PCA), all variables were
standardized to a normal distribution with a mean of 0 and
variance of 1 using the PROC STANDARD module contained
in the SAS Institute Inc (2013) software suite.

PCA was used to classify the samples based on the stan-
dardized data set. The PCA is a variable reduction technique
that can be used to reduce a large number of variables to a
reduced set of new variables, which are uncorrelated and con-
tain most of the variance in the original data set. PCA was per-
formed using the PROC FACTOR module contained in the
SAS software suite. The FACTOR analysis was run using the
PCA method on the correlation matrix and the Varimax rota-
tion transformation. Variables that were sums of other vari-
ables, such as dissolved inorganic nitrogen (DIN) and Ωarag,
were not used in the analysis because the information is in
the other variables and they are correlated.

ANOVA was used to identify scales of spatial variability
among the samples. Samples were collected from several sta-
tions within each primary and secondary bay comprising an
estuary. Stations are thus nested within the bays, and the bays
are nested within estuaries, so the experimental design is a
partially hierarchical, two-way ANOVA that can be described
by the following statistical model: Yijklm = μ + αj + βk + αβjk +
γk(l) + δm(kl) + e(i)jklm, where Yijklm is the dependent response
variable, μ is the overall sample mean, αj is the main fixed
effect for sampling date where j = 1 to 13; βk is the main fixed
effect for estuary where k = 1 to 4 for either BB, NC, GE, or
LC; αβjk is the main fixed effect for the interaction between
dates and estuaries, γk(l) is the main effect for primary and
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secondary bays that are nested (or unique) to the estuaries and
are thus a random effect as denoted by the parentheses
around the subscript l that represents the eight bays (Lower
BB, Upper BB, Corpus Christi Bay [CCB], Nueces Bay, Lower
San Antonio Bay, Upper San Antonio Bay, Matagorda Bay,
and Lavaca Bay) all of which are nested unique to one of the
four estuaries; δm(kl) is the term for the specific 18 stations
within bays, thus stations are completely nested within estuar-
ies and bays; and e(i)jklm is the random error term for each of

the i measurements within cells. This model was computed
using PROC GLM in SAS Institute Inc (2013), and because this
is a mixed model the expected mean squares (EMS), variance
components, and correct F-tests were also computed. The
F-test for dates, bays, and stations is formed by dividing the
EMS for the main effects by the mean square error. The F-test
for the date × estuary interaction is formed by dividing the
EMS of the main effect by the EMS of the station effect. The
F-test for the estuary main effect is formed by dividing
the EMS of the main effect by the EMS of the sum of the date
× estuary interaction and the station effect.

Results
The salinity gradient among estuaries followed the hydro-

logical gradient along the coast. For example, the estuary
receiving the least freshwater inflow (BB) always had the high-
est salinities, while NC always had an intermediate salinity,
and GE and LC had the lowest salinities (Fig. 2; Table 2). There
was a distinct dry period from July 2013 to February 2015, fol-
lowed by a wet period from February 2015 onward. The tem-
poral pattern in salinity reflected these precipitation/
hydrological shifts for each estuary (Fig. 2).

The first principal component (PC1) explained 29% of the
variability in the data set, and the second (PC2) explained
20%, for a total of 49% of the variability. PC1 had Ca2+ and
salinity that were inversely correlated with NOx, orthophos-
phate, silicate, pH, and chlorophyll (Fig. 3). Thus, PC1 repre-
sents a freshwater inflow index (FwII) because when flow rates
are high, salinity is low and nutrient concentrations are high.

Fig. 2. Average salinity in each estuary over all sampling periods. Abbre-
viations: BB, Baffin Bay; GE, Guadalupe Estuary; LC, Lavaca-Colorado Estu-
ary; NC, Nueces Estuary.

Table 2. Mean and standard deviations (in parentheses) for all chemical variables measured during the current study by estuary.

Variable (units) BB NC GE LC
Temperature (�C) 23.35 (5.35) 23.58 (6.41) 23.40 (7.26) 23.34 (7.06)

Salinity 41.21 (10.42) 32.81 (4.97) 18.76 (10.12) 22.65 (8.69)

DO (mg L−1) 5.98 (1.34) 7.44 (1.02) 9.17 (3.34) 8.26 (2.57)

pH 8.20 (0.13) 8.11 (0.13) 8.30 (0.34) 8.20 (0.21)

Secchi (m) 0.54 (0.19) 1.00 (0.56) 0.56 (0.29) 0.77 (0.46)

PO4 (μmol L−1) 0.24 (0.18) 0.97 (1.54) 2.05 (3.11) 1.13 (1.21)

SiO4 (μmol L−1) 65.16 (32.06) 52.04 (38.09) 102.51 (73.86) 47.09 (36.63)

NH4 (μmol L−1) 3.53 (3.10) 1.02 (1.67) 1.15 (1.55) 1.08 (1.34)

NOx (μmol L−1) 0.60 (0.96) 1.14 (1.81) 8.64 (26.49) 4.35 (11.07)

Chl (μg L−1) 16.96 (10.61) 7.52 (4.53) 19.29 (15.06) 8.99 (6.54)

TDN (μmol L−1) 67.22 (12.30) 30.54 (9.71) 36.44 (32.24) 31.21 (19.66)

DIN (μmol L−1) 4.13 (3.68) 2.21 (3.32) 9.80 (26.76) 5.46 (12.02)

DON (μmol L−1) 61.56 (15.83) 28.33 (8.83) 26.48 (11.00) 25.76 (11.57)

DOC (μmol L−1) 822.72 (136.63) 360.47 (111.43) 382.35 (115.80) 377.67 (147.48)

DIC (μmol L−1) 2498.33 (334.94) 2217.69 (140.82) 2621.18 (377.37) 2105.21 (263.30)

TA (μmol kg−1) 3132.74 (570.84) 2559.30 (188.02) 2975.94 (365.18) 2356.45 (322.83)

Ca2+ (mmol kg−1) 11.29 (2.34) 9.77 (1.37) 5.98 (2.63) 6.76 (2.41)

Ωarag 4.98 (1.36) 4.14 (1.22) 5.44 (2.53) 3.35 (1.52)

BB, Baffin Bay; GE, Guadalupe Estuary; LC, Lavaca-Colorado Estuary; NC, Nueces Estuary.
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PC2 had DOC, DON, ammonium, and temperature that were
inversely related to DO and Secchi depth. Thus, PC2 represents a
metabolic process because when temperatures are high, dissolved
organic matter and ammonia are produced, DO solubility
decreases, and DO is consumed at a higher rate under higher
temperature. In addition, DO also showed inverse correlation
with the FwII, indicative of lower salinity water having higher
DO solubility. BB samples have the highest PC1 scores followed
by NC, and GE and LC samples have the lowest PC1 scores, indi-
cating freshwater inflow has the greatest effects on GE and LC
(Fig. 4). During the dry period, prior to February 2015, there are
only a few low PC1 scores, whereas most low PC1 scores
occurred during the wet period after February 2015.

There were significant differences among estuaries for salin-
ity, DO, ammonium, DOC, DON, DIC, TA, and Ca2+

(Tables 2, 3). There were within estuary differences between
primary and secondary bays for all variables except ammo-
nium, NOx, and DIN. There were station differences within
estuary-bays for salinity, pH, phosphate, silicate, NOx, TDN,
DIN, DOC, DON, TA, and Ωarag, but not for temperature, DO,
Secchi depth, ammonium, chlorophyll, DIC, and Ca2+

(Table 3). Except for temperature, pH, and silicate, most of the
variability in water quality constituents was due to estuary dif-
ferences (Table 3). Temperature, which varies seasonally, had
96% of its variation explained by sampling date. Other vari-
ables that had at least 24% of their variability explained by

temperature included DO, Secchi depth, orthophosphate, sili-
cate, NOx, and DIN. Overall, the average variance explained
by estuary was 54%, date was 21%, bay was 16%, and station
was 3%. Thus, variance components increased with spatial
scale, and spatial variability was responsible for 73% of all var-
iability on average.

Across these different estuaries, phosphate (Fig. 5) and DO
(Supporting Information Fig. S1) decrease linearly with increas-
ing bay salinity. In contrast, NOx (Fig. 5), silicate (Supporting
Information Fig. S2), and DIN (Supporting Information Fig. S3)
exhibit a nonlinear pattern that points to a sink in the interme-
diate salinity bays. Both DIC and TA exhibit a multiple river
end-member mixing scenario, with higher DIC and TA levels
observed in Upper San Antonio Bay than in Lavaca Bay (Fig. 6),
indicating that freshwater sources have different levels of
weathering products. However, from the neutral and the nega-
tive estuaries (Nueces-Corpus Christi and BB), DIC and TA
exhibited a combination of estuarine mixing and evaporation
signals, i.e., DIC, TA, and salinity were all elevated and the lat-
ter exceeded seawater salinity during the dry period (Fig. 6). A
unique aspect of the chemical constituents observed along the
climatic gradient is that some have “U-shaped” mixing curves,
where they initially decline, and then increase as salinity
increases. This is for DIC and TA (Fig. 6), TDN (Supporting
Information Fig. S4), and chlorophyll (Fig. 7). One final pattern
that was observed is relatively low concentrations of DOC and
DON in the positive and neutral estuaries, and very high con-
centrations in the negative estuary (Fig. 8).

Discussion
This study encompassed a period of low rainfall, followed

by period of much higher rainfall that coincided with a strong

Fig. 3. Principal components (PC) of water quality variable loads. Abbre-
viations: Ca2, calcium+2; Chl, chlorophyll a; DIC, dissolved inorganic car-
bon; DO, dissolved oxygen; DOC, dissolved organic carbon; DON,
dissolved organic nitrogen; NH4, ammonium; NOx, nitrite + nitrate; PO4,
phosphate; Sal, salinity; Secchi, Secchi disk depth; SiO4, silicate; TA, total
alkalinity; Temp, temperature.

Fig. 4. FwII (i.e., first principal component [PC1]) of chemical variable
sample scores for every station-sampling date combination. Abbreviations
as in Fig. 2.
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El Niño, which tends to facilitate higher precipitation along
the western Gulf of Mexico (Tolan 2007). Each of the estuaries
in this study experienced a decrease in salinity as a result of
the higher precipitation and subsequent freshwater inflow.
Results from this study highlight the important role that
freshwater inflow plays in determining estuarine biogeochem-
istry. Our key findings indicate that carbonate chemistry,
nutrients (inorganic and organic), and chlorophyll are not
only affected by temporal variability in freshwater inflow
within particular estuaries, but also by broad spatial-scale dif-
ferences in freshwater inflow between estuaries that likely
integrate effects over much longer time scales. Carbonate spe-
cies, nutrients, and chlorophyll are integral components of
the estuarine ecosystem in that they determine suitability of a

system for shell-forming organisms (e.g., carbonate chemis-
try), support primary production at the base of the estuarine
food web (e.g., nutrients), and provide an indicator of phyto-
plankton biomass (e.g., chlorophyll). Given ongoing and pro-
jected changes in freshwater inflow worldwide due to climatic
and anthropogenic changes (Wentz et al. 2007; Durack
et al. 2012), it is imperative to understand how the spatial-
temporal distribution of estuarine biogeochemical variables
can be affected by freshwater inflow variability,

Concentrations of DIC and TA, and pH levels, the major
parameters of the carbonate system, were higher during high
precipitation/inflow conditions, i.e., after February 2015, and
these variables were positively correlated with freshwater
inflow in all estuaries except Lavaca-Colorado. We attribute
this positive correlation with inflow to the increased input of
weathering products from the three rivers, Nueces, San Anto-
nio, and Guadalupe, all originating from the Edward Aquifer
that is of karst nature (Woodruff and Abbott 1979). Conse-
quently, the input of this highly buffered river water led to
increased pH and Ωarag in the estuaries. An exception to this

Table 3. Results of ANOVA for each variable. (A) Probability (p)
values for null hypothesis in the mixed ANOVA. (B) Variance com-
ponents analysis.

A) p values for mixed ANOVA

Variable Estuary Bay (Est) Station (Est Bay)

Temperature 0.51 0.01 0.10
Salinity 0.03 0.00 0.03
DO 0.03 0.00 0.25
pH 0.52 0.00 0.00
Secchi 0.31 <0.01 0.63
PO4 0.33 0.02 <0.01
SiO4 0.50 0.00 0.01
NH4 0.00 0.20 0.47
NOx 0.15 0.34 <0.01
Chl 0.17 <0.01 0.54
TDN 0.12 0.02 <0.01
DIN 0.24 0.42 <0.01
DON 0.05 0.00 0.00
DOC 0.05 0.00 <0.01
DIC 0.03 0.01 0.07
TA 0.02 0.00 0.05
Ca2+ 0.02 0.00 0.07
Omega 0.16 0.00 0.04

B) Variance components (percent)

Variable Date Estuary
Date
* Est

Bay
(Est)

Station
(Est * Bay)

MS
(error)

Temperature 96 1 2 1 0 0
Salinity 19 67 3 9 1 1
DO 30 60 2 8 1 0
pH 21 31 6 36 4 1
Secchi 25 43 3 27 1 1
PO4 28 37 5 25 5 1
SiO4 28 28 9 31 3 1
NH4 9 74 10 3 2 2
NOx 24 42 6 15 11 2
Chl 12 58 4 23 1 1
TDN 6 67 2 20 4 1
DIN 25 30 12 16 14 3
DON 4 78 1 15 2 0
DOC 5 78 2 14 1 0
DIC 3 77 7 10 1 1
TA 4 78 6 10 1 1
Ca2+ 17 72 2 8 1 0
Omega 20 51 7 20 2 1
Average 21 54 5 16 3 1

Fig. 5. Relationship between inorganic nutrients mean concentrations
and mean salinity by bay. (a) Phosphate (PO4) and (b) nitrate + nitrite
(NO3 + NO2) NOx.
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overall trend of greater buffering of the estuary with higher
freshwater inflow is Lavaca-Colorado Estuary. This system
actually saw a decrease in DIC, TA, and pH with higher fresh-
water inflow, owing to lower levels of weathering products in
river waters during high inflow seasons. Subsequently, brief
but undersaturated conditions were observed in April 2015
and July 2015, with Ωarag as low as 0.06, despite the overall
high saturation state during our entire study period (Table 2).
Decreases in DIC/TA in Lavaca and Colorado rivers mostly
reflected a dilution signal, similar to that in large river systems
(Cai et al. 2008). In fact, located in the same physiographic
region as the Colorado River that contributes to LC, Brazos
River has limited carbonate dissolution along its drainage
basin despite the middle Brazos flowing through limestone
bedrock (Zeng et al. 2011). Thus conceptually, higher freshwa-
ter inflow to Guadalupe, Nueces, and BB should lead to
increased buffering capacity, whereas in Lavaca-Colorado the
opposite occurred, with potential negative impacts on shell-
forming organisms in the system (Salisbury et al. 2008; Mathis
et al. 2011). This finding highlights the important role that

both watershed mineralogy and freshwater inflow play as
drivers of estuarine carbonate chemistry (Yao and Hu 2017).

On average, inorganic nutrient concentrations tended to be
highest in upper San Antonio Bay, followed by Lavaca-Colorado,
Nueces, and BB. While this pattern roughly follows that of
annual freshwater inflow magnitude, there is an important
exception. Specifically, the average annual inflow to the Lavaca-
Colorado system is higher than to San Antonio Bay, yet inor-
ganic nutrient concentrations were lower in Lavaca-Colorado.
One possible explanation for this is that watershed land use
activity exerted a larger control on inorganic nutrient loadings
to the estuaries (via influence on river inorganic nutrient con-
centrations) than did the magnitude of the freshwater inflow.
In support of this, we note that the average inorganic nutrient
concentration of each estuary was more closely proportional to
the percentage of urbanized land in the watersheds than to the
magnitude of freshwater inflow. Urbanization has been shown
to correlate with inorganic nutrient content of rivers and
streams (Bowen and Valiela 2001; Kaushal et al. 2008; Rothen-
berger et al. 2009). Furthermore, data collected from July 2013
to July 2016 by a state water quality monitoring program is sup-
portive of this idea. That data shows that NOx concentrations in
the San Antonio River were eightfold to 32-fold higher than in
the Lavaca or Colorado Rivers, and total phosphorus concentra-
tions were threefold to fourfold higher (Wetz unpubl. data).

Given the established pattern of inorganic nitrogen con-
centrations across estuaries, it was expected that chlorophyll
concentration would be higher in San Antonio Bay, and
would become progressively lower in Lavaca-Colorado, Nue-
ces, and BB. Indeed, this trend was observed for Lavaca-Colo-
rado, Guadalupe, and Nueces estuaries, indicating a significant
influence of river-derived inorganic nutrients on phytoplank-
ton growth in these systems. However, this relationship did
not hold true in BB. In fact, chlorophyll was very high in this

Fig. 6. Relationship between mean concentrations of inorganic carbon
and mean salinity by bay, with a seawater reference. (a) DIC and (b) TA.

Fig. 7. Relationship between mean chlorophyll (Chl) concentrations and
mean salinity by bay.
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system despite its much lower inorganic nutrient concentra-
tions (Table 2). Wetz et al. (2017) suggested that this was pos-
sible because of the potential for very high rates of nitrogen
recycling and retention, as well as high concentrations of
DON that may be used by mixotrophic phytoplankton in the
system. This finding further exemplifies the importance of not
only watershed land use activity but also circulation on estua-
rine nutrient-phytoplankton dynamics. BB receives relatively
little freshwater input except during episodic high rainfall
periods (Wetz et al. 2017). Yet the system displays a number
of symptoms of eutrophication including high and increasing
chlorophyll and nitrogen concentrations (Wetz et al. 2017).
Although inorganic nutrient concentrations are low in the sys-
tem, DON concentrations are over twofold higher in BB than
the other estuaries, and TDN is quite high relative to the other
systems as well (Table 2). Anecdotal evidence points to the
main external sources of nitrogen as likely being input of crop
residue from the watershed and/or input of algal decay prod-
ucts from the fertilizer and wastewater-enriched streams of the
BB watershed (Wetz et al. 2017). In terms of circulation, Wetz
et al. (2017) suggested that the very long residence time

(on average, > 1 yr) of BB allows for effective uptake and recy-
cling of nutrients, a phenomenon that is common to long res-
idence time systems (Cloern 2001; Pinckney et al. 2001).
Indeed, An and Gardner (2002) found evidence of high poten-
tial rates of dissimilatory nitrate reduction to ammonium at
the sediment-water interface in BB, leading to high potential
rates of ammonium flux to the water column. As will be dis-
cussed later, evaporation is responsible for only a small frac-
tion of the organic matter enrichment in BB.

The importance of freshwater inflow variability becomes
more apparent when comparing short-term dynamics rather
than long-term dynamics. For example, the concentrations of
the major inorganic nutrient species (NOx, phosphate, silicate)
were higher in all four estuaries during high precipitation/
inflow conditions. This is consistent with the study of
Mooney and McClelland (2012) from the nearby Copano Bay,
which showed ephemeral high inorganic nutrient concentra-
tions following episodic rain events. Even in BB, higher fre-
quency (i.e., biweekly to monthly) sampling indicates that it
is not uncommon to see ephemeral very high inorganic nutri-
ent concentrations following rain events (Wetz et al. unpubl.
data). One exception to this trend of higher nutrients during
high rainfall periods is silicate in BB, which was generally
lower during the higher precipitation period. The reason for
this is unclear, although lower than expected silicate has been
attributed to enhanced biological (by diatoms) uptake or input
from low-mineral content, organic-rich watersheds in other
systems (Balls 1994).

It was expected that we would see a gradient of DOC and
POC concentrations that align with the magnitude of freshwa-
ter inflow to each estuary due to allochthonous inputs. This
pattern did not materialize however. POC concentrations
largely mirrored those of chlorophyll, thus we suspect that the
overall pattern that emerged for POC is reflective of patterns
in the phytoplankton community. DOC concentrations were
similar between the Guadalupe, Lavaca-Colorado, and Nueces
Estuaries, but much higher in BB (cf. DON, Table 2). Explana-
tions for the DOC enrichment in BB are bound to be similar
as for DON enrichment described above. However, this still
leaves unexplained why DOC concentrations in the other
three estuaries did not align with the magnitude of freshwater
inflow or salinity. One possibility is that the riverine end-
member DOC concentration was lower for Lavaca-Colorado
and Guadalupe estuaries than Nueces. Salinity-DOC relation-
ships extrapolated to zero salinity suggest that this is a possi-
bility, as the estimated zero salinity DOC concentrations were
874 μM for NC during the wet period, 682 μM for Lavaca-Col-
orado, and 453 μM for GE (Supporting Information Fig. S5).
The Nueces estimate is tenuous, however, as we do not have
data from salinity < 20, thus, there is considerable uncertainty
as to the actual DOC concentration as one approaches the
mouth of its main river. Another possibility is that the DOC
in Lavaca-Colorado and GE is simply more labile than DOC in
the NC and is more rapidly removed from the system, hence

Fig. 8. Relationship between mean dissolved organic nutrient concentra-
tions and mean salinity by bay. (a) DOC and (b) DON.
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concentrations are lower than expected in those estuaries.
Both Lavaca-Colorado and Guadalupe Estuaries have a rela-
tively high proportion of agricultural and/or urbanized land
use in their watershed. Previous work has shown that DOC
derived from these land use types tends to be much more
labile than from relatively undisturbed watersheds (Servais
et al. 1987; Petrone et al. 2009). Although not complete at the
time of this manuscript, a companion study is currently exam-
ining amino acid composition of the organic matter in rivers
of each estuary to characterize its lability (cf. Dauwe
et al. 1999).

DO is a key water quality variable that integrates the effects
of many biogeochemical processes. During this study, on aver-
age, DO was highest in the high inflow/low salinity GE, and
became progressively lower from Lavaca-Colorado to Nueces
to BB. This gradient could be attributed to a combination of
effects arising from salinity and biological gradients. In terms
of salinity, it is well known that oxygen solubility decreases as
salinity increases (Weiss 1970), and our results are one of the
first to demonstrate these effects on a near coast-wide scale.
Specifically, results highlight the important role that freshwa-
ter inflow and subsequent salinity changes can play in terms
of dictating oxygen levels in estuaries. It is possible that micro-
bial dynamics played a role as well. For instance, the higher
phytoplankton biomass (as denoted by chlorophyll) in GE
may have contributed to the higher oxygen levels, whereas
high organic carbon concentrations and dominance of the
phytoplankton community by mixotrophic phytoplankton
may have contributed to high respiration rates that lowered
oxygen levels in BB. Work is ongoing to understand the role
of salinity vs. microbial dynamics in terms of influences on
oxygen in several of these systems.

In traditional estuarine studies on solute distribution and
dynamics, evaporation is usually not accounted for. The pri-
mary reason is that estuaries usually have relatively short resi-
dence times so that evaporation is not a significant term in
changing concentrations of dissolved constituents. However,
residence time in many lagoonal estuaries along the north-
western Gulf of Mexico are significantly longer compared to
river-dominated estuaries (Solis and Powell 1999). Further-
more, in this subtropical region, relatively high evaporation
rates are common, ranging from � 117 � 14 cm yr−1 on the
upper Texas coast to 158 � 15 cm yr−1 on the lower Texas
coast (http://www.twdb.texas.gov/surfacewater/conditions/
evaporation/). Precipitation minus evaporation generates a
slightly positive freshwater balance (� 10 � 32 cm yr−1) on
the upper Texas coast, but a large negative value (� −91 �
25 cm yr−1) on the lower Texas coast. Given the shallowness
of these estuaries (2–3 m) and the decreasing river inflow mov-
ing south along the coast, a succession from river-estuarine
mixing scenario to evaporation-dominated scenario may be
possible as a controlling factor on solute distributions.

In an estuarine setting, river and ocean water mixing typically
exhibits a linear relationship between a solute concentration and

salinity if there is no reaction that significantly alters the solute,
and the intercept at 0 salinity would represent the freshwater
end-member. We took TA = 2428 μmol kg−1 at salinity 36.4
(Hu et al. 2015) as the ocean end-member, then we used the two
secondary bays (Upper San Antonio and Lavaca) as the “compos-
ite” river end-member and let them mix with the coastal seawa-
ter. The calculated y-intercepts indicate that average river TA as
3691 μmol kg−1 and 1958 μmol kg−1 for Guadalupe and Lavaca
rivers, respectively. We did not collect river water end-member
during our sampling period. However, Guadalupe and Lavaca
Rivers have long-term average TA of 4168 � 667 μmol kg−1 and
2628 � 1208 μmol kg−1, respectively, based on the data set col-
lected by Texas Commission on Environmental Quality
(1969–2010). Both predicted TA values at zero salinity appeared
to be lower than actual river values. In comparison, the predicted
TA for the Nueces River was 3600 μmol kg−1, which was higher
than the long-term Nueces River TA of 3152 � 389 μmol kg−1.
Therefore, as water residence time increases to the south, relative
contributions of evaporation vs. reactionmust also change.

A schematic graph was used to identify the relative contri-
butions of evaporation vs. reaction in the distribution of sol-
ute, using TA as an example (Fig. 9). In the two upper coast
estuaries, lower predicted TA (y-intercepts, TA’ in Fig. 9) than
river TA indicates TA consumption within an estuary. This
coincides with the fact that the upper coast estuaries have
more abundant benthic calcifiers (Pollack et al. 2011), and cal-
cification removes TA from the water column (the lower
dashed line in Fig. 9). In comparison, Nueces Bay water had
elevated predicted TA (compared to river TA) that indicates
the importance of evaporation in controlling solute distribu-
tion (upper dashed line in Fig. 9; also see Hu et al. 2015). This
latitudinal shift of river TA vs. the mixing y-intercept suggests
that evaporation plays a more important role in estuarine car-
bonate species with decreasing latitude on the Texas coast. A
hydrologically extreme condition was observed in BB. Because
the tidal inlets that lead to Laguna Madre are small and fresh-
water sources are relatively inconsequential, the only major
water source that contributes to BB would come through CCB.
If the average TA of both upper and lower BB (3165 μmol kg−1

and 3068 μmol kg−1) at salinity 41.72 and 40.13, respectively
is normalized to average CCB salinity 33.64, then the TA
would be 2552 μmol kg−1 and 2572 μmol kg−1. In comparison,
average measured TA in CCB was 2543.6 � 24.6 μmol kg−1

during our entire sampling period, which is similar to the
“diluted” BB water. Similarly, if we take average Ca2+ concen-
trations from upper and lower BB (12.02 mmol kg−1 and
11.81 mmol kg−1) and normalize to CCB salinity, the calcu-
lated Ca2+ (9.69 mmol kg−1 and 9.90 mmol kg−1 in upper and
lower BB, respectively) also agreed well with average CCB Ca2+

concentration (9.92 � 0.16 mmol kg−1). Therefore, based on
TA and Ca2+ data, water in BB can be considered as “concen-
trated” CCB water for the inorganic solutes.

Following the same reasoning, if both DOC and DON in
CCB water are assumed to be concentrated as the water moved
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into BB, then the concentrating effect would have increased
DOC concentration from 316 μM in CCB to 391 μM and
376 μM in upper and lower BB, respectively, and increased
DON concentration from 24.2 μM to 30.0 μM and 28.9 μM in
upper and lower BB, respectively. However, DOC and DON
concentrations in both upper and lower BB far exceeded what
would be expected due to evaporation, as the evaporation
only scenario would produce DOC and DON at 45–50% of
observed concentrations. In other words, concentration
increase due to evaporation alone only accounted for 8–9% of
total DOC and DON inventories in BB. Therefore, as discussed
above, eutrophication must have led to the large enrichment
of DOC and DON in BB.

Conclusions
By comparing geomorphologically similar estuaries that dif-

fer primarily in their freshwater inflow balance, this study has
led to emerging paradigms related to the influence of hydrol-
ogy on estuarine biogeochemical functioning. For example,
evidence points to the importance of “new” nitrogen inputs
from rivers as a driver of productivity in positive estuaries,
whereas recycled or organic-based nitrogen inputs are of pri-
mary importance in negative estuaries. These broad differ-
ences in nutrient conditions between systems may be a key
driver of differences in phytoplankton community composi-
tion. Specifically, phytoplankton composition in the negative
estuary in this study (BB) tends to be dominated by mixo-
trophic flagellates (e.g., Aureoumbra lagunensis, “brown tide”)
and dinoflagellates (Wetz unpubl. data), whereas the river-
dominated estuaries of the upper Texas coast tend to have dia-
toms and flagellates that are capable of fast growth and

utilization of riverine nitrate (Ornolfsdottir et al. 2004; Roelke
et al. 2017). The implications are significant because many
mixotrophic phytoplankton, including A. lagunensis, are
harmful to the environment and can have negative implica-
tions for fisheries (Burkholder et al. 2008; Gobler and Sunda
2012). Although demonstrated here in subtropical estuaries, it
is likely that the finding of increased harmful algal bloom risk
due to long residence time and prevalence of reduced nutri-
ents are applicable to other estuarine systems facing reduced
freshwater inflow now and in the future. In the future, we aim
to further explore linkages between inflow conditions, nutri-
ent quantity/quality and phytoplankton composition in these
estuaries. In terms of carbonate chemistry, positive estuaries
that receive river input originating from a karst aquifer, will
buffer coastal waters under “average” freshwater inflow condi-
tions. However, Lavaca-Colorado, despite having a drainage
basin that includes limestones, exhibited a dilution effect dur-
ing high inflow period. This dilution effect led to carbonate
undersaturation and decreases in pH similar to rivers in tem-
perate and subarctic regions. Surprisingly, the lack of freshwa-
ter inflow alone did not lead to “acidified” conditions in the
negative estuary, as evaporation concentrated the dissolved
species and increased buffer in this system, and water column
production also enhanced the buffer.

On a global scale, estuarine systems are expected to experi-
ence changes in the timing and magnitude of freshwater
inflows due to climate change and increasing human con-
sumptive demands. Many regions will become hotter and
drier, which will reduce drainage from watersheds and
increase evaporation so that the net effect is reduced freshwa-
ter inflow to estuaries. As human populations in the coastal
regions continue to increase, the demand for more freshwater
will further reduce environmental flows in rivers, streams, and
to estuaries, while also increasing nutrient runoff in the
absence of mitigation activities (Wetz and Yoskowitz 2013).
The implications of the findings for subtropical lagoons in the
current study are that these two forces (i.e., climate and popu-
lation changes) may combine to have a multiplicative effect
on the hydrology of estuaries, which in conjunction with
changes to land use will drive biogeochemical conditions of
estuarine waters in other types of estuaries. These kinds of
changes could cause regime shifts in many types of estuaries
as they become more sluggish and more saline.
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