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Abstract 25 

As coastal areas become more vulnerable to climatic impacts, the need for understanding 26 

estuarine carbon budgets with sufficient spatiotemporal resolution arises. A mass balance model 27 

has been constructed for carbon fluxes in four estuaries along the northwestern Gulf of Mexico 28 

(nwGOM) coast from 2014 to 2018. The annual lateral carbon exports from tidal marsh-29 

mangrove to estuaries account for 97.9% and 84.4% of total organic carbon (TOC) and dissolved 30 

inorganic carbon (DIC) inputs, respectively. This sustains a relatively high air-water CO2 flux 31 

(16.8 ± 3.0 mol·C·m
-2

·yr
-1

) compared with most estuaries on the North American Atlantic coast. 32 

In addition, annual air-water CO2 flux reaches as high as oceanic DIC export coastwide. The 33 

majority of imported riverine TOC has been exported to the coastal ocean (62.2%), leaving 22.3% 34 

of TOC for sediment deposition and 15.5% for remineralization. These fluxes are highly variable 35 

because of hydrologic variability. For example, episodic flooding can elevate estuarine CO2 36 

efflux by 2 – 10 times in short periods of time. Flood following a drought state also increases 37 

lateral exchanges of TOC (from 90.7 ± 65.7 to 200.5 ± 160.2 mmol·C·m
-2

·d
-1

) and DIC (from 38 

49.1 ± 39.8 to 166.9 ± 236.1 mmol·C·m
-2

·d
-1

). The contribution of nwGOM estuaries increases 39 

the overall North American estuarine CO2 flux by 220%, impacting coastal carbon budget. 40 

Hydrologic control explains temporal variability in these estimates.  41 
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1 Introduction 42 

Coastal areas consisting of tidal wetlands and estuaries play a key role in the global carbon 43 

cycle. Estuaries are highly dynamic, receiving terrestrial carbon from rivers and surrounding 44 

watersheds, which can be exported in various forms to the coastal ocean. For example, estuaries 45 

account for only 0.3% (1.05×10
12

 m
2
) surface area of the global ocean, yet CO2 emission, 46 

estimated at 0.10 – 0.25 Pg·C·yr
-1

 in estuaries (Cai, 2011; Chen et al., 2013), is equivalent to the 47 

magnitude of continental shelves CO2 uptake and 30% of riverine total carbon input (Bauer et al., 48 

2013; Cai, 2011). However, the uniqueness of each estuary from geomorphological, climatic, and 49 

hydrologic perspectives results in spatiotemporal heterogeneity in carbon processing across the 50 

world (Bauer et al., 2013; Montagna et al., 2013). In addition, anthropogenic effects vary spatially 51 

because of land-use change, wastewater discharge, water diversions, etc., and these effects have 52 

increased terrestrial total carbon influx to estuaries by 25% globally since the pre-industrial times, 53 

from 0.8 to 1.0 Pg·C·yr
-1

 (Regnier et al., 2013). Attempts to synthesize estuarine carbon budgets 54 

face several challenges, e.g., identifying each C-involved biogeochemical process including 55 

ecosystem metabolism (NEM), riverine discharge, lateral exchange—from tidal wetland via tidal 56 

or submarine groundwater discharge (SGD), air-water CO2 flux, export to the coastal ocean, and 57 

burial in sediment, and determining sufficient resolution for a variety of research in terms of 58 

temporal and spatial scales (Swaney et al., 2012). NEM in the water column and sediment and air-59 

water CO2 flux are critical for understanding the connection between organic and inorganic 60 

carbon fluxes in an estuary. However, the presence of large variability requires better 61 

spatiotemporal assessment of average NEM in order to obtain more accurate estuarine carbon 62 

budgets.  63 
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Carbon fluxes can be estimated in several different ways. Process-based models that couple 64 

estuarine hydrodynamics and biogeochemistry can link organic and inorganic carbon cycles 65 

(Gordon et al., 1996; Laruelle et al., 2017). However, detailed information at fine spatial and 66 

temporal scales is required to constrain potential errors in these models (Bauer et al., 2013; Kemp 67 

et al., 1997). On the other hand, mass balance approaches based on observations and 68 

stoichiometric relationships may amplify uncertainties because of the propagation of errors 69 

(Smith et al., 1991). However, models based on the latter approach are capable of separating 70 

individual processes that significantly influence the regional carbon cycle, and errors could be 71 

constrained or at least recognized if temporal and spatial patterns are chosen carefully (Maher & 72 

Eyre, 2012).   73 

There are few carbon budget estimates in subtropical estuaries worldwide (Crosswell et al., 74 

2017; Laruelle et al., 2017; Maher & Eyre, 2012). The Gulf of Mexico (GOM) has the world’s 75 

largest lagoonal estuary (Laguna Madre of Texas and Mexico) and many other smaller lagoonal 76 

estuaries (Dürr et al., 2011), i.e., estuaries that are separated from the coastal ocean by barrier 77 

islands, through which channels and waterways connect the water bodies. Even though rivers in 78 

this region are rich in inorganic carbon (Stets et al., 2014; Zeng et al., 2011), it is difficult to 79 

quantify carbon flows because of high spatiotemporal variability. On the northwestern Gulf of 80 

Mexico (nwGOM) coast, river flow decreases sharply from northeast to southwest, which is one 81 

of the most distinctive hydrologic features in this area (Montagna et al., 2013). Dam construction 82 

and river fragmentation (Murgulet et al., 2016) and climatic fluctuations between drought and 83 

flooding periods (Yao & Hu, 2017; Yao et al., 2020) further alter and drive the hydrologic 84 

conditions of this region.  85 
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The objectives of this study were to: 1) construct detailed carbon budgets for nwGOM 86 

estuaries using a mass balance model based on bi-weekly to quarterly observations, 2) examine 87 

different biogeochemical drivers for several processes (riverine inflow, lateral exchange, burial, 88 

air-water CO2 flux, NEM, export to the ocean), and 3) assess climatic impact on the estuarine 89 

carbon budget, including short-term episodic flooding and long-term sea level rise.  90 

2 Methods 91 

 92 

Figure 1. Northwestern GOM estuaries. a, nwGOM estuaries names and locations. b, water 93 
column sampling stations. c, riverine and weather stations used in data interpretation. d, 94 
sedimentation stations used in data interpretation.  95 

2.1 Study sites 96 

Four nwGOM estuaries (Fig. 1a) — Lavaca-Colorado Estuary (LCE), Guadalupe Estuary 97 

(GE), Mission-Aransas Estuary (MAE), and Nueces Estuary (NE) — were studied from April 98 
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2014 to April 2018. Hurricane Harvey made landfall close to the southern end of this coastal area 99 

in August 2017. Average depth of these microtidal estuaries was approximately 1 m (Table 1), 100 

and these estuaries have restricted connections to the GOM due to the presence of barrier islands 101 

(Fig. 1; Table 1). Each estuary receives input from one or two rivers. We designated the upper 102 

estuary as the area subject to more freshwater influence from rivers, whereas the lower estuary 103 

represents the area connected with the GOM through a tidal inlet. The only exception was GE, 104 

which is river inflow-dominated due to its limited tidal exchange (Fig. 1) (Montagna & Kalke, 105 

1992). The Texas coastline was ideal to assess the effects of spatiotemporal variability on the 106 

estuarine carbon cycle because of its geomorphological similarity and differences in hydrology 107 

(Table 1).   108 

2.2 Field sampling and laboratory analyses 109 

Field campaigns on different time intervals were conducted (Table S1), both surface (0.1 m) 110 

and bottom samples (about 0.1 m above the bottom sediment) were taken. In-situ data, including 111 

temperature, depth, etc., were acquired by a calibrated YSI 6600 V2 data sonde. Dissolved 112 

inorganic carbon (DIC) was determined by acidifying 0.5 mL samples with 10% phosphoric acid 113 

and the extracted CO2 was quantified on an AS-C3 DIC analyzer (Apollo SciTech), all DIC 114 

samples were analyzed against Certified Reference Materials (Batch#142, 156, 159, Dickson & 115 

Anderson 2003) with a precision of ± 0.1%. pH was measured using spectrophotometric method 116 

of purified m-cresol purple for samples (salinity ≥ 20, with ± 0.0004 precision; Carter et al., 2013), 117 

or an Orion
TM

 Ross pH electrode (salinity < 20, ± 0.01 precision). The pH electrode was 118 

calibrated using NBS buffers (4.01, 7.00, 10.01). All pH measurements were done at 25 ± 0.1 °C, 119 

and the lab measured pH values were converted to the total scale at in-situ temperature using the 120 

program CO2SYS (MatLab
®

 version) using measured pH and DIC. Salinity was measured using 121 
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a benchtop salinometer calibrated with MilliQ water and known salinity Certified Reference 122 

Material (Batch#142, 156, 159). Ca
2+

 was titrated by egtazic acid (EGTA) on a Metrohm 888 123 

Titrando automatic titrator using a calcium ion selective electrode to detect endpoint (Kanamori & 124 

Ikegami, 1980), and the precision was ± 0.2 %. Water TOC samples were analyzed using the 125 

High Temperature Catalytic Oxidation method on a Shimadzu TOC-Vs analyzer (Wetz et al., 126 

2017).  127 

2.3 Carbon mass balance 128 

The major carbon fluxes in an estuary involve multiple processes, including riverine input 129 

FRv, lateral exchange FL (i.e., exchange between tidal wetlands and estuaries via tidal activities 130 

and SGD; Maher et al., 2018; Najjar et al., 2017), net ecosystem metabolism (NEM) FNEM, air-131 

water CO2 flux FCO2, carbon deposition due to precipitation FP, oceanic export FEx (i.e. net export 132 

after budgeting exchanging and residual flows between estuary and the coastal ocean), 133 

sedimentation FD and calcification FCa (Crosswell et al., 2017; Laruelle et al., 2017; Maher & 134 

Eyre, 2012; Najjar et al., 2018). Because these estuaries are a net CO2 source to the atmosphere 135 

(Yao et al. 2020), the steady-state mass balance equation for estuarine DIC would be: 136 

𝐹𝑅𝑣−𝐷𝐼𝐶 + 𝐹𝐿−𝐷𝐼𝐶 + 𝐹𝑃−𝐷𝐼𝐶 = 𝐹𝑁𝐸𝑀 + 𝐹𝐶𝑂2  + 𝐹𝐶𝑎 + 𝐹𝐸𝑥−𝐷𝐼𝐶   (1) 137 

FNEM is negative for heterotrophy and positive if it is autotrophy. For total organic carbon (TOC), 138 

which consists of dissolved organic carbon (DOC) and particulate organic carbon (POC), the 139 

steady-state equation can be written as:  140 

𝐹𝑅𝑣−𝑇𝑂𝐶 + 𝐹𝐿−𝑇𝑂𝐶 + 𝐹𝑃−𝑇𝑂𝐶 + 𝐹𝑁𝐸𝑀 = 𝐹𝐷 + 𝐹𝐸𝑥−𝑇𝑂𝐶  (2) 141 

Note that all budget terms are estimated independently except for lateral exchange, which is 142 

calculated as residual from the mass balance.  143 
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2.4 Riverine input (FRv) 144 

Riverine carbon fluxes (FRv, µmol·C·d
-1

) were estimated from riverine DIC or TOC (CRv, 145 

µmol·C·kg
-1

), daily average discharge in each month (VRv, m
3
·d

-1
; Table 1) and water density (𝜌, 146 

kg·m
-3

):  147 

𝐹𝑅𝑣 = 𝐶𝑅𝑣 × 𝑉𝑅𝑣 × 𝜌  (3) 148 

where riverine DIC was from our river mouth surveys every other month between October 2015 149 

and May 2018 (see Fig. 1b for station information; Table 1 for averaged endmember values; 150 

Table S1 for schedule details), historical riverine TOC data (1969 – 2018) were retrieved from the 151 

Surface Water Quality Monitoring Program of Texas Commission on Environmental Quality 152 

(TCEQ; https://www.tceq.texas.gov/waterquality/monitoring/index.html). Average riverine DIC 153 

and TOC were derived from dry and wet conditions (values in Table 1, hydrologic condition 154 

division in Table 4), respectively. Cumulative monthly discharges were obtained from gauges of 155 

the U.S. Geological Survey (USGS; https://waterdata.usgs.gov/tx/nwis/rt) (Fig.1c; Table 1).  156 

2.5 Precipitation (FP) 157 

Carbon deposition through precipitation was assessed by atmospheric TOC and DIC, 158 

respectively. Regional atmospheric POC deposition was small enough to be ignored (0.1 – 159 

1.3×10
-3

 µmol·C·L
-1

 , Benway & Coble, 2014). Average  atmospheric DOC (161 μmol·C·L
-1

) and 160 

DIC (17 μmol·C·L
-1

; Willey et al., 2000) were applied in conjunction with monthly precipitation 161 

rates (Texas Water Development Board, TWDB, http://www.twdb.texas.gov/) to estimate rainfall 162 

input of carbon to these estuaries.  163 

2.6 Air-water CO2 flux (FCO2) 164 

Air-water CO2 flux (𝐹𝐶𝑂2; mmol·C·m
-2

·d
-1

) in each station of each campaign was calculated:  165 

𝐹𝐶𝑂2 = 𝑘 ∙ K0(𝑝CO2,water − 𝑝CO2,air)                    (4) 166 

https://www.tceq.texas.gov/waterquality/monitoring/index.html
https://waterdata.usgs.gov/tx/nwis/rt
http://www.twdb.texas.gov/
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where K0 is solubility coefficient related to temperature and salinity (mol·C·m
-3

·Pa
-1

; Weiss, 167 

1974), k is the gas transfer velocity that was derived from wind speed at 10 m height (cm·h
-1

; 168 

Jiang et al., 2008) and pCO2,air (µatm) was calculated as 𝑝CO2,air = 𝑥CO2,air × (𝑃b − 𝑃w). Pb (atm) 169 

is the barometric pressure from NOAA weather stations (Fig. 1c), Pw (atm) is water vapor 170 

pressure calculated using salinity and temperature (Weiss and Price 1980), and xCO2,air (ppm) is 171 

the mole fraction of atmospheric CO2 in dry air monitored by NOAA  172 

(https://www.pmel.noaa.gov/co2/story/Coastal+MS). Wind speed was obtained from NOAA 173 

coastal weather station and converted to 10 m height 174 

(https://tidesandcurrents.noaa.gov/map/index.html?type=met&region=Texas; Fig. 1c). pCO2,water 175 

(µatm) was calculated using measured DIC (± 0.1%) and pH (± 0.0004 or ±0.01depending on the 176 

analytical method used) as the input variables and the program CO2SYS. Carbonic acid 177 

dissociation constants (K1, K2) were from Millero (2010) and the bisulfate dissociation constant 178 

was from Dickson (1990). Paired DIC/pH as the input variables in CO2SYS could introduce 2.6 – 179 

3.2 % uncertainty for calculated pCO2 (Orr et al., 2018), which was approximately ± 8 – 16 µatm 180 

in this study (by applying annual average pCO2 range from those estuaries). Calculated pCO2,water 181 

values were in good agreement with in-situ monitored pCO2,water (± 20 µatm; Yao et al., 2020).  182 

A positive FCO2 indicated CO2 emission from water, and negative value represented CO2 uptake 183 

by water.  184 

2.7 Net ecosystem metabolism (FNEM) 185 

Because mixed layer benthic and pelagic metabolic processes would generate/consume CO2 186 

and influence FCO2 directly, NEM was estimated using a linear regression equation (mmol·C·m
-187 

2
·d

-1
; Eq. 5) that was derived by Maher & Eyre (2012), who found a significant inverse 188 

relationship (R
2
 = 0.898, p < 0.001) between FCO2 and FNEM based on data from twelve estuaries 189 

https://www.pmel.noaa.gov/co2/story/Coastal+MS
https://tidesandcurrents.noaa.gov/map/index.html?type=met&region=Texas
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worldwide. Furthermore, Laruelle et al. (2013) applied this equation to estimate another 68 190 

estuarine FCO2 globally and found a ~26.8% difference by comparing direct observations of CO2 191 

flux and NEM-derived estimates for lagoonal estuaries. 192 

𝐹𝐶𝑂2  =  −0.4236 × 𝐹𝑁𝐸𝑀 + 11.991           (5) 193 

2.8 Sediment deposition (FD) 194 

Sediment deposition flux (𝐹𝐷; mmol·C·m
-2

·d
-1

) was determined by sedimentation rates (Sa, 195 

cm·yr
-1

), sedimentary TOC concentrations (Csed; mg·C·kg
-1

) and dry sediment density (ρs= 2.65 × 196 

10
3
 kg·m

-3
; Bianchi et al., 2013): (I would suggest not use to equation editor inside text, density 197 

above) 198 

𝐹𝐷 = S𝑎 × 𝐶𝑠𝑒𝑑 × 𝜌𝑠       (6)  199 

Due to the invariant 
210

Pb profiles in the well mixed upper layer of these shallow estuaries 200 

(20-cm cores from our campaigns, D. Hammond, pers. Comm.), we instead applied average 201 

sediment accumulation rates based on measurements in Bronikowski (2004) and Yeager et al. 202 

(2006) (Table 1). They had successfully derived sedimentation rates in Lavaca Bay (upper LCE) 203 

and NE, respectively. In addition, historical surface sedimentary TOC data were obtained from 204 

TCEQ and averaged for dry and wet conditions (Table 1) with slight mismatch due to sampling 205 

time inconsistency between TCEQ survey and our study. Thus, averaged sedimentation rates 206 

under dry and wet conditions were applied to corresponding upper and lower estuarine systems 207 

based on their hydrologic similarities (Table 1).   208 

2.9 Oceanic export (FEX) 209 

Due to shallow and windy conditions, the estuarine water was assumed to be well mixed 210 

(little stratification was observed during our study period), box-modeling approach was then 211 

introduced to estimate the net export to the open ocean. The steady-state net carbon export was 212 



 11 

calculated based on the Land-Ocean Interactions in the Coastal Zone method (LOICZ; Smith et 213 

al., 2005):  214 

𝑉𝑅 = −(𝑉𝑅𝑣 + 𝑉𝑆𝐺𝐷 + 𝑉𝑃 − 𝑉𝐸)

𝜏 =
𝑉

𝑉𝑋+|𝑉𝑅|

𝐹𝐸𝑥 = 𝑉𝑅 × 𝐶 − 𝑉𝑋 × 𝐶𝑂𝑐𝑒𝑎𝑛 }
 
 

 
 

  (7) 215 

VR (m
3
·d

-1
) is the residual freshwater flow between the system and the adjacent open ocean, VRv is 216 

daily river discharge, VSGD is average SGD (Table 1), VP and VE denote precipitation and 217 

evaporation volume (see in Section 2.5), VX is exchanged flow between estuary and adjacent open 218 

ocean (negative sign denotes export to the coastal ocean, positive sign denotes net import), V is 219 

estuary volume that was derived from averaged depth and surface area, 𝜏 is water residence time, 220 

𝐶 is average DIC or TOC concentration in lower estuaries, 𝐶𝑂𝑐𝑒𝑎𝑛 is ocean endmember DIC or 221 

TOC value (more details in Table 1).   222 

2.10 Calcification (FCa) 223 

Daily calcification rates were calculated as the difference of salinity-normalized Ca
2+

 224 

(𝑛𝐶𝑎𝑖
2+, mmol·kg

-1
; Friis et al., 2003) between every two consecutive campaigns divided by 225 

number of days:  226 

𝑛𝐶𝑎𝑖
2+ =

(Sal𝑜𝑐𝑒𝑎𝑛 − Sal𝑖)  ×  𝐶𝑎𝑟𝑖𝑣𝑒𝑟
2+  +  (Sal𝑖 − Sal𝑟𝑖𝑣𝑒𝑟)  ×  𝐶𝑎𝑜𝑐𝑒𝑎𝑛

2+

Sal𝑜𝑐𝑒𝑎𝑛 − Sal𝑟𝑖𝑣𝑒𝑟

𝐹𝐶𝑎 =
𝑛𝐶𝑎𝑖

2+ − 𝑛𝐶𝑎𝑖−1
2+

𝑑𝑖 − 𝑑𝑖−1 }
 
 

 
 

 (8) 

Sal is salinity, subscript i denotes the i-th campaign, subscript river and ocean denote the two 227 

endmembers values, respectively (Table 1); positive FCa indicates calcification and negative 228 

indicates carbonate dissolution.  229 
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2.11 Lateral exchange (FL) 230 

Lateral exchange of DIC and TOC are the only unknown terms and were calculated as 231 

residuals from Eqs. 1 and 2, respectively.  232 

2.12 Area-weighted annual fluxes 233 

Finally, area-weighted annual fluxes of different carbon budget terms were averaged by the 234 

sum of all campaigns: 235 

𝐹𝑖 =
𝐹𝑖
𝑢𝑝
× 𝑆𝑢𝑝 + 𝐹𝑖

𝑙𝑜𝑤 × 𝑆𝑙𝑜𝑤
𝑆𝑢𝑝 + 𝑆𝑙𝑜𝑤

𝐹𝑥 =
∑ (𝐹𝑖 × 𝑑𝑖)
𝑖
1

∑ 𝑑𝑖
𝑖
1 }

 
 

 
 

  (9) 

𝐹𝑖
𝑢𝑝

 and  𝐹𝑖
𝑙𝑜𝑤 (mmol·C·d

-1
) are arithmetic means of carbon fluxes in upper and lower estuaries 236 

from campaign i, Sup and Slow are upper and lower surface areas in individual estuaries, 𝐹𝑖 237 

(mmol·C·m
-2

·d
-1

) is area-weighted average flux in campaign i, di is the duration (days) between 238 

two consecutive sampling campaigns, 𝐹𝑥 (mol·C·m
-2

·yr
-1

) denotes area-weighted annual flux of 239 

carbon budget term x. 240 

2.12 Uncertainty  241 

Like all budgetary calculations, uncertainties could be amplified when integrating different 242 

processes from both calculations- and measurement-associated errors (Table 2). Despite relatively 243 

high-resolution sampling for river end-members (Table S1), uncertainty may have been 244 

introduced by averaging riverine DIC and TOC loading under dry and wet conditions. The FCO2 245 

calculation would incur the uncertainties due to gas transfer velocity parameterization and spatial 246 

coverage from limited sampling stations. In addition, FNEM may carry errors due to the empirical 247 

FCO2-FNEM relationship. uncertainty in FD could be due to varying sediment accumulation rate and 248 
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sedimentary TOC content. Finally, lateral TOC and DIC exchange were calculated as residual 249 

from Eqs. 1&2, so they were subject to the error propagation from other fluxes.  250 

 251 
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 252 

Figure 2. Observed or modeled carbon fluxes in four estuaries. a, area-weighted riverine DIC 253 
inputs. b, area-weighted lateral DIC exchanges. c, area-weighted oceanic DIC exports. d, area-254 
weighted riverine TOC inputs. e, area-weighted lateral TOC exchanges. f, area-weighted TOC 255 
oceanic exports. g, averaged air-water CO2 flux, shaded areas denote standard deviations. h, 256 
averaged NEM, shaded areas denote standard deviations. (unit: mmol·C·m

-2
·d

-1
) 257 
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3 Results 258 

3.1 Riverine input 259 

Average river discharge ranged from 107.9 ± 137.8 m
3
·s

-1
 (the uncertainties are all one 260 

standard deviations hereafter) in LCE to the north to 8.6 ± 16.9 m
3
·s

-1
 in NE to the south, 261 

consistent with the declining trend of inflow from north to south (i.e., LCE to NE, Table 1). 262 

Distinct seasonality was observed with high river discharge in spring—summer in response to 263 

storm-driven flooding in 2015, 2016 and 2017; but fall—winter had much less discharge. As a 264 

result, FRv-DIC and FRv-TOC had the same seasonal pattern but different magnitudes (Figs. 2a and 265 

2d). During spring—summer flooding period, maximum FRv-DIC in LCE and GE reached 84.4 and 266 

59.5 mmol·C·m
-2

·d
-1

, respectively, while max FRv-DIC in MAE and NE were comparably lower 267 

(27.8 and 16.7 mmol·C·m
-2

·d
-1

, respectively) due to smaller river discharges. Similarly, 268 

maximum FRv-TOC were 8.6 and 14.1 mmol·C·m
-2

·d
-1

 for LCE and GE, respectively; compared to 269 

7.4 and 2.3 mmol·C·m
-2

·d
-1

 for MAE and NE, respectively.  270 

3.2 Air-water CO2 flux 271 

All four estuaries were net CO2 sources to the atmosphere (Fig. 3) although with distinct 272 

spatiotemporal patterns (Fig. 2g). Average FCO2 ranged -50 – 500 mmol·C·m
-2

·d
-1

. In spring and 273 

summer, these estuaries had higher CO2 emission (up to 500 mmol·C·m
-2

·d
-1

) as a result of 274 

flooding (Yao & Hu 2017; Yao et al., 2020). The peak of CO2 efflux values in LCE and GE (~500 275 

mmol·C·m
-2

·d
-1

) was fourfold higher than those in MAE and NE (~100 mmol·C·m
-2

·d
-1

). In 276 

comparison, FCO2 decreased and even changed sign (-50 – 100 mmol·C·m
-2

·d
-1

) in fall and winter, 277 

when these estuaries became a weak CO2 sink. Overall, annual average FCO2 in LCE and GE was 278 

an order of magnitude higher than those in MAE and NE (Fig. 3).  279 
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3.3 NEM 280 

The FNEM values were lowest in spring and summer (-45.3 ± 81.5 and -104.0 ± 91.3 281 

mmol·C·m
-2

·d
-1

; respectively), indicating an overall heterotrophy. Increasing NEM in fall (-9.4 ± 282 

73.8 mmol·C·m
-2

·d
-1

) illustrated weakening heterotrophic activities, and positive NEM in winter 283 

(66.4 ± 53.9 mmol·C·m
-2

·d
-1

) illustrated autotrophic conditions. Annual FNEM values suggested 284 

heterotrophic dominance in northern estuaries (i.e., LCE and GE), whereas MAE was slightly 285 

heterotrophically dominant and NE was slightly autotrophically dominant (Fig. 3).    286 

3.4 Sediment deposition 287 

Annual average FD to sediment was 6.8 ± 2.2 mol·C·m
-2

·yr
-1

 in LCE, with 13.4 ± 3.7 and 288 

25.3 ± 8.3 mmol·C·m
-2

·d
-1

 in dry and wet conditions, respectively. FD was the highest in GE at 289 

14.1 ± 3.2 mol·C·m
-2

·yr
-1

, 28.4 ± 3.9 mmol·C·m
-2

·d
-1

 in dry and 46.7 ± 25.5 mmol·C·m
-2

·d
-1

 in 290 

wet conditions. Then FD declined toward the south (5.1 ± 5.5 mol·C·m
-2

·yr
-1

 in MAE and 1.9 ± 291 

0.1 mol·C·m
-2

·yr
-1

 in NE).  292 

3.5 Export to the coastal ocean 293 

Area-weighted FEx-DIC was between -60 – 550 mmol·C·m
-2

·d
-1

, and FEx-TOC was 0.1 – 230 294 

mmol·C·m
-2

·d
-1

 in all estuaries combined (Figs. 2c and 2f). The highest monthly FEx-DIC and FEx-295 

TOC were both found in GE in July 2015, corresponding to the first flood after a long drought 296 

during our study period. Occasionally negative FEx-DIC in MAE and NE indicated a possible 297 

oceanic water supply for these oligotrophic estuaries. Consistent with river inflows, these 298 

estuaries exported the most DIC and TOC to the GOM in early summer (62.2 ± 133.8 and 49.6 ± 299 

76.9 mmol·C·m
-2

·d
-1

, respectively). Among those peak FEx values, MAE was found with the 300 

lowest FEx (-3.8 ± 14.5 and 0.8 ± 1.4 mmol·C·m
-2

·d
-1

 for DIC and TOC, respectively) compared 301 

with highest in GE (DIC—250.4 ± 177.0 and TOC—181.5 ± 38.6 mmol·C·m
-2

·d
-1

). Minimum 302 
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FEx-DIC occurred in fall (22.5 ± 50.1 mmol·C·m
-2

·d
-1

) and minimum FEx-TOC was in spring (30.2 ± 303 

54.2 mmol·C·m
-2

·d
-1

), during which minimum FEx-DIC ranged from -6.9 ± 16.7 (MAE) to 94.5 ± 304 

53.5 (GE) mmol·C·m
-2

·d
-1

, minimum FEx-DIC fluctuated between 0.9 ± 1.4 (MAE) and 156.0 ± 305 

36.8 (GE) mmol·C·m
-2

·d
-1

. 306 

3.6 Lateral exchange 307 

Although average DIC and DOC fluxes due to SGD in upper NE (~4050 and 840 mmol·C·m
-308 

2
·d

-1
, respectively) has been estimated from previous study (Murgulet et al., 2018), these 309 

overwhelmingly high carbon inflows are supposed to be balanced by estuarine carbon outflows 310 

(Sections 3.2, 3.4 and 3.5). Herein there must be large variations of FL-DIC and FL-TOC for each 311 

estuary. Due to a possible error amplification from limited data coverage, lateral exchanges were 312 

calculated as a residual term from the mass balance model (Eqs. 1 & 2) rather than SGD 313 

application. 314 

Area-weighted FL-DIC ranged from 0 – 1000 mmol·C·m
-2

·d
-1

, and FL-TOC ranged 0 – 580.2 315 

mmol·C·m
-2

·d
-1

 (Figs. 2b & 2e). GE had the largest annual FL-DIC and FL-TOC (Fig. 3) as well as 316 

the highest variation. Both FL-DIC and FL-TOC peaked in summer, with the maximum estimated in 317 

GE during the summer of 2015. In contrast, the four-estuary averaged FL-DIC reached a minimum 318 

(41.3 ± 75.5 mmol·C·m
-2

·d
-1

) in spring, while lowest FL-TOC occurred in winter (21.9 ± 46.1 319 

mmol·C·m
-2

·d
-1

).  320 

3.7 Carbon budget  321 

The annual carbon budget in each estuary was calculated by the area-integrated DIC and 322 

TOC fluxes (Fig. 3). The largest DIC input was FL-DIC. In particular, FL-DIC in GE was estimated to 323 

be almost sevenfold of FRv-DIC. On the other hand, FCO2 and FEx-DIC were two major DIC loss 324 

pathways from nwGOM estuaries. Estuarine CO2 emission was comparable to DIC export to the 325 



 18 

ocean. The only exception was GE, where its FEx-DIC was twice higher than FCO2. On the organic 326 

carbon side, FL-TOC accounted for approximately 98% of total TOC input, which was almost one 327 

order of magnitude higher than FRv-TOC in all these estuaries. In LCE and MAE, these TOC inputs 328 

roughly equally supported NEM, sediment deposition and oceanic export, whereas oceanic export 329 

dominated TOC outflow in GE and NE (69.0% and 88.2% of total TOC input, respectively). On 330 

the other hand, compared to FRv, FL, FD, and Fex, FP and FCa were small enough to be ignored (Fig. 331 

3).  332 

 333 

Figure 3. Carbon fluxes for DIC and TOC inventories of four studied estuaries, “±” indicates 334 
standard deviation. (unit: mmol·C·m

-2
·d

-1
) 335 
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4 Discussion 336 

4.1 Important lateral exchange from tidal marsh and mangroves 337 

Tidal marsh and mangrove systems are among the most productive ecosystems on earth 338 

(Bouillon et al., 2008; Cai, 2011; Hopkinson, 1988). However, their role in the estuarine carbon 339 

cycle remains largely unresolved because of difficulties making direct measurements (Bouillon et 340 

al., 2008; Sippo et al., 2016; Wang et al., 2016). Nevertheless, lateral carbon exchanges between 341 

estuaries and tidal wetlands have been evaluated in previous studies as important to the estuarine 342 

carbon budget (Maher et al., 2018; Santos et al., 2019). For example, Maher et al. (2013) found 343 

that values for added δ
13

C-DOC in an estuarine tidal creek (~ -30‰) are similar to mangrove 344 

leaves in southern Moreton Bay on the Australian east coast. Wang et al. (2016) also scaled up 345 

annual areal DIC export from marshes (34.5 mol·C·m
-2

·yr
-1

) to the U.S. east coast through direct 346 

measurement from tidal exchange. In addition, submarine groundwater was also highlighted for 347 

delivering carbon between estuaries and wetlands (Faber et al., 2014; Santos et al., 2019; Douglas 348 

et al., 2021). 349 

In this study, annual FRv only introduced a small portion of total inputs (~ 2.2 % for TOC and 350 

~ 13.7 % for DIC). Given the imbalance between high carbon outflows (CO2 emission, carbon 351 

export and deposition) and relatively small riverine supplies, we predict that lateral exchange 352 

must be crucial for carbon budgets in these estuaries despite potentially large uncertainties. The 353 

nwGOM coastline has an extensive distribution of saltmarshes and mangroves (Armitage et al., 354 

2015; Saintilan et al., 2009), and mangroves are mostly south of 27˚N, although they are 355 

migrating north due to warming (Montagna et al. 2011). By integrating four estuaries, we 356 

estimated that FL-TOC and FL-DIC were 32.3 ± 4.1 and 27.0 ± 5.3 mol·C·m
-2

·yr
-1

, respectively. 357 

These values are comparable to those of other tidal marsh and mangrove systems (Table 3), 358 

suggesting that coastal saltmarshes and mangroves are important carbon sources to nwGOM 359 
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estuaries. In general, the major mechanisms that drove FL between saltmarshes/mangroves and 360 

estuaries included tidal exchange, groundwater discharge, eddy diffusion, rainstorm, and wind 361 

speed and direction (Chalmers et al., 1985; Maher et al., 2018; Maher et al., 2013; Santos et al., 362 

2019; Sippo et al., 2016; Wang et al., 2017; Wang et al., 2016). Tidal exchange was more 363 

effective in shallower environments (Sippo et al., 2016). We speculate that the strongest lateral 364 

exchange should occur at the top layer of tidal wetland sediments. In fact, Bianchi et al. (2013) 365 

pointed out a loss of carbon in the surface layer of mangrove sediment from the lower MAE, 366 

based on an unusually low sediment C:N ratio. In addition, Murgulet et al. (2018) observed a 367 

strong submarine groundwater discharge, which supplies DIC and total alkalinity in the upper NE 368 

area (~ 4.1 and 4.9 mol·C·m
-2

·d
-1

, respectively). However, given its large spatiotemporal 369 

variability (Murgulet et al., 2018; Spalt et al., 2020), more accurate quantification of the lateral 370 

exchange would be desired for future estuarine carbon budget studies.  371 
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  372 

Figure 4. Relationships among different fluxes in four estuaries. a, lateral TOC vs. air-water CO2 373 
flux. b, lateral DIC vs. air-water CO2 flux. c, lateral TOC vs. NEM. d, lateral DIC vs. NEM. (unit: 374 
mmol·C·m

-2
·d

-1
) 375 

 376 

The large imbalance between observed riverine carbon input and estuarine export as well 377 

CO2 efflux highlighted the significance of lateral carbon exchanges. Estuarine FCO2 might be 378 

largely dependent on FL (r = 0.734, N = 140 and r = 0.712, N = 140 for TOC and DIC 379 

respectively, p < 0.001 for both cases; Figs. 4a & b). While FL-TOC contribute significantly on FCO2 380 
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change (Fig. 4a), the effect of FL-DIC on FCO2 varies depending on the estuarine system (seen as 381 

inverse correlations between FL-DIC and FCO2 for LCE/GE and MAE/NE, respectively; Fig. 4b). 382 

This was presumably attributed to varying primary production rates in different estuaries. For 383 

example, lateral DIC seemed to become more important for autotrophic activities in MAE (r = 384 

0.425, p < 0.001, N = 75; Fig. 4d) and NE (r = 0.699, p = 0.001, N = 17; Fig. 4d) as river input 385 

dwindles to the south. There increasing FL-DIC were associated with stronger autotrophic activities 386 

(increasing NEM, Fig. 3), which was indicative of declining CO2 emission or even atmospheric 387 

CO2 uptake. Nevertheless, relatively small FRv-TOC (Fig. 3) and relationship between FL-TOC and 388 

FNEM (r = 0.840, N = 140, p < 0.001; Fig. 4c) across four estuaries highlighted the significant 389 

support of tidal wetland on estuarine NEM.  390 

Consistent with other studies (Chalmers et al., 1985; Wang et al., 2017; Wang & Cai, 2004; 391 

Wang et al., 2016), FL-TOC and FL-DIC in nwGOM estuaries had large seasonal variabilities (Figs. 392 

2b & 2e), i.e. high FL-TOC but low FL-DIC in April—August while low FL-TOC but high FL-DIC in 393 

December—February. One explanation is a high DIC uptake due to the maximum growth rate in 394 

spring—summer for wetland system (Wang et al., 2017; Wang & Cai, 2004). Additionally, 395 

spring—summer floods flushed more surface organic carbon from wetland to estuary (Chalmers 396 

et al., 1985). Whereas high DIC:DOC ratio SGD in winter—spring favored the FL-DIC (Murgulet 397 

et al., 2018). Such high winter FL-DIC might support extensive autotrophy in these estuaries 398 

according to concurrent positive NEM and CO2 uptake (Russell & Montagna, 2007; Yao et al. 399 

2020).  400 
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4.2 Hydrologic control on estuarine carbon budget  401 

 402 

Figure 5. Carbon fluxes under different hydrologic conditions. The headings represent D = 403 
drought; FR = flood relaxation; F = flooding; H = hurricane. (unit: mmol·C·m

-2
·d

-1
)  404 

 405 

During our study period, south Texas experienced extreme hydrologic changes from a dry 406 

(prior to April 2015) to a wet condition, including a Category 4 hurricane (Hurricane Harvey) 407 
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influence in fall 2017 (Walker et al., 2020). To further assess the estuarine carbon budget 408 

variability under this wide range of hydrologic condition, we assigned two sub-periods under dry 409 

and wet conditions by following Palmer and Montagna (2015), respectively: drought and flood 410 

relaxation under dry conditions, and flooding and hurricane under wet conditions (hydrologic 411 

definitions are based on the quartiles of mean salinities, except for hurricane; Table 4). Both 412 

flooding and flood relaxation occurred at multiple periods over time. FL, FCO2 and FEx experienced 413 

the largest changes across different periods (Fig. 5). FCO2 indicated strong estuarine CO2 emission 414 

(22.2 ± 81.0 – 184.7 ± 256.6 mmol·C·m
-2

·d
-1

) overall. Flood from Hurricane Harvey increased 415 

FCO2 by 2 – 10 times compared to baseline values, with the most pronounced increase in LCE 416 

(18.90 ± 45.3 to 169.8 ± 166.5 mmol·C·m
-2

·d
-1

) and GE (40.1 ± 83.2 to 403.0 ± 424.1 mmol·C·m
-417 

2
·d

-1
) compared to MAE (30.6 ± 33.2 to 64.2 ± 38.7 mmol·C·m

-2
·d

-1
) and NE (15.6 ± 27.9 to 45.8 418 

± 68.3 mmol·C·m
-2

·d
-1

). Two estuaries, MAE and NE, were on the “dry” side of the storm and 419 

riverine input did not substantially increase as shown by their lower area-normalized FRv-DIC and 420 

FRv-TOC (Figs. 2a & 2d). This CO2 flux increase in LCE and GE was consistent with other similar 421 

studies that also found 5 – 10 times elevation of estuarine CO2 fluxes due to storms or storm-422 

induced flooding (Crosswell et al., 2014; Sarma et al., 2012; Van Dam et al., 2018; Hu et al., 423 

2020). Such increase could be attributed to enhanced post storm remineralization in response to 424 

hydrologic condition change as well as riverine CO2 ventilation (Yao et al. 2020). Walker et al. 425 

(2020) also found a strong signature of anoxic riverine water discharge to GE after Hurricane 426 

Harvey in 2017. Similarly, FEx-DIC and FEx-TOC followed the FCO2 pattern (Fig. 5). The only 427 

exception was the lowest FEx-DIC (21.3 ± 35.8 mmol·C·m
-2

·d
-1

) during Hurricane Harvey (Fig. 5H), 428 

suggesting that CO2 emission was the major carbon loss term for estuarine system following this 429 

extreme yet short-lived disturbance.    430 
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Our study assessed the hydrologic effect on lateral exchange of the carbon cycle in nwGOM 431 

estuaries. As expected, storm- and hurricane-driven flooding increased FL-TOC from 90.7 ± 65.7 432 

mmol·C·m
-2

·d
-1 

(drought) to 200.5 ± 160.2 mmol·C·m
-2

·d
-1

 (flooding) (Figs. 5D to 5F), and FL-DIC 433 

from 49.1 ± 39.8 mmol·C·m
-2

·d
-1

 (drought) to 166.9 ± 236.1 mmol·C·m
-2

·d
-1

 (flooding) (Figs. 5D 434 

to 5F). We suspect that these exchanges were most likely caused by large surface runoff (Walker 435 

et al., 2020), as submarine groundwater discharge might decrease in their relative significance 436 

during flooding (Murgulet et al., 2018). This further confirmed the crucial role of lateral exchange 437 

on the carbon budget. Because residence time is a key control on estuarine organic carbon 438 

degradation (Hopkinson et al., 1998), the long residence time in these four estuaries (39 – 360 d, 439 

Table 1), particularly in MAE and NE, is presumably responsible for such organic carbon 440 

processing, hence related carbon fluxes.  441 

Russell et al. (2006) concluded that heterotrophic NEM in this region would not exceed -5 442 

mg·O2·l
-1

·d
-1

 (or -312.5 mmol·C·m
-2

·d
-1

 based on the average depth from Table 1) by integrating 443 

open-water and benthic chamber results. Despite the substantial TOC input (33.0 ± 4.1 444 

mmol·C·m
-2

·d
-1

), annually aggregated NEM indicates a slight heterotrophy (-4.4 ± 2.2 mol·C·m
-445 

2
·yr

-1
) coastwide. The nearly balanced NEM was comparable to other lagoonal estuaries. For 446 

example, New River Estuary in North Carolina has NEM between -3.0 – 1.1 mol·C·m
-2

·yr
-1 447 

(Crosswell et al., 2017), however its annual FCO2 (-0.2 – 2.0 mol·C·m
-2

·yr
-1

) was only one tenth of 448 

this study. Substantially higher CO2 flux found in the present study could be attributed to riverine 449 

CO2 ventilation, (e.g. an excess of CO2 efflux from the river-dominated LCE and GE during 450 

extreme flooding; Yao et al. 2020) and the windy conditions year-round (Yao & Hu, 2017). The 451 

latter would stimulate gas exchange and CO2 efflux. For example, the coastwide mean FCO2 was 452 

439.3 ± 415.3 mmol·C·m
-2

·d
-1

 during extreme flooding. Compared to the annual mean value 453 
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(46.0 ± 8.3 mmol·C·m
-2

·d
-1

), the large increase in CO2 efflux under flooding conditions indicated 454 

that ventilation of river-borne CO2 accounted for more CO2 flux than respiration produced CO2. 455 

Nevertheless, the NEM still displayed a range between -312.5 – 283.1 mmol·C·m
-2

·d
-1

. Because 456 

previous measurements estimated open water NEM to be -250 – 187.5 mmol·C·m
-2

·d
-1

 during the 457 

2004 flooding season (Russell & Montagna, 2007), the difference from our estimates suggests 458 

that approximately 20 – 40% benthic contribution to the overall NEM. Indeed, high sediment 459 

oxygen demand is common in these warm subtropical estuaries (Twilley et al., 1999). For 460 

example, model simulation in adjacent Galveston Bay illustrated that oxygen concentration could 461 

quickly decrease to zero in one hour without benthic photosynthesis (An & Joye, 2001); 462 

McCutcheon et al. (2019) also estimated that benthic respiration in Corpus Christi Bay could 463 

cause hypoxia within 3 – 25 hours in stratified bottom water.  464 
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4.3 Integrated carbon budget and future climate influence 465 

 466 

Figure 6. Observed estuarine air-water CO2 fluxes in North America’s coast. (unit: mol·C·m
-2

·yr
-467 

1
, see details in Table S2) 468 

 469 

Global estuarine CO2 emission largely offsets continental shelf CO2 uptake despite the much 470 

smaller area of estuaries (Bauer et al., 2013; Cai, 2011). The annual estuarine CO2 emission of the 471 

nwGOM coast was 16.8 ± 3.0 mol·C·m
-2

·yr
-1

, which was more than 3—7 times of the area-472 
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weighted average CO2 emission from North American estuaries (4.6 ± 1.9 mol·C·m
-2

·yr
-1 

across 473 

the Atlantic coast, Najjar et al., 2018; ~2.2 mol·C·m
-2

·yr
-1

 across the whole North America coast, 474 

Chen et al., 2013, Windham-Myers et al., 2018). This was somewhat inconsistent with the values 475 

in Windham-Myers et al. (2018), who found GOM estuarine CO2 flux to be moderate (~8.1 476 

mol·C·m
-2

·yr
-1

) among North American coasts. However, syntheses in this study was based on 477 

direct observations and recent literature, whereas Windham-Myers et al. (2018) results were 478 

partially based on simulations (there were only two observations for GOM estuarine CO2 flux: 479 

Florida Bay 3.93 ± 0.91 mol·C·m
-2

·yr
-1 

from Zhang and Fischer, 2014; MAE 12.4 ± 3.3 mol·C·m
-480 

2
·yr

-1 
from Yao and Hu, 2017). Nevertheless, given that previous syntheses were heavily skewed 481 

towards Atlantic Coast estuaries and reported relatively low CO2 emissions in North American 482 

estuaries (Chen et al., 2013; Najjar et al., 2018), our findings highlight the diverse set of responses 483 

that can be expected in different estuaries and the current lack of spatial coverage in estuarine flux 484 

studies (Fig. 6). In addition, revised FCO2 from the North American coast could be as much as 7.5 485 

± 10.9 mol·C·m
-2

·yr
-1 if current GOM estuarine records were included (Table 5).   486 
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 487 

Figure 7. Comparison of area-weighted carbon fluxes between saltmarsh, mangrove, and mixed 488 
type. In which marsh data are from Cai (2011) on Southern Atlantic Coast evaluation; mangrove 489 
data are from Bouillon et al. (2008) and Sippo et al. (2016) on global evaluation; mixed type data 490 
are from this study on nwGOM Coast evaluation. For this study, lateral TOC and DIC (export to 491 
estuary) are estimated by mass balance model, wetland sequestration is proportionally from direct 492 
measurements in MAE (Bianchi et al., 2013), total fixed carbon and wetland CO2 emission are 493 
integrated values from literatures (Cai 2011; Bouillon et al., 2008; Sippo et al., 2016) (unit: 494 
mol·C·m

-2
·yr

-1
)  495 

 496 
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Based on the current study and existing literature, the higher estuarine CO2 emissions are 497 

mostly in shallow (< 5 m) subtropical regions surrounded by extensive tidal wetlands (nwGOM, 498 

Florida Coast, Southern Atlantic Coast, Fig. 6; Table S2). One important reason for the high CO2 499 

flux was due to high riverine CO2 in the southern U.S. (pCO2 ranged 4000 – 6000 μatm; Butman 500 

& Raymond, 2011) or high year-round wind speeds (Yao and Hu, 2017). In comparison, lateral 501 

carbon exchange from saltmarshes and mangroves have not been adequately accounted for in 502 

explaining estuarine CO2 flux. The ratio of marsh to mangrove is about 6.4:1 along the nwGOM 503 

coastline, an area 240.4×10
3
 and 37.9×10

3
 km

2
 respectively along the entire Texas coast 504 

(Armitage et al., 2015). We applied this ratio to estimate regional total carbon fixation and 505 

wetland CO2 ventilation based on previous studies (Fig. 7). Specifically, we assumed total carbon 506 

fixation in this area was ~ 160.3 mol·C·m
-2

·yr
-1

, based on the 6.4:1 ratio of saltmarsh production 507 

rate to mangrove production rate (saltmarsh was 168.3 mol·C·m
-2

·yr
-1

 from the Southern Atlantic 508 

Coast, Cai 2011; mangrove production rate was 109 mol·C·m
-2

·yr
-1

 from global estimates, 509 

Bouillon et al., 2008). If assuming wetland carbon sequestration (11.8 mol·C·m
-2

·yr
-1

, Fig. 7) was 510 

about threefold higher than the global average 4.8 mol·C·m
-2

·yr
-1

 (Chmura et al., 2003), together 511 

with estimated estuarine carbon deposition rate 6.3 ± 0.9 mol·C·m
-2

·yr
-1 

(this study), nwGOM 512 

coast would be an important carbon storage region (also known as the “blue carbon”, 18.1 513 

mol·C·m
-2

·yr
-
). Nevertheless, the large spatiotemporal variability highlights the necessity of 514 

improved re-evaluation of coastal carbon deposition, particularly with respect to future estuarine 515 

sedimentary carbon flux research to better constrain the rate of blue carbon preservation.  516 

 517 
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 518 

Figure 8. Schematic representation of integrated carbon fluxes in the nwGOM coast. (a) riverine 519 
DIC input; (b) riverine TOC input; (c) lateral DIC exchange between tidal wetland and estuary (d) 520 
lateral TOC exchange between tidal wetland and estuary; (e) air-water CO2 flux; (f) pelagic and 521 
benthic mixed NEM; (g) sediment TOC deposition; (h) DIC export to open ocean; (i) TOC export 522 
to open ocean; (j) carbon fixation by tidal wetland; (k) CO2 evasion from tidal wetland; (l) carbon 523 
sequestration within tidal wetland. (unit: mol·C·m

-2
·yr

-1
)  524 

 525 

Meanwhile, almost 40% of these fixed carbons were estimated export to estuarine water, 526 

either via DIC or TOC in this study (Fig. 7). FL-DIC and FL-TOC contributed 74.2% and 97.9% of 527 

DIC and TOC inputs to nwGOM estuaries, respectively (Fig. 8). With riverine input alone it 528 

would be impossible to sustain such high carbon outflows without lateral exchange from tidal 529 

wetlands—approximately half of the lateral DIC was to support CO2 emission and the other half 530 

for oceanic export; 15.5% of lateral TOC was remineralized, 22.3% was deposited and the 531 

remaining 62.2% was exported to the coastal ocean. Therefore, biogeochemistry in nwGOM 532 

estuarine systems appears to largely depend on its extended tidal wetlands (Figs. 3 & 8).  533 
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The nwGOM coast had recorded 77.8×10
3
 km

2
 of total saltmarsh loss from 1990 to 2010, 534 

which was a 24% net decrease under the influences of sea level rise and climate change (Armitage 535 

et al., 2015). Despite the northward mangrove expansion of 16.1×10
3
 km

2
 between 1990 and 2010 536 

(Armitage et al., 2015), there was an overall 61.7 km
2
 yr

-1
 (~ 1% per year) net loss of marsh-537 

mangrove area in the last two decades. Consequently, we estimated ~ 0.2 and ~ 0.1 mol·C·m
-2

·yr
-538 

1
 decline of FL-TOC and FL-DIC respectively, amounting up to 0.6% and 0.3% of total annual TOC 539 

and DIC inputs from combined FRv and FL. This decline can be translated to approximate declines 540 

of 0.4% FCO2, 0.4% FEx-DIC, 0.7% FEx-TOC and 0.8% FD (or 0.07, 0.07, 0.12, 0.05 mol·C·m
-2

·yr
-1

, 541 

respectively). In contrast to floods that promoted estuarine carbon fluxes (Fig. 5), sea level rise 542 

would decrease estuarine CO2 flux by submerging tidal wetlands with intruding open ocean 543 

waters. Thus, global climate change would alter estuarine carbon fluxes differently, which 544 

highlights the necessity of long-term regional focus to predict the future coastal carbon budget 545 

trajectories.  546 

5 Conclusions 547 

The coastal carbon budget is important and highly dynamic. Our mass balance model 548 

indicated that lateral exchange from saltmarsh and mangrove habitats as a key driver to 549 

subtropical nwGOM lagoonal estuaries. For example, lateral TOC exchange could exceed riverine 550 

TOC input more than ten times, accounting for almost 97.9% of total TOC input to the estuary. 551 

Given the extensive distribution of marsh-mangrove ecotones in the nwGOM coast, more data on 552 

lateral carbon exchange is needed to improve accuracy in future forecasts. Due to tidal wetland 553 

carbon supply, the entire region served as an important CO2 source to the atmosphere and also 554 

preserved a considerable amount of blue carbon. In addition, the unforeseen high estuarine air-555 
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water CO2 fluxes demonstrated the need for expanding studies focused on carbon cycling along 556 

the GOM coast to better constrain the North American coastal carbon budget.   557 

Attempts to assess coastal carbon budget variability requires incorporation of estuarine 558 

hydrology. Our four-year dataset over various hydrologic conditions revealed as much as 2 – 10 559 

times increase in estuarine CO2 flux driven by floods compared with non-flooding (or dry) 560 

periods. However, the magnitude of change depended on estuarine residence time and the amount 561 

of freshwater inflow that each estuary received. Other than hydrology, nwGOM tidal wetland 562 

losses may cause a decline in estuarine carbon fluxes over time. In this study, it was estimated 563 

that 0.9% and 0.6% per year declines of TOC and DIC inputs in conjunction with net saltmarsh 564 

loss would occur. Nevertheless, a better spatiotemporal carbon budget interpretation, that 565 

integrates the estuarine and tidal wetland system, is necessary for future estuarine research under 566 

the context of climate change on the coastal and, ultimately, global carbon cycles.    567 
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Table 1. Hydrologic and sedimentary information for four nwGOM lagoons   822 

Characteristic  
Location 

Reference 
LCE GE MAE NE 

Mean Depth (m)  1.1 1.1 1.1 1.2 (Solis & Powell, 1999) 

Open Water Area 

(km2) 
 1180.6 561.6 575.7 536.6 (TCEQ) 

 Watershed Area 

(103·km2) 
 130.3 28.1 7.2 45.6 (Montagna et al., 2011) 

Residence Time 

(d) 
 81 39 360 356 (Bianchi et al., 1999) 

Submarine 

Groundwater 

Discharge 

(m·d-1) 

 0.46a 

(0.11) 

0.461 

(0.11) 

0.46 

(0.11) 

1.08 

(0.18) 

(Murgulet et al., 2018; 

Spalt et al., 2020) 

River Discharge 

(m3·s-1) 

A 107.9 (137.8) 
48.3 

(24.8) 

7.3 

(13.4) 

8.6 

(16.9) 

(USGS, 

gauge#8162600, 

8162000, 8162500, 

8164600, 8164800, 

8164000, 8188810, 

8189800, 8189200, 

8189500, 8189700, 

8211200, 8211520) 

D 
30.0 

(16.2) 

28.3 

(12.0) 

0.9 

(1.1) 

3.0 

(1.2) 

W 
273.5 

(162.8) 

72.5 

(16.8) 

32.0 

(14.4) 

23.7 

(31.8) 

Average Riverine 

DIC 

(μmol·kg-1) 

D 
2941.9  

(569.6) 

4454.9 

(535.0) 

4948.4 

(994.4) 

4062.6 

(297.4) 
(This study) 

W 
2061.2 

(879.6) 

2884.6 

(758.5) 

2925.7 

(957.4) 

3744.5 

(388.9) 

Average Riverine 

TOC 

(μmol·kg-1) 

D 558.4 (204.9) 
371.5 

(151.4) 

300.7 

(31.1) 

619.3 

(72.9) 
(TCEQ) 

W 
368.7 

(242.6) 

558.6 

(333.4) 

777.2 

(221.0) 

605.9 

(125.6) 

Ocean 

endmember 

(μmol·kg-1) 

D DIC 
2232.3 

(69.6) 
TOC 166.7 

(TCEQ) 

W DIC 
2094.9 

(65.2) 
TOC 166.7 

Surface sediment 

TOC  

(mg·C·kg-1) 

D 
5.4 

(3.7) 

6.0 

(0.8) 

2.8 

(0.7) 

4.2 

(1.8) 
(TCEQ) 

W 
10.6 

(8.1) 

9.8 

(5.3) 

21.4 

(15.9) 

5.2 

(3.3) 

Sediment 

accumulation 

Rateb 

(cm·yr-1) 

Upper 
0.79 

(0.37) 

0.79c 

(0.37) 

0.43c 

(0.12) 

0.43 

(0.12) (Bronikowski, 2004; 

Yeager et al., 2006) 

Lower 
0.23c 

(0.05) 
n/a 

0.23c 

(0.05) 

0.23 

(0.05) 

Bulk density 

(g·cm-3) 
For all 2.65 (Bianchi et al., 2013) 

Values in bracket indicate the standard deviations. 823 
A=annual average, D=dry condition, including dry and flood relaxation periods, W=wet condition, including flooding and hurricane periods;  824 
TCEQ=Texas Commission of Environmental Quality, Texas Surface Water Quality Monitoring, https://www.tceq.texas.gov/; 825 
a assume that SGD in LCE and GE were similar with MAE due to a lack of study; 826 
b sediment accumulation rate was based on 210Pb methodology; 827 
c assume same sediment accumulation rates for upper LCE/GE, upper MAE/NE, all lower estuarine areas due to lack of study and hydrologic 828 
similarities;     829 

https://www.tceq.texas.gov/
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Table 2. Error analysis of different carbon budget terms. 830 

Budget Term Variables Error  

𝐹𝑅𝑣 
(DIC) 

𝐶𝑅𝑣, 𝑉𝑅𝑣 

𝐶𝑅𝑣— stand deviation of observations, between estuaries assigned 8.6 – 

20.8% for dry condition, 14.5 – 41.5% for wet condition; 

𝑉𝑅𝑣—cumulative daily-mean data of each month from USGS. 

   

𝐹𝑅𝑣 
(TOC) 

𝐶𝑅𝑣, 𝑉𝑅𝑣 

𝐶𝑅𝑣— stand deviation of historical TCEQ data, between estuaries assigned 

14.6 – 55.4% for dry condition, 14.8 – 52.8% for wet condition; 

 𝑉𝑅𝑣—cumulative daily-mean data of each month from USGS. 

   

𝐹𝐶𝑂2 
k, pCO2,water, 

pCO2,air 

k—assigned 20 – 25% for parameterization (Ho et al. 2014); 

pCO2,water—stand deviation of each field campaign observations; 

pCO2,air—direct observation from northern Gulf of Mexico region. 

   

𝐹𝑁𝐸𝑀 𝐹𝐶𝑂2 

FCO2 error propagation; 

approximately 26.8% difference applied to lagoonal estuary (Laruelle et 

al., 2013). 

   

𝐹𝐷 S𝑎, 𝐶𝑠𝑒𝑑 

S𝑎—100% due to spatiotemporal variability and lack of study; 

𝐶𝑠𝑒𝑑—stand deviation of historical TCEQ data, between estuaries assigned 

12.5 – 28.8% for dry condition, 10.4 – 42.6% for wet condition. 

   

𝐹𝐸𝑥 
(DIC and TOC) 

𝑉𝑅𝑣, 𝑉𝑆𝐺𝐷, 𝜏, 𝐶, 

𝐶𝑂𝑐𝑒𝑎𝑛  

𝑉𝑅𝑣—cumulative daily-mean data of each month from USGS; 

𝑉𝑆𝐺𝐷—100% due to spatiotemporal variability and lack of study; 

𝜏—referenced residence time; 

𝐶— stand deviation of each field campaign observations; 

𝐶𝑂𝑐𝑒𝑎𝑛— stand deviation of contemporary TCEQ data, assigned 3% for 

both dry and wet conditions. 

   

𝐹𝐿 
(DIC and TOC) 

Calculated as 

residual 
Error propagation from all other fluxes. 

100% error was assigned if estimated with low confidence. 831 
  832 
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Table 3. Lateral TOC and DIC exchanges from saltmarsh and mangrove (units: mol·C·m
-2

·yr
-1

). 833 
  834 

Region 
Wetland 

System 
Lateral TOC  Lateral DIC Reference 

Global  Mangrove 
21.0 

(23.1) 
- (Bouillon et al., 2008) 

Global  Mangrove - 18.7 (Borges et al., 2005) 

U.S. East Coast  Salt Marsh 14.9 34.6 (Wang et al., 2016) 

U.S. East Coast 

Salt Marsh 

and  

Mangrove 

15.4 

(5.9) 
 (Herrmann et al., 2015) 

U.S. East Coast 

Salt Marsh 

And 

Mangrove 

 
19.6 

(10.0) 
(Najjar et al., 2018) 

Australian East Coast Mangrove 
20.0 

(4.7) 

34.2 

(12.0) 
(Maher et al., 2018) 

Australian Coast Mangrove - 
21.5 

(10.6) 
(Sippo et al., 2016) 

Georgia Coast (U.S.) Salt Marsh - 13 (Wang & Cai, 2004) 

Georgia Coast (U.S.) Salt Marsh 36.5 - (Chalmers et al., 1985) 

Northwest GOM (U.S.) 

Salt Marsh 

and 

Mangrove 

32.3(4.1) 
27.0 

(5.3) 
This study 

Values in bracket indicate the standard deviations.  835 
 836 
 837 
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Table 4. Estuarine carbonate system components (units: µmol·kg
-1

 for DIC) in different hydrologic periods.  838 
 839 

Hydrologic condition and 

corresponding time period 

LCE 
 

GE 
 

MAE 
 

NE 

Sal pH DIC Sal pH DIC Sal pH DIC Sal pH DIC 

D 

April 2014—March 2015;  

February—August 2017;  

January—April 2018 

24.9 

(4.7) 

8.103 

(0.166) 

2314.7 

(374.5) 
 

20.7 

(7.1) 

8.224 

(0.215) 

2369.3 

(285.2) 
 

29.0 

(7.3) 

8.057 

(0.117) 

2279.2 

(192.6) 
 

34.4 

(3.3) 

8.031 

(0.110) 

2264.0 

(127.9) 

                 

FR 

August 2015—May 2016; 

September 2016—January 

2017; 

September–December 

2017 

19.9 

(4.7) 

8.146 

(0.114) 

2333.8 

(345.6) 
 

13.3 

(5.2) 

8.165 

(0.995) 

2527.7 

(419.0) 
 

20.6 

(6.4) 

8.162 

(0.143) 

2342.7 

(208.9) 
 

29.9 

(1.9) 

8.075 

(0.102) 

2272.2 

(120.4) 

                 

F 
April—July 2015;  

June—August 2016;  

13.4 

(8.7) 

8.097 

(0.307) 

2020.7 

(414.2) 
 

6.1 

(5.4) 

8.189 

(0.216) 

2967.7 

(313.1) 
 

14.9 

(9.7) 

8.210 

(0.167) 

2110.3 

(289.2) 
 

28.2 

(4.7) 

8.149 

(0.173) 

2232.9 

(221.8) 

                 

H September–October 2017 
13.5 

(6.2) 

8.000 

(0.140) 

2468.9 

(448.8) 
 

6.9 

(6.5) 

7.896 

(0.280) 

2293.6 

(336.2) 
 

11.6 

(5.7) 

8.165 

(0.163) 

1998.4 

(220.6) 
 

30.3 

(2.3) 

8.123 

(0.078) 

2059 

(57.9) 

                 

D=drought; FS=flood relaxation; F=flooding; H=hurricane, hydrologic conditions are based on the quartiles of mean salinity, except hurricane period; 840 
Drought and flood relaxation belong to dry condition, flooding and hurricane belong to wet condition; 841 
Values in bracket indicate the standard deviations.  842 
  843 
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Table 5. Synthesis of observed air-water CO2 fluxes from North American Coast (units: mol·C·m
-844 

2
·yr

-1
). 845 

  846 

Region 
MARCATS

a
 

Segment No. 

Number of 

Systems 

Average air-water CO2 

fluxb (mol·C·m-2·y-1) 

High 

Latitude of 

Pacific 

Coast 

1 3 
2.0 

(5.5) 

Pacific 

Coast 
2 1 0.4 

Gulf of 

Mexico 
9 7 

15.7 

(16.4) 

Atlantic 

Coast 
10 11 

6.5 

(6.2) 

High 

Latitude of 

Atlantic 

Coast 

11 1 0.5 

High 

Latitude 
12 1 -0.4 

Total  26 
7.5 

(10.9) 

a MARCATS segmentation numbers were based on Laruelle et al., 2013. 847 
b average CO2 flux was calculated as arithmetic mean of integrated estuarine observations, see details in Table S2.  848 
 849 
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