
fmars-07-00026 January 22, 2021 Time: 14:56 # 1

ORIGINAL RESEARCH
published: 31 January 2020

doi: 10.3389/fmars.2020.00026

Edited by:
Hans Paerl,

The University of North Carolina
at Chapel Hill, United States

Reviewed by:
Joseph Crosswell,

CSIRO Oceans and Atmosphere
(O&A), Australia

Liang Xue,
The First Institute of Oceanography,
State Oceanic Administration, China

*Correspondence:
Xinping Hu

xinping.hu@tamucc.edu

Specialty section:
This article was submitted to

Marine Biogeochemistry,
a section of the journal

Frontiers in Marine Science

Received: 05 August 2019
Accepted: 15 January 2020
Published: 31 January 2020

Citation:
Hu X, Yao H, Staryk CJ,

McCutcheon MR, Wetz MS and
Walker L (2020) Disparate Responses
of Carbonate System in Two Adjacent
Subtropical Estuaries to the Influence
of Hurricane Harvey – A Case Study.

Front. Mar. Sci. 7:26.
doi: 10.3389/fmars.2020.00026

Disparate Responses of Carbonate
System in Two Adjacent Subtropical
Estuaries to the Influence of
Hurricane Harvey – A Case Study
Xinping Hu1* , Hongming Yao1, Cory J. Staryk1, Melissa R. McCutcheon1,
Michael S. Wetz2 and Lily Walker2

1 Department of Physical and Environmental Sciences, Texas A&M University – Corpus Christi, Corpus Christi, TX,
United States, 2 Harte Research Institute for Gulf of Mexico Studies, Texas A&M University – Corpus Christi, Corpus Christi,
TX, United States

Two adjacent estuaries in the northwestern Gulf of Mexico (GOM) (Mission–Aransas
or MAE and Guadalupe–San Antonio or GE), despite their close proximity and similar
extents of freshening caused by Hurricane Harvey, exhibited different behaviors in their
post-hurricane carbonate chemistry and CO2 fluxes. The oligotrophic MAE had little
change in post-Harvey CO2 partial pressure (pCO2) and CO2 flux even though the
center of Harvey passed right through, while GE showed a large post-Harvey increases
in both pCO2 and CO2 flux, which were accompanied by a brief period of low dissolved
oxygen (DO) conditions likely due to the large input of organic matter mobilized by the
hurricane. The differences in the carbonate chemistry and CO2 fluxes were attributed
to the differences in the watersheds from which these estuaries receive freshwater. The
GE watershed is larger and covers urbanized areas, and, as a result, GE is considered
relatively eutrophic. On the other hand, the MAE watershed is smaller, much less
populous, and MAE is oligotrophic when river discharge is low. Despite that Harvey
passed through MAE, the induced changes in carbonate chemistry and CO2 flux there
were less conspicuous than those in GE. This study suggested that disturbances by
strong storms to estuarine carbon cycle may not be uniform even on such a small
spatial scale. Therefore, disparate responses to these disturbances need to be studied
on a case-by-case basis.

Keywords: estuary, carbon cycle, CO2 flux, Hurricane Harvey, Gulf of Mexico

INTRODUCTION

Estuaries are considered efficient “filters” that trap a large fraction of terrestrial organic carbon (OC)
delivered by rivers. As estuaries receive terrestrial OC, remineralization often outweighs primary
production from the accompanying nutrients, leading to negative net ecosystem production (NEP)
(Smith and Hollibaugh, 1997; Gazeau et al., 2005; Borges et al., 2008). Consistent with this
heterotrophy, along with the input of high CO2 river water (Borges et al., 2006), estuaries generally
act as a CO2 source to the atmosphere (Frankignoulle et al., 1998). However, exceptions do occur in
eutrophic systems where nutrient input has increased significantly due to human activities; hence,
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autochthonous production in some estuaries can be the dominant
OC source in sediment (e.g., Paerl et al., 2018). Nevertheless,
estuaries play a disproportionately important role in global
carbon cycle, representing an important reservoir for terrestrial
OC deposition (Hedges and Keil, 1995; Bauer et al., 2013)
and at the same time, generating 0.10–0.25 Pg-C yr−1 in the
form of CO2 efflux (Bauer et al., 2013; Chen et al., 2013)
to the atmosphere, a budgetary term that probably carries an
uncertainty of at least 100%. This uncertainty is due to large
spatial and temporal heterogeneity across all types of estuaries
worldwide, most of which have been poorly studied hence CO2
flux sometimes had to be estimated using other biogeochemical
processes, for example, the net ecosystem metabolism (e.g.,
Maher and Eyre, 2012; Laruelle et al., 2013).

Because estuaries act as a continuum between the terrestrial
environment and the coastal ocean (Dürr et al., 2011), the
amount of freshwater discharge from rivers controls both
the freshwater residence time (Solis and Powell, 1999) and
mechanisms of carbon processing. Under high freshwater
discharge conditions, excess CO2 from river water degases to
the atmosphere during estuarine mixing and accounts for most
of the CO2 flux (Abril et al., 2000; Borges et al., 2006), and
this excess CO2 is typically a result of water column and
soil respiration in rivers before reaching the estuaries (Butman
and Raymond, 2011). On the other hand, under low river
discharge conditions, organic matter remineralization dominates
dissolved inorganic carbon (DIC) buildup in the estuarine water
column hence is responsible for the subsequent CO2 emission
(Borges et al., 2006). In addition to riverine input, subterranean
groundwater discharge represents a possibly important yet poorly
quantified source for various solutes that may be important for
estuarine biogeochemical processes, including carbon (Church,
2016). However, due to the relative extent of weathering and
microbial processes, groundwater discharge has been suggested
to either increase estuarine and coastal CO2 flux (e.g., Ruiz-
Halpern et al., 2015; Jeffrey et al., 2016; Liu et al., 2017; Pain et al.,
2020) or decrease such flux by providing extra buffer through
disproportionally higher alkalinity input than that of DIC (e.g.,
Murgulet et al., 2018; Crosswell et al., 2019).

CO2 flux in estuaries is not only affected by riverine
and groundwater input, disturbances caused by strong storms
can also significantly alter the estuarine carbon cycle. The
storms affect air–water CO2 exchange through enhanced
physical activities (e.g., increased gas transport and sediment
resuspension that release high CO2 pore water, the latter is
due to sedimentary respiration and slow pore-bottom water
exchange) and hydrologic changes, as more freshwater discharge
brings in additional terrestrial OC and nutrients through river
runoff. In addition, physical disturbances also lead to sediment
resuspension that releases sediment-bound OC available for
remineralization (Crosswell et al., 2014; Paerl et al., 2018; Van
Dam et al., 2018). During the storms, high gas transfer velocity
because of high wind also contributes to large CO2 effluxes
(Crosswell et al., 2014). Through examining North Carolina’s
estuaries on the U.S. east coast over a two-decade period, Paerl
et al. (2018) suggested that CO2 flux can be enhanced by both
storm-generated floodwater (“wet” storm) and mobilization of

previously accumulated terrigenous OC in the watershed (“dry
storm”). Nevertheless, given the dearth of studies focusing on
the influence of strong storms on estuarine carbon cycle and the
forecasts for possibly more/stronger hurricane activities in the
future (Emanuel, 2005, 2013; Webster et al., 2005), understanding
the influence of storms on estuarine environments is important in
the context of carbon cycle and to interpret its climatic feedback.

Compared to the U.S. east coast where a multidecadal
observational effort has been in place to evaluate the effect of
tropical storms on estuarine biogeochemistry and carbon cycle
(Paerl et al., 2018), there has not been a study that examines
this problem in the Gulf of Mexico (GOM), where the world’s
largest lagoonal systems are located (Dürr et al., 2011) and
where the majority of hurricanes made landfall in the contiguous
United States since 1851 (Landsea, 2019).

Hurricane Harvey made landfall at the uninhabited San José
Island, north of Port Aransas, Texas on August 25, 2017 with
a Category 4 wind force (Figure 1). The center of the storm
kept category 4 wind speed (>200 km h−1) when it crossed
Aransas Bay of the Mission–Aransas Estuary (MAE), and it then
moved north-northwest toward Victoria, Texas. After moving
inland, the movement of the storm center slowed to near
8 km h−1 (5 mph). During the 1.5-day period, significant rain
had fallen down before the center of the storm moved out into
the GOM from across the Matagorda Bay on the afternoon of
August 28, 2017.

Harvey caused extensive destruction to coastal and inland
communities and an economic loss of ∼$100 billion (Benfield,
2018). At the same time, it also offered an unprecedented
opportunity for us to examine the effect of storm events on
estuarine carbonate chemistry and CO2 flux in the semiarid
northwestern GOM coastal estuaries. This manuscript presents
the temporal changes in the estuarine carbonate system and
CO2 flux as disparate post-Harvey influences were exemplified
in the estuaries in the northwestern GOM, have similar
geomorphic structure and physiography but receive freshwater
from significantly different watersheds.

MATERIALS AND METHODS

Study Area
Mission–Aransas Estuary and Guadalupe–San Antonio Estuary
(GE) are both shallow lagoonal estuaries (1.5–2 m) in the south
Texas coast (Montagna et al., 2013; Figure 1) with a diurnal tidal
range of 12–15 cm (Evans et al., 2012; Ward, 2013). MAE includes
three interconnected water bodies – Aransas Bay (primary bay)
is connected to the GOM through the Aransas Ship Channel,
Copano and Mesquite Bays are both secondary bays that are
more directly affected by riverine input (Kim and Montagna,
2012). Mission and Aransas rivers discharge into Copano Bay,
and Mesquite Bay receives water from the adjacent San Antonio
Bay under flooding conditions. GE is adjacent to MAE to the
north and includes Mission Lake, Hynes Bay, and San Antonio
Bay, with the latter being the primary bay. The total area of San
Antonio and Guadalupe watershed is 26,244 km2 (GE) (Texas
Water Development Board), much greater than that (4,821 km2)
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FIGURE 1 | The track of Hurricane Harvey and wind speed (colorbar). The sampling stations in Mission-Aransas Estuary (MAE) and Guadalupe Estuary (GE) are
shown in yellow triangles. The blue circles superimposed on the triangles in GE represent quarterly sampling stations (see text for details).

of Aransas and Mission rivers (MAE) (Mooney and McClelland,
2012). The GE watershed includes extensive urbanized areas and
is considered eutrophic (Arismendez et al., 2009; Turner et al.,
2014). In comparison, the MAE watershed has a small population
and is mostly composed of agricultural/grass/shrub land, and
MAE can be oligotrophic under low river discharge conditions
(Evans et al., 2012).

Five long-term System Wide Monitoring Program (SWMP)
stations in MAE were sampled from May 2014 on a bimonthly or
monthly basis since May 2014 (Yao and Hu, 2017). Four stations
have been sampled in GE from January 2014 on a quarterly
basis (Montagna et al., 2018). However, starting from May 2017,
bimonthly trips were carried out in GE until early December 2017

with an additional three stations (Figure 1). We focused on the
observations made in 2017 but these results were also compared
and contrasted with data from prior to 2017 (Yao et al., 2020).

Sample Collection
We followed the sample collection and analytical approaches
outlined in McCutcheon et al. (2019) and Montagna et al.
(2018) for sampling in GE. Briefly, a calibrated YSI 6920
multisonde was used to obtain in situ temperature, salinity,
and dissolved oxygen (DO) concentration at both the surface
(∼0.5 m) and the bottom (within 0.5 m from the sediment–
water interface) of the water column, and a Van Dorn water
sampler was used to take water samples from the surface
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and bottom. Following the standard OA sample collection and
preservation protocol (Dickson et al., 2007), unfiltered water
samples were collected into 250 mL borosilicate glass bottles
for the lab analyses of total alkalinity (TA), total DIC, and pH.
100 µL saturated mercuric chloride (HgCl2) was added into
the sampling bottles and the bottle stoppers were sealed using
Apiezon R© L grease, rubber band, and a hose clamp. Chlorophyll
a and dissolved OC (DOC) samples from GE were preserved
on ice until return to our shore-based lab for processing and
analysis (Montagna et al., 2018). Field condition observations
and carbonate chemistry sampling in MAE followed protocols
in Yao and Hu (2017), and chlorophyll samples were collected
using the same approach as that in the literature (Mooney and
McClelland, 2012; Bruesewitz et al., 2013). No DOC samples were
collected in MAE.

Chemical Analysis and Carbonate
System Speciation Calculations
Total alkalinity was analyzed at 22 ± 0.1◦C using Gran titration.
DIC was analyzed using infrared detection. Both DIC and TA
analyses had a precision of ±0.1%, and Certified Reference
Material (CRM) was used throughout the sample analyses to
ensure data quality (Dickson et al., 2003). Two approaches were
taken to measure pH (Yao and Hu, 2017). Prior to mid September,
2017, pH for salinity <20 was measured using a calibrated high
precision glass OrionTM pH electrode, and the electrode was
calibrated using three pH standards (4.01, 7.00, and 10.01); for
samples with salinity ≥20, pH was measured using purified
m-cresol purple with the method in Carter et al. (2013). The
equation in Liu et al. (2011) was used in calculating pH values.
After mid September 2017, a new equation (Douglas and Byrne,
2017) for wider salinity range (0–40, vs. 20–40 in the Liu et al.’s
study) was used for the low salinity samples (<20) to replace the
potentiometric measurement. All pH measurements were done at
25◦C. Calcium concentration ([Ca2+]) was measured (from non-
preserved water samples) using automatic titration on a Metrohm
Titrando and ethylene glycol tetraacetic acid (EGTA) titrant, with
a precision of±0.02 mmol kg−1.

Carbonate speciation calculations were conducted using the
MatLab R© version CO2SYS program. Carbonic acid dissociation
constants (K1 and K2) from Millero (2010) were used to account
for the wide salinity range of the samples. Bisulfate dissociation
constant was from Dickson (1990), and borate concentration
was from Uppström (1974). Input variables for the speciation
calculation were measured DIC and pH at 25◦C. For this
study we did not perform underway measurements due to
logistical constraints. However, a 10-month time-series study
conducted at the nearby Aransas Ship Channel revealed that the
calculated CO2 partial pressure (pCO2) using discrete samples
and those obtained by a calibrated SAMICO2 sensor (Sunburst R©)
agreed within 15 µatm and an uncertainty of ∼30 µatm
(McCutcheon et al., unpublished).

Chlorophyll and DOC analyses followed the protocols in
Montagna et al. (2018) for the GE samples, and chlorophyll
samples from MAE were analyzed using the method in Mooney
and McClelland (2012). Data from MAE can be accessed

through the Centralized Data Management Office of the National
Estuarine Research Reserve Program1.

CO2 Flux Calculation
The air–water flux of CO2 was calculated using Eq. 1:

F = kK0(pCO2,water − pCO2,air) (1)

here k (m d−1) is the gas transfer velocity calculated from
wind speed (Jiang et al., 2008), K0 (mol m−3 atm−1) is the gas
solubility constant at in situ temperature and salinity (Weiss,
1974), pCO2,water and pCO2,air are partial pressure of CO2 in
surface water and the atmosphere, respectively. Wind speed
data were downloaded from monitoring sites close to these
estuaries https://tidesandcurrents.noaa.gov/map/index.shtml?
type=MeteorologicalObservations&region=Texas and corrected
to 10 m using the equation in Hsu et al. (1994). Positive F-
value means CO2 degassing to the atmosphere. pCO2,air were
calculated from:

pCO2,air= xCO2,air × (Pb − Pw) (2)

In Eq. 2, Pb (atm) is the barometric pressure from the weather
stations in these two estuaries, Pw (atm) is the water vapor
pressure calculated using salinity and temperature (Weiss and
Price, 1980), and xCO2,air (ppm) is the mole fraction atmospheric
CO2 in dry air. We did not measure air xCO2 directly but chose
to download monthly averaged xCO2 data from http://www.
esrl.noaa.gov/gmd/ccgg/trends. The area-weighted CO2 flux in
each estuary was calculated using the approach in Yao and Hu
(2017) by separately calculating the fluxes in both the primary
and secondary bays and then integrating them together.

RESULTS

River Discharge Into MAE and GE
Daily mean river discharge data were obtained from the
United States Geological Survey2 (Figure 2A) from the beginning
of our sampling period till April 2018. Three gauges (Aransas
River – 08189700 and Mission River – 08189500 for MAE and
Guadalupe River – 08188810 for GE) were used here. Note the
Guadalupe gauge measures combined input of both San Antonio
and Guadalupe rivers as the former merges with the latter before
reaching this gauge.

Compared to Guadalupe River that had continuous freshwater
discharge, both Aransas and Mission rivers had low discharge
during most of the study period (Figure 2A). One month prior
to Harvey, Aransas, Mission, and Guadalupe (from south to
north) rivers had the average hourly discharge rates of 0.2 ± 0.1,
0.1± 0.6, and 120.6± 50.5× 103 m3 h−1, respectively. Hurricane
precipitation-induced increase in river discharge started to be
observed on August 26 in Aransas River (2.2 × 103 m3 h−1), in
which the discharge peaked on August 27 (9.7 × 103 m3 h−1)
and quickly returned to the baseline rate in 15 days. Mission

1http://cdmo.baruch.sc.edu/
2https://waterdata.usgs.gov/nwis
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FIGURE 2 | (A) Discharge of Aransas (red), Mission (green), and Guadalupe
(black) rivers. (B) Average salinity in MAE (open circles) and GE (closed
circles). (C) Percent saturation of dissolved oxygen. The gray vertical lines
represent standard deviation of the mean. The cyan dashed lines (and in
figures hereafter) represent the date (August 25, 2017) on which Hurricane
Harvey made landfall.

River had near zero freshwater discharge prior to the hurricane
although the value rapidly increased to 217.1 × 103 m3 h−1 on
August 26 and peaked on August 28 (446.5 × 103 m3 h−1).
After half a month, its discharge was still 5.7 × 103 m3 h−1,
significantly greater than the baseline level prior to Harvey.
In comparison, Guadalupe River saw an increase in discharge
from August 26 although the peak (637.1 × 103 m3 h−1)
appeared several days later on September 1. Notably, each
of the rivers had a secondary peak discharge at the end of

September to early October (Figure 2A). For example, Aransas
River had 5.0 × 103 m3 h−1 (September 28), Mission River had
32.8 × 103 m3 h−1 (September 29), and Guadalupe River had
217.1 × 103 m3 h−1 (October 4), possibly due to intermittent
rainfall through the month of September, in addition to the direct
Harvey influence.

If accounting for the secondary discharge peaks till the middle
of October (i.e., October 15), when all river discharges returned
to their respective low levels prior to the hurricane, the three
rivers had exported 1.2× 106 (Aransas), 5.3× 107 (Mission), and
3.0× 108 (Guadalupe) m3 freshwater since Harvey made landfall.

Changes in Estuarine Hydrography
Because of the shallow depths in these two estuaries, both GE
and MAE usually had little stratification except under flooding
conditions. For example, salinity difference between bottom and
surface (1S) in GE was 2.2 ± 3.4 and 0.7 ± 1.7 in MAE across
all sampling stations in our multiyear surveys (2014–2018). Prior
to Harvey (August 23), surface salinity in GE ranged from 5.7
at close to the Guadalupe River mouth to 20.0 in lower GE with
1S as much as 6.9 in the latter (2 m depth). A few days after
Harvey made landfall (September 1), salinity at the station close
to the river mouth decreased to near zero (0.2) at both surface
and bottom, and surface water at all other stations decreased to
0.3–5.5, while bottom water salinity decreases were small (up to
6.0) compared to the values prior to the hurricane, with a range
of 9.7–20.9. In mid-September (September 13), continued salinity
decrease in bottom water was observed (ranging from 1.2 to 13.9)
while surface salinity remained similar to September 1, suggesting
continued river input and mixing that was flushing salt out
of GE. Afterward (October 9), the entire GE returned to pre-
Harvey salinity with little surface-bottom stratification (1S<2).
In comparison, slight stratification (1S∼2–3) was observed in
the upper MAE (i.e., the two stations in Copano Bay) on August
8 with the surface salinity of 20.8–20.9 and the rest of MAE was
vertically well-mixed, with a salinity range of 27.2–36.4 from mid-
MAE to Aransas Ship Channel. In mid-September (September
13), the entire MAE had significant decrease in salinity (6.8–22.2)
although stratification was still minimal (1S<1.5) except at the
station located in Aransas Bay (1S = 6.8). However, because MAE
was in a state of drought several months prior to Harvey, post-
Harvey salinity increased but remained relatively low compared
to pre-Harvey months (Figure 2B).

In addition to the hurricane-induced strong river discharge
in 2017, significant precipitation caused high river discharge in
all three rivers and led to prior episodes of estuarine freshening
(June–July 2015, Figures 2A,B). For example, salinity in GE
was as low as 1.8 ± 2.4 on July 8, 2015 and that in MAE
was 10.1 ± 9.5 on June 23, 2015, both of which were lower
than the values observed after Harvey. A smaller decrease
in salinity was also observed in both estuaries in mid-2016
(Figure 2B). We recognize that the comparison based on the
“snapshots” of sampling events could be overly simplified and the
observations were tied to the timing of the field trips. However,
the overall greater river discharges in the two non-hurricane
years did suggest greater estuarine freshening in these earlier
years (Figure 2A).
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FIGURE 3 | Temporal distributions of (A) total alkalinity (TA), (B) total dissolved inorganic carbon (DIC), (C) in situ pH on total scale, and (D) calcium ion
concentration ([Ca2+]). The open circles represent MAE and the close circles represent GE.

Average DO saturation (%DO) in GE surface water was
108.2 ± 23.7% and bottom water was 93.8 ± 27.1%. In
MAE, these values were 100.6 ± 6.7 and 98.8 ± 8.6%,
respectively (Figure 2C). MAE did not experience substantial
DO decrease throughout our sampling period, while discrete
sampling suggested that GE had hypoxic conditions in the upper
estuary on September 1, 2017, and the hypoxic condition in
the station closest to the river mouth persisted for about a
week with continued freshwater input that kept salinity low
(Walker et al., unpublished).

Carbonate System Parameters
Both GE and MAE had fairly high TA and DIC levels throughout
the sampling period (i.e., 2832± 315 and 2560± 293 µmol kg−1

for GE and 2539 ± 161 and 2271 ± 146 µmol kg−1 for MAE,
respectively), mostly greater than the ocean water values in the
northwestern GOM (Hu et al., 2018). At the same time, their
pH values were generally higher than (8.151 ± 0.234 in GE) or
equivalent (8.078± 0.079 in MAE) to the open ocean values.

TA and DIC had already started to decline in both estuaries
from early June 2017. Harvey-induced freshwater input further
pushed both TA and DIC to their respective minima, i.e.,
TA = 2186 ± 92 µmol kg−1 and DIC = 2154 ± 143 µmol kg−1

in GE (September 1), and TA = 2108 ± 240 µmol kg−1

and DIC = 1918 ± 199 µmol kg−1 in MAE (September 13)

(Figures 3A,B). pH in MAE did not change much before and after
Harvey, i.e., from 8.002 ± 0.043 on August 8 to 8.077 ± 0.108
on September 13. However, a significant pH decline in GE was
observed, i.e., pH prior to Harvey was 8.019± 0.191 (August 23),
several days after Harvey pH dropped significantly (7.521± 0.191
on September 1) but then increased again to 7.914 ± 0.212
when both TA and DIC concentrations increased (September
13) (Figure 3C). [Ca2+] mostly followed salinity throughout
our sampling period (Figure 3D) although the regression
between [Ca2+] and salinity offered more insights on the
river endmember composition changes at different hydrologic
conditions (see the section “Discussion” for more details).

Compared to hurricane-induced estuarine carbonate system
changes, the period of freshwater discharge increase in mid-
2015 caused similar changes to TA and DIC in MAE as
those after Harvey, although GE experienced elevated TA
and DIC concentrations (Figures 3A,B) instead of the large
decrease after Harvey.

CO2 Partial Pressure, Normalized pCO2,
and Air–Water CO2 Flux
Surface water pCO2 in GE exhibited much more temporal
variability than in MAE (Figure 4A), i.e., 666 ± 702 (GE)
vs. 477 ± 84 µatm (MAE). Following Harvey, pCO2 in GE
increased significantly compared to the background values and
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FIGURE 4 | Temporal distributions of (A) in situ pCO2 and (B) temperature
normalized pCO2 (npCO2) in MAE (open circles) and GE (closed circles), see
text for the temperatures that data from these two estuaries were normalized
to. The gray vertical lines represent standard deviation of the mean.

reached 3940 ± 2423 µatm (September 1), although the value
quickly decreased to near background level 372 ± 40 µatm in
slightly greater than a month (October 9). It is worth noting
that even though river discharge in mid-2015 (Figure 2A) led
to more freshening of both estuaries, pCO2 in GE then was
much lower (1278± 472 µatm, Figure 4A) than the post-Harvey
conditions; whereas MAE did not exhibit significant variations in
pCO2 before and after Harvey (pCO2 was always around 450–
550 µatm). In comparison, pCO2 increased slightly from the
drought period in mid-2014 to early 2015 (Yao and Hu, 2017).

To remove the temperature effect on pCO2 variation, surface
water pCO2 was normalized (npCO2) based on the respective
average temperatures of the two estuaries, i.e., 25.9◦C in GE
and 24.4◦C in MAE, following the scheme in Takahashi et al.
(2002), also see Yao and Hu (2017). Similar to pCO2, npCO2
showed the maximum values after Harvey (3147 ± 1365 µatm
on September 1, Figure 4B), and despite the higher freshwater
influence in mid-2015, npCO2 at that time was much lower at the
1100–1200 µatm level.

As defined in Eq. 1, CO2 flux is a function of wind speed
(gas transfer) and air–water pCO2 gradient. Contrary to the
pCO2 values (Figure 4A), the post-Harvey maximum pCO2 in
GE did not translate into the highest CO2 efflux in our study

period (164 ± 122 mmol m−2 d−1 on September 1, 2017).
Instead, the highest calculated CO2 efflux occurred in mid-2015
(181± 100 mmol m−2 d−1 on July 8, 2015) (Figure 5A), and the
wind speed 9.3 m s−1 on the 2015 observation date was much
higher than the post-Harvey date (3.6 m s−1) (Figure 5B). In
comparison, MAE did not exhibit significant changes in CO2 flux
before and after the hurricane (Figure 5A).

Chlorophyll a and DOC
Both GE and MAE experienced various extents of changes in
chlorophyll concentration throughout our study period although
the magnitudes of changes were quite different. Chlorophyll
concentration in GE showed significantly greater temporal
changes that corresponded to the magnitude of freshwater input
than MAE, i.e., higher freshwater discharge in both 2015 and 2016
appeared to coincide with elevated chlorophyll concentration
(Figures 2A, 6). After Harvey, chlorophyll concentration reached
an all-time minimum (4.9 ± 1.3 µg L−1) on September 8
(Figure 6) and this value rebounded to 19.8 ± 8.6 on September
13, the same level as that prior to Harvey (August 16). In addition,
the chlorophyll minimum coincided with the DOC maximum

FIGURE 5 | Temporal distributions of (A) air–water CO2 flux (unit
mmol m−2 d−1) and (B) daily wind speed on the sampling days in GE (dark
green) and MAE (dark yellow). The dotted lines represent the date (August 25,
2017) on which Hurricane Harvey made landfall.
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FIGURE 6 | Temporal distributions of chlorophyll a concentration in both GE
and MAE. DOC from GE is shown in brown circles.

(September 8) and the two parameter exhibited a significant
negative correlation (p = 0.03).

DISCUSSION

Tropical storms including hurricanes are capable of mobilizing
large amounts of terrestrial carbon and nutrients, facilitating their
transport across the land–ocean boundary, and at the same time,
enhancing sediment resuspension that exposes buried organic
matter to oxic conditions for increased microbial respiration;
hence, significantly influencing estuarine and coastal carbon cycle
(Crosswell et al., 2014; Majidzadeh et al., 2017; Lemay et al.,
2018; Paerl et al., 2018; Van Dam et al., 2018; Letourneau and
Medeiros, 2019; Osburn et al., 2019). On the other hand, few
studies have examined inter-system variabilities and compared
the hurricane effect with smaller scale flooding events. Our
continuous sampling before and after Harvey provided an
opportunity to examine these variabilities.

Spatial Heterogeneity in Estuarine
Responses to Hurricane Influence
It is well known that estuaries along the northwestern GOM coast
receive decreasing river discharge from northeast to southwest,
and at the same time, these estuaries have a gradient of decreasing
freshwater balance, i.e., freshwater input minus evaporation
(Montagna et al., 2013). GE received much more freshwater than
MAE (Figure 2A) and the river flow has been continuous despite
its temporal changes over time. In comparison, the two rivers that
empty into MAE frequently experienced near zero net flow, and
conspicuous discharge only appeared intermittently (Figure 2A)
corresponding to local/regional precipitation. As a result, prior
to Harvey, salinity in MAE (28.7 ± 6.4) was substantially higher
than in GE (15.8 ± 5.7) (Figure 2B). However, both TA and
DIC have been showing a decreasing trend since April 2017
(Figures 3A,B) leading up to the hurricane as salinity in both
estuaries increased (Figure 2B). The TA and DIC decreases
were mainly caused by the increasing presence of seawater in
these estuaries, as seawater has lower levels of TA and DIC

but higher [Ca2+] than the freshwater endmembers (Figure 3D;
Hu et al., 2015).

After Harvey made landfall on August 25, 2017, GE first
experienced an ephemeral (hours) storm surge that brought
high salinity water to the innermost station where an in situ
monitoring sonde (for salinity and DO) was in place (Walker
et al., unpublished). Half a month after the hurricane, GE and
MAE both experienced large decreases in salinity compared with
data collected prior to the hurricane (Figure 2B). However,
TA/DIC ratio in these two estuaries behaved differently before
and after the storm, i.e., greater decreases in GE (from 1.11± 0.04
and 1.02 ± 0.03) than those in MAE (from 1.14 ± 0.02 to
1.10± 0.03), indicating GE became much more enriched in CO2
(see below for further discussion). This excess CO2 was then
responsible for the much lower pH (Figure 3C) and higher pCO2
in GE (Figure 4A). In MAE, however, the similar extent (∼13–
16%) of TA and DIC dilution before and after Harvey did not
result in large changes in estuarine carbonate speciation in MAE.
Hence, neither pH nor pCO2 varied substantially.

The similarity (i.e., freshwater discharge induced estuarine
freshening) and contrast (i.e., difference in carbonate speciation
after Harvey) reflected spatial heterogeneity of hurricane
influence on coastal estuaries, even though these estuaries are
spatially close to each other. Precipitation caused by Harvey
was mostly concentrated in the Houston area in the north and
decreased to the south (this study area) and east along the
coast (van Oldenborgh et al., 2017). Therefore, even though the
center of the hurricane passed right through MAE (Figure 1),
precipitation and the resulted river discharge there was lower
than in GE. For example, integrated freshwater input into GE
from August 26 to September 13, when the minimum salinity
was observed, was 3.6 times of that into MAE (1.59 × 108

vs. 0.45 × 108 m3). The greater amount of freshwater input
into GE also should stem from its much larger watershed area.
Considering that the two estuaries have similar total volume
(Montagna et al., 2013), freshwater thus caused more extensive
flushing in GE than in MAE (also see Solis and Powell, 1999).
The faster salinity change (i.e., first decrease and then increase)
in GE than in MAE, which tends to remained freshened
for prolonged period (Orlando et al., 1993), also indicated
relatively more efficient water exchange with the coastal ocean in
GE (Figure 2B).

In addition to the difference in the amount of freshwater
input, apparently the characteristics of the freshwater coming
into these estuaries were different between the two estuaries.
While MAE did not exhibit significant changes in chlorophyll
level after the storm (Figure 6), GE had large increase in DOC
concentration (Figure 6) along with freshening of the entire
estuary (Figure 2B) and decrease in overall DO (Figure 2C)
chlorophyll levels (Figure 6), the latter was probably caused
by increases in water turbidity that inhibited estuarine primary
production. In fact, the in situ sonde at the innermost station in
GE revealed a week-long hypoxic condition after the hurricane
till 3–4 days before our post-Harvey field sampling on September
13 (Walker et al., unpublished). The high OC input as a result
of hurricane activity might have prompted extensive suboxic to
anoxic conditions in GE due to high rates of metabolic reactions.
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High post-Harvey DOC levels have been observed in other
storm-perturbed estuarine systems in which CO2 production is
enhanced (Van Dam et al., 2018; Osburn et al., 2019). Similarly,
the excess OC input into GE was consistent with the observed
high pCO2 levels (Figures 3D, 4A).

Temporal Heterogeneity in Estuarine
Carbonate System in Response to
Storm-Induced Freshwater Input
Not only did the estuaries respond to hurricane-induced
freshwater discharge differently, even though they are closely
located in a narrow geographic range, within each estuary the
responses were also different at different times. There were
two occasions of large pulses of freshwater input into both
estuaries, i.e., June–July 2015 and the similar period in 2016,
with the 2015 flooding event having higher amount of freshwater
discharge and lower salinity in these estuaries compared to
the post-Harvey conditions (Figures 2A,B). Nevertheless, the
patterns for MAE have been rather consistent between “normal”
flooding conditions and that after Harvey, i.e., both TA and

DIC appeared being “diluted” at each of the salinity minima
(Figures 3A,B) with modest increase in pCO2 (by <100 µatm
on average, Figure 4A) but virtually unchanged pH (Figure 3C,
also see Yao and Hu, 2017). However, water chemistry in
GE exhibited different behaviors when encountering significant
increase in river discharge. For example, following a drought
in south Texas prior to mid-2015, the large increase in river
discharge elevated both TA and DIC concentrations in GE, and
the highest concentrations corresponded to the lowest salinity
(Figures 2B, 3A,B). Then again in mid-2016, another lesser
extent of river input also increased both TA and DIC. The
increase in river influence following river flooding can also be
viewed using the time-series of the intercept of Ca2+ vs. salinity
linear regression ([Ca2+]0, Figure 7) as Ca2+ concentration
often exhibited excellent linear relationship with salinity hence
[Ca2+]0 can be used to infer river water Ca2+ concentration.
During the 2015 and 2016 flooding periods, [Ca2+]0 values for
GE were 1.25 and 1.18 mmol kg−1, respectively (Figure 7A).
Because of relatively narrow range of calcium ion to TA ratios
in Guadalupe and San Antonio Rivers (Ca2+:TA = 0.42 ± 0.05,
Texas Commission on Environmental Quality), river alkalinity

FIGURE 7 | Temporal changes in the intercept of [Ca2+] and salinity regression (i.e., [Ca2+]0) in both GE (A) and MAE (B). Panels (C) and (D) show the data during
the period of May 2017 to April 2018 for these estuaries, respectively. Other than the marked [Ca2+]0 bars that have regressed r2 values of 0.75 (#1, July 26), 0.80
(#2, September 13), and 0.95 (#3, October 9), all other r2 values in (C) and (D) are better than 0.98. The lower r2 values were all due to one data point that did not
fall on each regression line possibly due to the significantly varying river endmember on the time scale of estuarine mixing (Cifuentes et al., 1990).
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was estimated to be in the range of 2800–3000 µmol kg−1. This
high riverine TA thus can explain the high TA values in 2015 and
2016 (Figure 3A). In comparison, [Ca2+]0 was 0.74 mmol kg−1

on August 23 (prior to Harvey) and 0.87 mmol kg−1 on
September 1 (Figure 7C), despite the fact that salinity has
decreased from 15.8 to 8.1 on the latter date (Figure 2B). The
nearly invariant [Ca2+]0 suggested that initial Harvey-induced
freshwater input into GE was low in weathering products, likely
a result of local precipitation and runoff from adjacent area
around GE. Similarly, the post-Harvey samples in MAE suggested
the estuarine water was mostly diluted by precipitation because
[Ca2+]0 decreased from 1.39 mmol kg−1 on August 8 (prior to
Harvey) to 0.37 mmol kg−1 on September 13 (Figure 7D). After
the initial dilution period, GE started receiving river waters with
substantially higher levels of weathering products as indicated by
the large increase in the [Ca2+]0 value (Figure 7C), although that
for MAE remained relatively low (0.6–0.7 mmol kg−1) through
December 2017, suggesting that watershed that contributed
to GE continued moving high levels of weathering products
downstream while MAE watershed did not have high levels of
these solutes thus precipitation-led dilution dominated the post-
Harvey months. It is worth noting that the Ca2+ vs. salinity
regression is not reliable for predicting river endmember under
drought conditions, as MAE in much of 2014 (Figure 7B)
exhibited a reverse estuary pattern with the upper estuary having
greater salinity due to net evaporation (see Yao and Hu, 2017);
hence, the regressed intercept became negative, a physically
impossible freshwater endmember.

The immediate post-Harvey increase in pCO2 was much larger
than those from the two prior flooding periods (Figure 4A)
and it was also higher when the values were normalized to the
same temperature (npCO2, Figure 4B). Based on the comparison
between the prior flooding event and post-Harvey, it appeared
that the hurricane and its associated freshwater input were
able to mobilize OC from the lower reaches of Guadalupe/San
Antonio rivers, which then fueled strong microbial respiration
through physical disturbance to the watershed (Paerl et al.,
2018), compared to regular river flooding caused by large scale
precipitation (Figure 8), even though the latter could lead to
higher amount of freshwater input into GE. On the other
hand, such elevated high CO2 condition was rather short-lived
(∼1 month). The high levels of weathering product coming off
the upper reaches of the rivers (Figure 7C) that contributed
to GE, along with rebounding estuarine primary production as
indicated by the increase in chlorophyll levels (Figure 6), should
have provided much buffer.

Air–Water CO2 Flux
Despite the rarity of studies that investigate hurricane influence
on estuarine CO2 fluxes, hurricanes and strong storms are known
to significantly increase this flux. For example, Crosswell et al.
(2014) observed that CO2 fluxes in the eutrophic Neuse River
Estuary and Pamlico Sound were both −2.4 mmol m−2 d−1

prior to Hurricane Irene (2011). These two water bodies
experienced significant CO2 efflux during the storm period
(i.e., 4080 and 384 mmol m−2 d−1, respectively), then the
fluxes decreased to 154 and 7 mmol m−2 d−1 17 days

FIGURE 8 | A comparison of temperature normalized pCO2 (npCO2) from
before and after Hurricane Harvey. The difference between the maximum
npCO2 values from pre-Harvey flooding periods and that from post-Harvey is
considered to be CO2 signal generated from hurricane mobilized carbon.

after Irene, respectively. While directly enhanced CO2 flux
was mainly due to strong wind forcing that facilitates OC
remineralization caused by physical mixing and sediment
resuspension when a hurricane directly passes over (Crosswell
et al., 2014), the 2015 Hurricane Joaquin did not make landfall
but induced continental flooding in the same region, and
this storm event also elevated estuarine CO2 flux (Van Dam
et al., 2018). CO2 fluxes during the flooding period (62 and
265 mmol m−2 d−1) were found to be 3.6 and 15.6 times
of those prior to the flood in Neuse River and New River
estuaries, respectively.

Compared to these east coast studies, we did not have data
during Harvey except the single bottom water monitoring station
(Walker et al., unpublished). However, the post-Harvey CO2
flux in GE increased from the pre-hurricane near neutral levels
(−0.2 ± 5.0 mmol m−2 h−1) to 164 ± 122 mmol m−2 h−1

on September 1 and then 94 ± 161 mmol m−2 h−1 on
September 13, both were greater than post-storm CO2 flux
observed in the east coast estuaries (Crosswell et al., 2014; Van
Dam et al., 2018). In comparison, post-Harvey CO2 flux in
MAE (4 ± 3 mmol m−2 d−1) was much lower but on par with
those values obtained from those east coast estuaries. The reason
for such distinct difference in CO2 flux may be explained by
the different extents of nutrient pollution that these estuaries
experienced (see below).

In fact, despite that observed pCO2 (hence water–air pCO2
gradient) was the largest in GE after Harvey, water-to-air
CO2 flux was not the highest at that time (Figure 5A). The
difference mainly stemmed from the higher gas transfer velocity
in 7.8 m d−1 (at wind speed 9.3 m s−1) on the sampling day in
mid-2015 vs. 1.9 m d−1 (at wind speed 3.6 m s−1) after Harvey.

Overall, water-to-air CO2 flux during the 1-month period after
Harvey (August 27–September 26, 2017) was estimated to be
1.6 × 109 mol. Integrating the 2017 flux values to the whole year
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the CO2 efflux in GE in 2017 was 4.7× 109 mol. Therefore, this 1-
month period accounted for ∼35% annual CO2 emission in that
year, and this estimate should represent a lower limit because CO2
flux could have been higher during the storm due to much higher
gas transfer velocity and potential sediment resuspension in this
shallow estuary. In comparison, much sparser measurements in
2015 and 2016 suggested that the flood-induced CO2 emission
accounted for 78 and 132% of annual values, respectively. Note
all calculated CO2 flux values were negative in 2016 except that
from the flooding period that year. Considering the limited
observations in these 2 years and that both river discharge and
wind speed both played an important role in controlling CO2
flux, these two estimates thus probably had high uncertainties.

CO2 flux in MAE during the 2015 and 2016 flooding periods
reached as much as 21–22 mmol m−2 d−1, much greater than
that from the post-Harvey value. Furthermore, the latter flux
from August 26 to September 25 (6.6 × 107 mol) was not
only much smaller than the GE values, but also appeared not
extraordinary in the integrated annual CO2 flux (close to monthly
mean of 5.0 × 107 mol), although again the CO2 flux during
the storm is unknown so this value can only be considered as a
conservative estimate.

Post-Harvey freshwater input into MAE was less than that
from the 2015, and that sedimentary total OC (TOC) content
in MAE is <0.2% (Souza et al., 2012), which is much lower
than that in the eutrophic system in the east coast (1.3–7.5%,
see Cooper et al., 2004) where enhanced OC remineralization
following sediment resuspension was attributed to large CO2
fluxes during the storms (Crosswell et al., 2012). It is therefore
unlikely that CO2 flux in MAE during Harvey was much
larger than the values from the flooding period in 2015 and
2016 because of low sedimentary carbon content and the
extent that resuspended OC can stimulate respiration. Similarly,
TOC concentration in GE sediment is ∼0.65% (Trefry and
Presley, 1976), also suggesting the sediment resuspension and
subsequent remineralization probably was not as large a CO2
source hence flux as in the east coast estuaries, despite that
fact that GE was more eutrophic than MAE (for example, the
higher overall chlorophyll levels, Figure 6). Nevertheless, to
obtain accurate quantification of CO2 flux in these dynamic
estuaries, especially those that are affected by irregular freshwater
input such as these in the semiarid environments, higher
frequency and sustained measurements than what is presented
here are needed.

CONCLUSION

This is the first study that examined carbonate chemistry and
CO2 flux as a result of a major hurricane in the semiarid
northwestern GOM coast. The two studied estuaries are next
to each other and have similar geomorphic structure and
physiography, yet the watershed areas of major contributing
rivers differ by five times. In addition, MAE in the south
mostly experienced wind forcing with smaller freshwater input,
while GE in the north received much larger freshwater input
from a much greater expanse of watershed. Therefore, both

water column carbonate chemistry and air–water CO2 flux
exhibited different behaviors. MAE mostly reflected a dilution
effect (for TA and DIC) with limited changes in pH and CO2
flux after Harvey, while GE first showed dilution accompanied
by enhanced respiration and short-lived low oxygen conditions,
which was followed by large input of river water enriched in TA
and DIC and elevated primary production that helped to buffer
the acidified conditions (low pH and high pCO2) after Harvey.

Because of the different behaviors in pCO2 and wind
conditions, GE experienced significant increase in CO2 efflux
that was disproportionally larger than average monthly CO2 flux
in this estuary, yet MAE did not exhibit significant change in
CO2 flux as a result of the hurricane. However, when the post-
Harvey CO2 flux was compared with prior flooding events in
these estuaries, the CO2 efflux cause by hurricane influences may
not be necessarily larger. Instead, flooding in the past that was not
associated with strong storms such as Harvey may have caused
more CO2 emission in these estuaries, as respiration based on
sediment resuspension liberated OC may not be as significant as
in the eutrophic estuaries in the U.S. east coast, given the much
lower sedimentary OC contents in our studied estuaries.

Nevertheless, we recognize that the relatively small hurricane
influence on estuarine CO2 flux was dependent on the
assumption that this flux during the hurricane did not differ
significantly from the observations after the storm, mainly based
on the lower sediment OC contents than the much more
eutrophic U.S. east coast estuaries. However, to better constrain
this flux term, which is exceedingly dynamic in the semiarid
environment, sustained observations in conjunction with high
resolution monitoring are needed.
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