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Highlights:
® Estuarine carbon fluxes are highly dynamic from drought to hurricane-induced flood.

® [ateral exchanges from tidal wetlands dominate the total carbon loading.

® Annual CO; emission from northwest Gulf of Mexico estuaries 1s double of the North
American estuaries average.

® Interpretation of estuarine carbon budget requires greater spatiotemporal coverage to face
the future climate change challenge.
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Abstract

As coastal areas become more vulnerable to climatic impacts, the need for understanding
estuarine carbon budgets with sufficient spatiotemporal resolution arises. Under various
hydrologic extremes ranging from drought to hurricane-induced flooding, a mass balance model
was constructed for carbon fluxes and their variabilities in four estuaries along the northwestern
Gulf of Mexico (nwGOM) coast over a four-year period (2014-2018). Loading of total organic
carbon (TOC) and dissolved inorganic carbon (DIC) to estuaries included riverine discharge and
lateral exchange from tidal wetlands. The lateral exchanges of TOC and DIC reached 4.5 + 5.7
and 8.9 & 1.4 mol*Cem2eyr !, accounting for 86.5% and 62.7% of total TOC and DIC inputs into
these estuaries, respectively. A relatively high regional CO; efflux (4.0 = 0.7 moleCem 2eyr !) was
found, which was two times the average value in North American coastal estuaries reported in the
literature. Oceanic export was the major pathway for losses of TOC (5.6+ 1.7 molsCem 2eyr !,
81.2% of total) and DIC (9.9 & 2.9 mol*Cem2eyr !, 69.7% of total). The carbon budget exhibited
high variability in response to hydrologic changes. For example, storm or hurricane induced
flooding elevated CO> efflux by 2—10 times in short periods of time. Flood following a drought
also increased lateral TOC exchange (from -3.5 £ 4.7 to 67.8 £ 17.6 mmolsCem 2d"!) but
decreased lateral DIC exchange (from 28.9 + 3.5 to -7.1 £ 7.6 mmol*Cem 2¢d'). The large
variability of carbon budgets highlights the importance of high-resolution spatiotemporal
coverage under different hydrologic conditions, and the importance of carbon contribution from

tidal wetlands to coastal carbon cycling.
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1 Introduction

Coastal areas consisting of tidal wetlands and estuaries play a crucial role in the global
carbon cycle. Attempts to synthesize estuarine carbon budgets must deal with its high
spatiotemporal heterogeneity that is due to geomorphological, climatic, and hydrologic
differences (Bauer et al., 2013). More importantly, the lack of direct observations creates
challenges with identifying exchange between tidal wetlands and estuarine waters (Najjar et al.,
2018), even though a broad consensus regarding tidal wetlands’ significance on estuarine carbon
processing has recently emerged (Maher et al., 2018; Santos et al, 2021).

Generally, tidal wetlands transport carbon through lateral exchange including tidal activities
and submarine groundwater discharge (Santos et al, 2021). Thus, a sufficient spatiotemporal
resolution is needed to constrain these non-point source-driven exchanges (Santos et al., 2019;
Tamborski et al., 2021). However, comprehensive budgets that combine organic and inorganic
carbon fluxes over annual or longer timescales have been scarce (Bogard et al., 2020). Although
wet—dry climatic cycles have been reported to alternate estuarine systems between heterotrophy
and autotrophy (Yao et al., 2020), the variability of the coastal carbon cycle in response to
hydrologic change remains understudied. All climate models predict the high possibility of
hydrologic extremes, e.g., drought and flooding, in tropical and subtropical estuaries (Liu et al.,
2019; Sherwood and Fu, 2014). Therefore, elucidating carbon budget variability spanning a full
hydrologic spectrum is important to improve our knowledge and predict responses to future
climate change.

Carbon fluxes can be estimated in several different ways. Process-based models that couple
estuarine hydrodynamics and biogeochemistry can link organic and inorganic carbon cycles

(Gordon et al., 1996). However, detailed information at fine spatial and temporal scales is
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required to constrain potential errors in these models (Bauer et al., 2013; Kemp et al., 1997). On
the other hand, mass balance approaches based on observations and stoichiometric relationships
may amplify uncertainties because of the propagation of errors (Smith et al., 1991). Nevertheless,
models based on the latter approach can separate individual processes that significantly influence
the regional carbon cycle, and errors could be constrained or at least recognized if temporal and
spatial patterns are chosen carefully (Maher and Eyre, 2012).

There are few carbon budget estimates in subtropical estuaries worldwide (Crosswell et al.,
2017; Maher and Eyre, 2012; Tanner and Eyre, 2020). The northwestern Gulf of Mexico
(nwGOM) has the world’s largest lagoonal estuary (Laguna Madre of both Texas, U.S.A. and
Tamaulipas, Mexico) and many other smaller lagoonal estuaries (Diirr et al., 2011), i.e., estuaries
that are separated from the coastal ocean by barrier islands, through which channels and
waterways connect the water bodies. On the nwGOM coast, river discharge (or inflow) decreases
sharply southward, which is one of the most distinctive hydrologic features in this area (Montagna
et al., 2013). Climate fluctuations between drought and flood periods further alter and drive the
hydrologic conditions of this coastal region (Yao and Hu, 2017; Yao et al., 2020). Moreover,
nwGOM coast has a long history of hurricane landfalls (Roth, 2010). Through studying these
estuarine systems that share geomorphological similarities, it is possible to assess the effects of
hydrologic variations on the coastal carbon cycle and provide useful information for future
climate change related investigations.

The objectives of this study were to: 1) construct comprehensive carbon budgets for
nwGOM estuaries using a mass balance model based on bi-weekly (i.e., twice a month) to
quarterly observations, 2) examine different biogeochemical drivers for processes including

riverine inflow, lateral exchange, burial, air-water CO> flux, net ecosystem metabolism (NEM),
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and oceanic export, and 3) assess the climatic impact on the estuarine carbon budget, including

alternating between drought and flood conditions.
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Figure 1. a, nwGOM estuaries names and locations. b, water column sampling stations. c,
riverine and weather stations used in data interpretation. d, sedimentation stations used in data
interpretation.

2.1 Study sites
Four nwGOM estuaries (Fig. 1a) — Lavaca-Colorado Estuary (LCE), Guadalupe Estuary

(GE), Mission-Aransas Estuary (MAE), and Nueces Estuary (NE) — were investigated from
April 2014 to April 2018. Average depth of these microtidal estuaries is approximately 1 m
(Table 1), and these estuaries have restricted connections to the nwGOM due to the presence of a
series of barrier islands (Fig. 1). Each estuary receives input from one or two rivers. We

designated the upper estuary as the area subject to more freshwater influence from rivers, whereas
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the lower estuary represents the area connected with the nwGOM through a tidal inlet. The only
exception was GE, which is river inflow-dominated due to its limited tidal exchange (Fig. 1)
(Montagna and Kalke, 1992). Hurricane Harvey, a Category 4 storm, made landfall near the

southern end of this coastal area on 25 August 2017 (Walker et al., 2021).

2.2 Field sampling and laboratory analyses

Field campaigns on different intervals were conducted (Table A1); both surface (0.1 m) and
bottom samples (about 0.1 m above the bottom sediment) were taken. In-situ data, including
temperature, depth, salinity, dissolved oxygen and chlorophyll-a, were acquired by a calibrated
YSI 6600 V2 data sonde. pH, and dissolved inorganic carbon (DIC), total organic carbon (TOC),
Ca?", and salinity were analyzed in the lab (see detailed analytical methods in Table A2). All pH
measurements were conducted at 25 &+ 0.1 °C, and the lab-measured pH values were converted to
the total scale at in-situ temperature using CO2SY'S with DIC and lab-measured pH as the input
variables following the method in Yao and Hu (2017). To assess the estuarine carbon budget
variability, we categorized the wide hydrologic range into four study periods: drought (D) and
flood relaxation (FR) that both were under dry condition, flooding (F) and post-hurricane (H) that
both were under wet condition. Hydrologic definitions are based on the quartiles of mean
salinities (more details in Table A3). The only exception was the hurricane period, which

included the post-storm surge period from September to early October 2017.

2.3 Carbon mass balance

The major carbon fluxes in an estuary involve multiple processes, including riverine input
(Frv), net lateral exchange (F1, including DIC and TOC), NEM (Fxewm), net CO» efflux (Fcoo),
carbon deposition due to precipitation (Fp), oceanic export (Fex, i.€. net export after budgeting

exchanging and residual flows between estuary and the coastal ocean, including DIC and TOC),



124  sedimentation (Fp) and calcification (Fca). Consistent with other similar estuaries studies

125  (Crosswell et al., 2017; Maher and Eyre, 2012; Tanner and Eyre, 2020), a steady-state assumption
126  was made for the nwGOM estuaries. The steady-state mass balance equation for estuarine DIC
127  can be written as:

128 Fro—pic + FL—pic + Fp—pic = Fxem + Fcoz + Fea + Fex-pic (1)

129  Fnewm is negative for heterotrophy and positive for autotrophy. For total organic carbon, which
130  consists of dissolved organic carbon (DOC) and particulate organic carbon (POC), the steady-
131  state equation can be written as:

132 Fry-toc + FL-roc + Fp—roc + Fyem = Fp + Fgx-roc (2)

133 Note that all budget terms are estimated independently except for the lateral exchange ones,

134  which are calculated as the residuals from the two mass balance equations.

135 2.4 Riverine input (Fry)

136 Riverine carbon fluxes (Fry, pmol-C-d") were estimated from riverine DIC and TOC

137  concentrations (Cry, pmol-C-kg™), daily average discharge (Vrv, m*-d"!'; Table 1) and water

138  density (p, kg'm™):

139 Fro = Cry X Vg X p (3)

140  where riverine DIC was estimated from our bimonthly surveys at upstream of river mouths

141  between October 2015 and May 2018 (see Fig. 1b for station information; Table 1 for averaged
142  endmember values; Table A1 for sampling schedule), and riverine TOC were retrieved from
143  discrete data (2004 — 2018, Table A4 for sampling schedule) collected by the Surface Water
144  Quality Monitoring Program (SWQM) of Texas Commission on Environmental Quality (TCEQ;

145  https://www.tceq.texas.gov/waterquality/monitoring/index.html). Average riverine DIC and TOC

146  were derived from dry and wet conditions (see values in Table 1, hydrologic condition
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categorization in Table A3), respectively. Cumulative monthly discharges were obtained from

gauges of the U.S. Geological Survey (USGS; https://waterdata.usgs.gov/tx/nwis/rt) (Fig.1c;

Table 1).

2.5 Precipitation (Fp)

Carbon deposition through precipitation was assessed for TOC and DIC, respectively.
Regional atmospheric POC deposition was small enough (0.1 — 1.3x107 pmol-C-L"! , Benway
and Coble, 2014) to be omitted in the budget calculations. Average atmospheric DOC (440
umol-C-L!; Mitra et al., 2017) and DIC (17 pmol-C-L!'; Willey et al., 2000) concentrations were

used in conjunction with monthly precipitation rate (Texas Water Development Board or TWDB,

http://www.twdb.texas.gov/) to estimate rainfall input of carbon to these estuaries.

2.6 Air-water CO; flux (Fco2)

The net CO; flux (Fgp,; mmol-C-m2-d!) at each station was calculated using Eq. 4 (see

method in Table A5):
Feoz = k- Ko(pCO2 water — PCO2air) “4)

where Ko was solubility coefficient calculated from temperature and salinity (mol-C-m™>-Pa’!;
Weiss, 1974), k was the gas transfer velocity that was derived from daily average wind speed at
10 m height (cm-h!; Jiang et al., 2008) and pCO2..ir (natm) was partial pressure of atmospheric
COz. pCO2water (Latm) was calculated using measured DIC (# 0.1%) and pH (£ 0.0004 or = 0.01
depending on the analytical method used) as the input variables and the program CO2SYS.
Calculated pCO2 water values were in good agreement with in-situ monitored pCO2 water

measurements (£ 20 patm; McCutcheon et al., 2021).
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2.7 Net ecosystem metabolism (Fnem)

Because mixed layer benthic and pelagic metabolic processes would generate/consume CO>
and influence Fco> directly, NEM was estimated using a linear regression equation (Eq. 5) derived
by Maher and Eyre (2012). They found a significant inverse relationship (R = 0.898, p < 0.001)
between Fcoz and Fnem based on data from 12 estuaries worldwide. Laruelle et al. (2013) further
applied this equation to estimate another 68 lagoonal estuarine Fco> globally and suggested
~26.8% difference between directly calculated CO; flux and NEM-derived estimates. Here, we
calculated daily NEM at each station following the same equation:

FCOZ = _0.4236 X FNEM + 11.991 (5)

2.8 Sediment deposition (Fp)

Sediment deposition flux (Fp; mmol-C-m2-d"") was determined by sedimentation rates (S,
cm-yr!), sedimentary TOC concentrations (Cseq; mg-C-kg™!") and averaged dry bulk sediment
density (0.88 g-cm™) in nwGOM estuaries calculated the linear sediment accumulation rates
(Table 1):

Fp =S4 X Csea X ps  (6)

Due to the invariant >'°Pb profiles in the well mixed upper layer of these shallow estuaries
(20-cm cores from our campaigns, D. Hammond, pers. Comm.), we chose to use the average
sediment accumulation rates in Lavaca Bay (upper LCE) and NE to represent those in GE and
MAE, respectively (Bronikowski, 2004; Yeager et al. 2006) (Table 1). In addition, historical
surface sedimentary TOC data were obtained from TCEQ and averaged for dry and wet
conditions (Table 1) with slight mismatch due to sampling time inconsistencies between TCEQ
surveys and our study. Thus, averaged sedimentation rates under dry and wet conditions were

applied to corresponding upper and lower estuarine systems.
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2.9 Oceanic export (Fex)

Due to shallow and windy conditions, the estuarine water was assumed to be well mixed
(little stratification was observed during our study period). A box-modeling approach was then
introduced to estimate the Fex. The steady-state net daily average Frx was calculated based on the
Land-Ocean Interactions in the Coastal Zone method (LOICZ; Smith et al., 2005):

Ve = Vry + Vsgp +Vp — Vg

Vi X Sg
£ St a— (7)

Socean ~
Fgx = Vg X Cg + Vx X (C = Cocean)

Vr (m3-d') was the residual freshwater flow between the system and the adjacent open ocean, Va,
was daily river discharge, Vsop was annual mean SGD from the literature (Table 1), note that we
assumed most SGD occurred within 50 m from the shoreline in upper estuaries according to
Spruill and Bratton (2008); Vp and Ve denoted precipitation and evaporation volume (see in
Section 2.5), Vx was exchange flow between an estuary and adjacent coastal ocean (negative sign
denotes export to the coastal ocean, positive sign denotes net import), S, Sr, Socean Were the
salinities from system-averaged, ocean-estuary boundary, ocean endmember, respectively; C, Cr,

Cocean Were system-averaged, ocean-estuary boundary, ocean endmember DIC or TOC values,

respectively (more details in Table 1).

2.10 Calcification (Fca)

Daily calcification rates were calculated as the difference of measured Ca®" concentrations
(Ca?*, mmol-kg™) and salinity-normalized Ca?>" (nCa?*, mmol-kg™') from each sampling
campaign:

(Salocean _Sali) X Cazi-'l-)er + (Sali - Salriver) X Cagg_ean

Salocean - Salrl’ver

nCa?* =
®)
Feq = Ca?t —nCa?*

10
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Sal was salinity, subscript i denoted the i-th campaign, subscript river and ocean denote the two
endmembers values, respectively; positive Fc, indicated calcification and negative indicates

carbonate dissolution.

2.11 Lateral exchange (Fr)

Lateral exchange of DIC and TOC were the only unknown terms and were calculated as
residuals from Eqgs. 1 and 2, respectively. Positive values indicate the flux direction from tidal

wetlands to estuarine water, whereas negatives denote the opposite direction.

2.12 Estuarine area normalized annual fluxes

Finally, the annual fluxes of different carbon budget terms were averaged by the sum of all

campaigns, and normalized to corresponding estuarine areas for further comparison:
up 1
— ET XS+ F% XS0
Fi =
Sup + Slow

_ Yi(F x dy)
Yid;

)
Fy

u _ . . : .
F, P and Fl-“’W (mmol-C-d") were arithmetic means of carbon fluxes in upper and lower estuaries

from campaign i, Sy, and Siow were upper and lower estuary surface areas in individual estuaries,

F; (mmol-C-m-d"") was area-normalized average flux in campaign i, d; was the duration (days)
between two consecutive sampling campaigns, F, (mol-C-m2-yr!") denoted the area- normalized

annual flux of carbon budget term x (including all terms above).

11
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3 Results

3.1 Riverine input

Average river discharge ranged from 107.9 £ 19.7 m3-s’! (hereafter the uncertainties were all
standard errors) in northern estuary LCE to 8.6 + 2.4 m3-s’! in southern estuary NE, consistent
with the declining trend of inflow (Table 1). Distinct seasonality was observed with high river
discharge in spring and summer in response to storm-driven flooding in 2015, 2016 and 2017; but
fall and winter had much less discharge. As a result, Fry-pic and Frv-toc had similar seasonal
patterns but different magnitudes (Figs. 2a and 2d). During the spring to summer flooding period,
maximum Fry.pic in LCE and GE reached 84.4 and 59.5 mmol-C-m2-d"! respectively, while
those in MAE and NE were substantially lower (27.8 and 16.7 mmol-C-m2-d-!, respectively).
Similarly, maximum Fry.toc were 8.6 and 14.1 mmol-C-m2-d"!' for LCE and GE, respectively;

compared to 7.4 and 2.3 mmol-C-m2-d"! for MAE and NE, respectively.

3.2 Air-water CO; flux

All four estuaries were net CO; sources to the atmosphere (Fig. 3) with distinct
spatiotemporal patterns (Fig. 2g), Fcoz ranged -15 — 120 mmol-C-m2-d-'. In spring and summer,
these estuaries had higher CO: emission (up to 120 mmol-C-m=2-d"!) as a result of flooding (Yao
and Hu 2017; Yao et al., 2020). The peak of CO> efflux values in LCE and GE (~100 mmol-C-m"
2-d-") were five times of those in MAE and NE (~20 mmol-C-m2-d"") (Fig. 2g). Maximum CO;
efflux occurred when the first major storm struck at the end April 2015 after a four-year extreme
drought (Yao and Hu, 2017). In comparison, Fco» decreased and even changed sign (-15 — 35
mmol-C-m=2-d"!) in fall and winter. Nevertheless, average CO; flux in LCE and GE (~10
mmol-C-m=2-d"!) under this low freshwater conditions was ten times of MAE and NE average (~1
mmol-C-m=2-d"!). Overall, annual average Fco, in LCE and GE was one order of magnitude

higher than those in MAE and NE (Fig. 3).

13
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3.3 NEM

Derived from Fco, empirically, the Fnem variations were anticorrelated with the Fcoz
pattern. The Fxem values were lowest in spring and summer (0.5 = 5.6 and -27.7 + 10.9
mmol-C-m~2-d’!; respectively), indicating the seasonal heterotrophy. Increasing NEM in fall (7.5
£ 7.4 mmol-C-m2-d"") and winter (35.5 + 3.5 mmol-C-m-d!) showed switching to autotrophic
conditions. Annual Fxem values suggested heterotrophic dominance in the northern estuaries (i.e.,
LCE and GE), whereas yearly autotrophy was found in the southern estuaries, MAE and NE (Fig.

3).

3.4 Sediment deposition

Annual average sediment organic carbon deposition flux Fp was 2.3 £ 0.2 mol-C-m?-yr'! in
LCE, with 1.9 £0.2 and 3.1 £ 0.1 mmol-C-m2-d"!' in dry and wet conditions, respectively. Fp was
the highest in GE at 4.7 £ 0.2 mol-C-m?2-yr!, 4.8 £ 0.2 mmol-C-m2-d"! in dry and 5.7 £ 0.1
mmol-C-m~2-d"! in wet conditions. Then Fp declined toward the south (averaged 1.7 + 0.2
mol-C-m?2-yr!, with 1.2 £ 0.2 mol-C-m?-yr'! in dry and 4.6 = 0.1 mol-C-m2-yr! in wet in MAE;
and averaged 0.6 £ 0.1 mol-C-m2-yr! , with 0.6 £ 0.1 mol-C-m2-yr!in dry and 0.7 £ 0.1

mol-C-m?2-yr!in wet in NE, Figs. 2i & 3).

3.5 Export to the coastal ocean

Area-normalized Fex.pic was between -24 — 109 mmol-C-m™2-d”!, and Fex.toc was -103 — 132
mmol-C-m~2-d"! in all estuaries combined (Figs. 2¢ and 2f). The highest monthly Fex-pic and Fex-
toc were both found in GE (February 2017) and in LCE (April 2016), respectively. Occasional
negative Fex.pic in MAE and NE indicated a possible oceanic water supply under drought
conditions when riverine inputs were low (to compensate for evaporative water loss). Consistent

with river inflows, these estuaries exported most DIC and TOC to the GOM in winter and spring

14
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(38.6 £4.1 and 19.2 + 3.7 mmol-C-m2-d", respectively). Coastwide minimum Fegx-pic occurred in
summer (20.6 £ 2.5 mmol-C-m2-d"") and minimum Fgx.toc in fall (11.3 £ 2.9 mmol-C-m2-d™),
during which time minimum Fgx.pic ranged from 2.4 + 1.3 (NE) to 32.4 + 6.0 (GE) mmol-C-m"
2-d"'; minimum Fgx.toc fluctuated between 2.8 + 5.6 (NE) and 16.9 + 5.9 (GE) mmol-C-m?2-d"".
Among the annual Fgx values, DIC export from southern estuary NE (3.5 £ 0.5 mol-C-m2-yr'!)
was found to be only ~1/5 of the northern estuary GE (17.5 £ 1.7mol-C-m=2-yr'!); similarly,

lowest annual TOC export was found in NE (0.6 £ 0.7 mol-C-m?2-yr!, Fig. 3).

3.6 Lateral exchange
Although average DIC and DOC fluxes due to SGD in upper NE (~4050 and 840 mmol-C-m"

2-d1, respectively) has been estimated from a previous study (Murgulet et al., 2018), these
overwhelmingly high carbon inflows should diminish toward lower estuary so that can be
balanced by much lower estuarine carbon export (Sections 3.2, 3.4 and 3.5). Due to possible error
amplification from limited data coverage, lateral exchanges were calculated as the residual term
from the mass balance models (Eqgs. 1 & 2) rather than the SGD study directly.

Area-normalized Frpic ranged from -173.1 — 96.0 mmol-C-m2-d"!, and Fr.toc ranged -96.2
—301.6 mmol-C-m2-d"! (Figs. 2b & 2¢). The southern estuaries (MAE and NE) had the higher
annual Fr.pic, while larger annual F1.toc were found in the northern estuaries (LCE and GE),
respectively (Fig. 3). Four-estuary averaged Fi-pic reached the maximum (48.0 + 3.8 mmol-C-m-
2-d"") and minimum (0.6 £ 5.5 mmol-C-m2-d™") values in winter and summer, respectively, by
contrast Fy-roc varied in the opposite direction (maximum 39.8 + 12.8 mmol-C-m2-d"! in summer

and minimum -20.2 £+ 4.2 mmol-C-m=2-d"! in winter) (Figs. 2b & 2¢).
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3.7 Carbon budget

The annual carbon budget in each estuary was calculated by the area-integrated DIC and
TOC fluxes (Fig. 3). The largest DIC input was Fr-pic. In particular, Fi-pic in NE was estimated to
be almost ten times of Fry-pic. On the other hand, Fco> and Fex-pic were two major DIC loss
pathways from nwGOM estuaries, in addition autotrophic activities appeared to be another
important DIC loss term in southern estuaries MAE and NE. On the organic carbon side, the four-
estuary averaged Fr.toc was the major total TOC input, which was almost seven times of Frv-toc
in this region. In addition, annual NEM revealed varying trophic status from heterotrophy to
autotrophy when moving southward. Fex-toc contributed ~75% of total TOC outflow, but behaved
differently among these four subsystems. Fp was another important TOC loss term, which was
estimated to account for the remaining 25% of total TOC outflow. Compared to the above fluxes,

Fp and Fc, were small enough so that they were omitted in the overall budget (Fig. 3).
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Figure 3. Carbon fluxes for DIC and TOC in the four studied estuaries, “+” indicates standard
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4 Discussion

4.1 Hydrologic controls on estuarine carbon budgets

S
SRR
-l 4 - -
RN ERIE Y
by L E
A RINRInE

Figure 4. Carbon fluxes under different hydrologic conditions in the four studied estuaries. The
headings represent D = drought; FR = flood relaxation; F = flooding; H = hurricane. For better

comparison and visualization, few columns exceed x-axis limit and are not fully displayed. (unit:

mmol-C-m?-d")

During our study period, the nwGOM coast experienced extreme hydrologic changes

between dry and wet conditions, including the end of extreme drought (prior to April 2015) and

a
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Category 4 storm (Hurricane Harvey in fall 2017). . Both flooding and flood relaxation occurred
at multiple periods over time. Fr-toc, Fco2 and Fnem experienced the largest changes across
different periods (Fig. 4). Fcoz indicated large estuarine CO; emission rates (5.3 £2.7 —44.3 +
25.1 mmol-C-m2-d™") across all conditions. Flooding from Hurricane Harvey increased Fcoz by 2
— 10 times compared to the baseline values, with most pronounced increase in LCE (4.5 + 10.9 to
40.7 £ 4.1 mmol-C-m2-d"") and GE (9.6 + 6.7 t0 96.7 £+ 72.0 mmol-C-m2-d"") compared to MAE
(7.3 +1.3t015.4+2.9 mmol-C-m2-d") and NE (3.8 £ 2.7 to 11.0 + 8.2 mmol-C-m-d"!) that had
smaller increases. Two estuaries, MAE and NE, were on the “dry” side of the storm and riverine
input did not substantially increase as shown by their lower Fry-pic and Fry-toc (Figs. 2a & 2d).
This CO; flux increase in LCE and GE was consistent with other studies that also found 5 — 10
times elevation of estuarine CO» efflux due to either storms or storm-induced flooding (Crosswell
etal., 2014; Van Dam et al., 2018; Hu et al., 2020). Such increase could be attributed to enhanced
heterotrophy in response to discharge events (Russell et al., 2006) as well as riverine CO»
ventilation (Yao et al., 2020). Walker et al. (2021) also found bottom hypoxia in GE after
Hurricane Harvey in 2017. Similarly, Fex-pic and Frv-pic followed the Fcoo pattern (Fig. 4).

Our study assessed the hydrologic effect on lateral carbon exchange in nwGOM estuaries. As
expected, storm- and hurricane-driven flooding increased Fi-toc from -3.5 £ 4.7 mmol-C-m2-d"!
(drought) to 72.6 £+ 37.4 mmol-C-m2-d"! (hurricane) (Figs. 4D to 4H), this enhanced exchange
was most likely caused by large surface runoff (Walker et al., 2021). Because residence time is a
key control on estuarine organic carbon degradation (Hopkinson et al., 1998), the moderate to
long residence time in these four estuaries (39 — 360 d, Table 1), particularly in MAE and NE,
was likely responsible for organic carbon processing, hence related carbon fluxes. These values

indicate that storm-flushed organic matter from tidal wetland supported large estuarine
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heterotrophy and CO» emission in the wet condition, which further confirmed the crucial role of
lateral exchange. In contrast, Fi-pic was found to decrease from 28.9 + 3.5 mmol-C-m2-d-!
(drought) to -20.2 = 31.1 mmol-C-m=-d"! (hurricane) (Figs. 4D to 4H). This indicates increased
DIC uptake at tidal wetland side under wet condition.

Russell et al. (2006) concluded that heterotrophic NEM in this region would not exceed -5
mg-Oy-1"'-d"! (or -312.5 mmol-C-m2-d"! based on the average depth of 1 m) by integrating open-
water and benthic chamber results. Annually aggregated NEM (1.7 £ 3.5 mol-C-m2-yr!)
indicates a balance between primary production and remineralization coastwide, yet with a large
range from heterotrophic northern estuaries to autotrophic southern estuaries (Fig. 3). However,
the coastwide autotrophy during drought (11.8 = 3.3 mmol-C-m2-d™") and flood relaxation (15.1 =
5.4 mmol-C-m2-d!) periods could be attributed to benthic activities once DIC became more
available while TOC decreased in the water column. For example, model simulation in Galveston
Bay, about 200 km north of the study area, illustrated that oxygen concentration could quickly
decrease to zero from ambient concentration in one hour without benthic photosynthesis (An and
Joye, 2001). The nearly balanced NEM was comparable to other lagoonal estuaries. In New River
Estuary of North Carolina, NEM was between -3.0 — 1.1 mol-C-m™-yr"! (Crosswell et al., 2017),
however its annual Fcoz (-0.2 — 2.0 mol-C-m2-yr!) was only half of what we found in the
nwGOM estuaries.

It is notable that similar magnitude of carbon budgets had been observed between flooding
and hurricane periods (Figs. 4F and 4H). The comparable Fry-pic, Frv-toc, and Fr-toc were
indicative of analogous terrestrial discharges, this could be reflected by the comparable salinities

during these two periods (Table A3). Likely the storm pulses were followed by maximum
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discharge to estuary (Paerl et al., 2018). Such discharge should depend on the varying hydrology

in each estuarine system and the connected watershed.

4.2 Importance of lateral exchange from tidal wetlands (saltmarsh and mangroves)

Tidal saltmarsh and mangrove systems are among the most productive ecosystems on Earth
(Bouillon et al., 2008; Cai, 2011). In general, the major mechanisms that drive Fr. between
saltmarshes/mangroves and estuaries should include tidal exchange, SGD, eddy diffusion, and
rain (Mabher et al., 2018; Santos et al., 2019). However, their role in estuarine carbon cycle
remains largely unsolved because of difficulties in making direct measurements. Previous studies
showed wide ranges between 3.4 — 102.2 mol-C-m™-wetland-yr'! for Fi.roc and 11.9 — 177.0
mol-C-m?2-wetland-yr"! for Fr.pic; respectively (Table 2).

In the current study, annual Fry introduced only a small portion of total inputs (~13.5 % for
TOC and ~37.3 % for DIC). By contrast FL-toc was more than 6 times of Frv-toc, FL-pic was
almost double of Fry.pic. Given that the nwGOM coastline has an extensive distribution of
saltmarshes and mangroves (nearly half of the entire U.S. East Coast, Table 2), previously
overlooked tidal wetland systems may serve as an important carbon source to coastal waters in
this semiarid area. If converted to tidal wetland yields (annual fluxes normalized to wetland area),
Fr-toc and Fr.pic could reach 16.7 £+ 21.4 and 33.5 = 5.1 mol-C-m™-wetland-yr"'. These values
coincided with those from U.S. East Coast and Australia East Coast (Table 2), where riverine
carbon became the dominance (67 + 8% in U.S. East Coast; Najjar et al., 2018). Note that in
river-dominated GE, ~70% of total DIC inputs were transported by river discharges.
Consequently, carbon exchange in tidal wetland should be a focus of ocean-dominated estuary

carbon budget studies.
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Consistent with earlier studies (Wang et al., 2017; Chen et al., 2018), Fr-toc and Fr-pic in
nwGOM estuaries also exhibited seasonal patterns (Figs. 2b & 2e), i.e., high Fr-toc but low Fr-pic
in spring and summer as compared by low Fr-toc but high Fr.pic in winter. One explanation was a
high DIC uptake due to the maximum plant growth rate in spring and summer for wetland system
(Wang et al., 2017). Additionally, concurrent floods flushed more surface organic carbon from
wetlands to estuaries (Walker et al., 2021). Whereas high DIC:DOC ratio SGD in winter favored
high Fr-pic (Murgulet et al., 2018). However, given its large spatiotemporal variability, more
detailed quantification of the lateral exchange is desired for future estuarine carbon budget
studies.

Fco2 in these estuaries may be largely dependent on Fr (p < 0.001 for both Fr-toc and Fr-pic
in Figs. 5a & b). While Fr-toc contributed significantly to Fco> change coastwide (Fig. 5a), the
effect of FrL-pic on Fcoz varied from one estuary to another. This was attributed to varying primary
production in different estuaries as river input decreased to the southwest. This is indicated by the
declining CO» emission or even occasional CO; uptake (Figs. 2g & 3), stronger autotrophy in
southwestern estuaries MAE and NE was largely due to the limited riverine organic matter
supply. Therefore, the significant inverse relationship between Fi-pic and Fco2 in MAE and NE
(both p <0.001; Fig. 5b) also indicates the potentially greater contribution on estuarine
autotrophic activities from lateral exchange. Nevertheless, the close relationship between Fi-toc
and Fnem across four estuaries (r = 0.924, N = 140, p < 0.001; Fig. 5¢) highlighted the significant

support of tidal wetland on estuarine NEM, as Frv-toc was generally small overall (Fig. 3).
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Figure 5. Relationships among different fluxes in four estuaries. a, lateral TOC vs. air-water CO»
flux. b, lateral DIC vs. air-water CO: flux. ¢, lateral TOC vs. NEM. d, lateral DIC vs. NEM. (unit:
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4.3 Integrated carbon budget in nwGOM coast
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Figure 6. Observed estuarine air-water CO; fluxes in North America’s coast. (unit: mol-C-m~2-yr
! see details in Table A6)

The area-normalized annual estuarine CO> emission of the nwGOM coast was 4.0 = 0.7
mol-C-m?2-yr’!, which was within the range of the area-normalized average CO, emission from
the Atlantic coast (4.6 + 1.9 mol-C-m2-yr!; Najjar et al., 2018) but almost two times of the entire
North America coast average (~2.2 mol-C-m2-yr!; Chen et al., 2013). Moreover, area-
normalized CO; emission in all GOM estuaries could reach 4.3 = 4.8 mol-C-m?-yr! by
integrating our observations and those in the literature (Table A6). This value was almost half of

the arithmetic mean value from Windham-Myers et al. (2018), who found GOM estuarine CO»
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flux at an above average level (~8.1 mol-C-m2-yr'') among North American coasts. In addition,
based on the arithmetic mean of our findings and existing observation-based Fcoo, the updated
average of all North America estuarine CO, emission could reach 5.8 + 9.0 mol-C-m™2-yr"!' (Table
A6). Note that tidal rivers were counted in those high estuarine CO, efflux regions (e.g., ~36.1
mol-C-m?2-yr’! in Shark River Estuary, Florida, Ho et al., 2016; ~25.3 mol-C-m2-yr! in Altamaha
Sound, Georgia Coast, Jiang et al., 2008; Fig. 6). Nevertheless, given that previous syntheses of
CO, fluxes were heavily skewed towards the Atlantic coastal estuaries (Chen et al., 2013; Najjar
et al., 2018), our findings highlighted the diverse set of responses in different estuaries and the
current lack of spatial coverage in estuarine CO; flux studies in general (Fig. 6).

Based on the current study and the literature, the relatively high estuarine CO» emissions are
mostly in shallow (< 5 m) subtropical regions surrounded by extensive tidal wetlands (nwGOM,
Florida Coast, Southern Atlantic Coast, Fig. 6; Table A6). One important reason for the high CO;
flux was due to high riverine CO; in the southern U.S.A. (pCO, ranged 4000 — 6000 patm,;
Butman and Raymond, 2011) or high wind speeds (Yao and Hu, 2017). Also lateral carbon
exchange from saltmarshes and mangroves have not been adequately accounted for in explaining
estuarine CO> flux. However, Windham-Myers et al. (2018) estimated a rate of 24.4 mol-C-m"
2-wetland-yr! for the nwGOM wetlands in terms of carbon sequestration, which is about ~6 times
of the global average 4.8 mol-C-m2-wetland-yr' (Chmura et al., 2003). This, together with
estimated estuarine carbon deposition rate found in the current study, could make nwGOM coast
an important carbon storage region (also known as the “blue carbon”, ~32.4 mol-C-m"
2-wetland-yr!, normalized to wetland area). Nevertheless, an improved re-evaluation of coastal
carbon deposition is required, particularly with respect to future estuarine sedimentary carbon flux

research to better constrain the rate of blue carbon conservation.
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Frpic and F1toc contributed 62.7% and 86.5% of DIC and TOC mputs to nwGOM estuaries,
respectively (Fig. 7). As a whole, ~36.5% of the DIC mput was to support CO» enussion and
NEM, the remaining for oceanic export; yet on the TOC side, sediment deposition only accounted
for about one-third of the total input, leaving ~70% for estuarine export. Therefore, carbon fluxes

from nwGOM estuaries appear to largely depend on 1ts extensive tidal wetlands.

) Q@ *)

tidal wetland %

Figure 7. Schematic representation of integrated carbon fluxes in the nwGOM coast. (a) riverine
DIC mput; (b) nverme TOC mput; (c) lateral DIC exchange between tidal wetlands and estuaries
(d) lateral TOC exchange between tidal wetlands and estuanes; (e) air-water CO: flux; (f) pelagic
and benthic NEM;, (g) sediment TOC deposition; (h) DIC export to the open ocean; (1) TOC
export to the open ocean; (j) carbon fixation by tidal wetland; (k) CO; evasion from tidal wetland;
(1) carbon sequestration within tidal wetland. # denotes that the values are based on hiterature data;
* denotes that the values are mainly dependent on other fluxes. (unit: mol-C-m?-yr?)

4.4 Uncertainty

Integrating process-based fluxes could easily propagate the uncertamnties. Uncertainty from
each term was analyzed in Table A7. Note that we claimed a 100% uncertamnty for both
sedimentation rates and SGD, due to their high variabilities from literature data. Regardless, the

carbon budget components showed a good agreement between total carbon loading and export
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(Fig.7). Our estimated NEM from CO, flux displayed a range between -312.5 — 145.7 mmol-C-m"
2-d!, similar to the finding in Russell and Montagna (2007), who estimated a NEM range of -250
— 187.5 mmol-C-m2-d"! based on in-situ open water monitoring. However, even the direct NEM
observations may suffer uncertainties from different methodologies (Gazeau et al., 2005). In
addition, aggregated Fr-toc and Fr.pic were estimated at 4.5 £ 5.7 and 8.9 = 1.4 mol-C-m2-yr!,
the fluxes could be further converted to wetland yields as 16.7 = 21.4 and 33.5 + 5.1 mol-C-m
2-wetland-yr! respectively. These values agreed with other tidal saltmarsh and mangrove systems
as well (Table 2). However, direct measurement with sufficient spatiotemporal resolution is

strongly recommended to confirm such crucial but varying carbon flux values.

5 Conclusions

The coastal carbon budget is important and highly dynamic. Our mass balance model
indicated that lateral exchange from saltmarsh and mangrove habitats was a key driver to carbon
budget in subtropical nwGOM lagoonal estuaries. For example, lateral TOC exchange could
explain almost 86.5% of total TOC input into the estuary. On the other hand, the entire region
served as an important CO» source to the atmosphere and at same time preserve considerable
amount of blue carbon. The relatively high estuarine air-water CO, fluxes demonstrated the need
for more extensive studies focusing on carbon cycling along the GOM coast to better constrain
the North American coastal carbon budget, which is currently skewed toward the east coast.

Attempts to assess coastal carbon budget variability requires incorporation of estuarine
hydrology. Our four-year dataset over various hydrologic conditions revealed as much as 2 — 10
times increase in estuarine CO> flux driven by floods compared with non-flooding (or dry)
periods. However, the magnitude of change depended on estuarine residence time and the amount

of freshwater inflow that each estuary received. Therefore, these estimates highlight the necessity
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of long-term regional focus to predict the future coastal carbon budget trajectories under changing

hydrological conditions.
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Appendices

The supporting information includes seven tables (Tables A1-A7), which provides more
details on estuarine and riverine sampling schedules, parameters for Fco2 calculations, and a list
of existing observation-based estuarine CO> fluxes from the North American coast. The
information could be useful for those who are interested in seeing more details about how we

collected and developed all flux terms on the nwGOM estuarine carbon budget.
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Table 1. Hydrologic and sedimentary information for four nwGOM lagoonal estuaries

Location
Characteristic Reference
LCE GE MAE NE
(Solis and Powell,
Mean Depth (m) 1.1 1.1 1.1 1.2 1999)
Open Xr?ff)r Area 1180.6 561.6 575.7 536.6 (TCEQ)

3 5 . . . . ontagna et al.,
W*?fés%‘lfri‘)“ea 130.3 28.1 7.2 45.6 (M 1.,2011)
Res‘de?dc)e Time 81 39 360 356 (Bianchi et al., 1999)

Submarine
Groundwater 0.46° 0.46° 0.46 1.08 (Murgulet et al., 2018;
Discharge 0.11) (0.11) (0.11) (0.18) Spalt et al., 2020)
(m-d™")
A 107.9 483 7.3 8.6 (USGS,
(137.8) (24.8) (13.4) (16.9) gauge#8162600,
8162000, 8162500,
River Discharge D 30.0 28.3 0.9 3.0 8164600, 8164800,
(m?-s) (16.2) (12.0) (1.1) (1.2) 8164000, 8188810,
8189800, 8189200,
D 2941.9 4454.9 4948.4 4062.6
Riverine DIC (569.6) (535.0) (994.4) (297.4) .
kel (This study)
(kmol-kg™) W 2061.2 2884.6 2925.7 3744.5
(879.6) (758.5) (957.4) (388.9)
D 558.4 371.5 300.7 619.3
Riverine TOC (204.9) (151.4) (31.1) (72.9) (TCEQ)
(umol-kg™!) W 368.7 558.6 777.2 605.9
(242.6) (333.4) (221.0) (125.6)
Ocean D DIC: 2(2326)3 TOC 166.7
endmember 2094 9 (TCEQ)
mol-kg! -
(umol-kg™) w DIC (65.2) TOC 166.7
. D 5.4 6.0 2.8 42
Surface sediment 3.7) (0.8) (0.7) (1.8)
TOC (TCEQ)
(g:C-kgh) w 10.6 9.8 21.4 5.2
(8.1) (5.3) (15.9) (3.3)
: 0.79 0.79° 0.43¢ 0.43
Sediment Upper
accumulation (0.37) (0.37) (0.12) (0.12) (Bronikowski, 2004;
rateb_l 023 y 023 023 Yeager et al., 2006)
(em'yr™) Lower (0.05) a (0.05) (0.05)
Bulk density 0.88 g-cm™; averaged from nearby nwGOM estuary studies: Galveston Bay (Santschi et al., 2001) and

Sabine Lake (Ravichandran et al., 1995), data collected by Hutchings et al. (2020).

Values in parentheses indicate the standard errors.
A=annual average, D=dry condition, including dry and flood relaxation periods, W=wet condition, including flooding and hurricane periods;
TCEQ=Texas Commission of Environmental Quality, Texas Surface Water Quality Monitoring, https://www.tceq.texas.gov/;

? Assume that SGD in LCE and GE were similar as MAE due to a lack of study;
® Sediment accumulation rate was based on the 2'°Pb methodology;
¢ Assume the same sediment accumulation rates for upper LCE/GE and upper MAE/NE, all lower estuaries were assumed to have the same sediment

accumulation rate due to their hydrologic similarities.
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Table 2. Recorded lateral TOC and DIC exchanges yielded from saltmarsh and mangrove
habitats (units: mol-C-m~-wetland-yr™).

Region Wetland SurfacezArea Lateral TOC  Lateral DIC Reference
System (km?)
Global Mangrove 1.6 X103 é;(l)) - (Bouillon et al., 2008)
U.S. East Coast Salt Marsh 1.23 x10* 14.9 34.6 (Wang et al., 2016)
Salt Marsh 15.4
U.S. East Coast and 1.02 x10* 5 '9) (Herrmann et al., 2015)
Mangrove ’
Salt Marsh 196
U.S. East Coast And 1.02 x10* (10'0) (Najjar et al., 2018)
Mangrove ’
. . 102.2 177.0
Maowei Sea (China) Mangrove 135 (15.5) (121.3) (Chen et al., 2018)
Iriomote Island (Japan) Mangrove 0.22 34 11.9 (Akhand et al., 2021)
Southern Moreton Bay 20.0 34.2
(Australia) Mangrove 4.7) (12.0) (Maher et al., 2018)
Australian Coast Mangrove 8.12 - (%(1)'2) (Sippo et al., 2016)
Salt Marsh
nwGOM (U S) and 571.5% 16.7 333 This study
Mangrove (21.4) (5.1

Values in parentheses indicate standard errors;
*Value was measured based on Google Earth software.
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