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Abstract

Previous estimates of dissolved carbon export from estuaries focused on larger systems in the Northern Hemi-
sphere, with little data for smaller tropical estuaries often fringed by intertidal wetlands. We investigated lateral
export (outwelling) and transformation rates of dissolved organic carbon (DOC), dissolved inorganic carbon
(DIC), and total alkalinity (TA) as well as CO, emissions from 18 diverse Australian estuaries. Most estuaries
acted as net sources for DOC (72%), DIC (83%), and TA (50%). On average, estuaries exported 120 + 55 and
344 + 150 mmol m % catchmentyr ' DOC and DIC, respectively. Estuarine CO, emissions
(33 + 20 mmol mZ estuary d ') equalled 13% + 16% of the dissolved lateral carbon export. Carbon export pos-
itively correlated with runoff, rain, and intertidal wetland cover, and negatively correlated with estuary and
catchment area. Mangroves and saltmarshes cover < 1% of all catchments but can contribute 46% + 11% of the
DOC and 67% + 13% of the DIC exported to the ocean. Upscaling our observations, Australian estuaries export
2.8 +2.2TgCyr ' DOC, 8.1 + 6.2 TgC yr ' DIC, and 0.7 + 0.6 Tmol yr ' TA. Small catchments (< 10 ha) mak-
ing up 70% of all estuaries and accounting for 18% of the total freshwater flow provided 27% to the total dis-
solved carbon export. Overall, small tropical estuaries fringed by highly productive intertidal wetlands are

hotspots of carbon exports and should be considered in marine carbon budgets.

Estuaries cover only about 0.2% of the world’s oceans areas,
but disproportionally contribute to marine carbon budgets
(Regnier et al. 2022). As a result of anthropogenic changes
since the Industrial Revolution, the global coastal ocean
may become a net sink for atmospheric carbon dioxide
(Regnier et al. 2013). Land use change increases inorganic
(Raymond and Cole 2003) and organic (Abril et al. 2002)
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carbon exports to the coastal ocean. Attempts to estimate
carbon fluxes at the land-ocean interface initially focused
on bicarbonate (Livingstone 1963; Kempe 1979). The focus
then shifted to dissolved organic carbon (DOC) and partic-
ulate carbon (POC) (Schlesinger and Melack 1981; Galy
et al. 2015) as well as carbon dioxide (CO,) emissions to
the atmosphere (Borges et al. 2005; Mayorga et al. 2010).
Regnier et al. (2022) estimated that estuaries export
~0.95+0.15PgCyr ' to the ocean globally. However,
this estimate has large unquantified uncertainties. For
example, fluxes of carbon to the ocean from major global
rivers are relatively well constrained, but smaller rivers are
underrepresented in the literature, and may deliver more
carbon on an aerial basis (Sadat-Noori et al. 2016; Liu
et al. 2020).

Global estimates of carbon exports from rivers lack suffi-
cient data from key regions such as the tropics. The tropical
region (30°N-30°S) includes 43% of the world’s land area, but
contributes a disproportionate 66% of global freshwater out-
flow and over 61% of terrestrial net primary production lead-
ing to high carbon yields (Huang et al. 2012). Small tropical
and subtropical river systems may represent an important


https://orcid.org/0000-0002-9220-3651
https://orcid.org/0000-0003-1899-005X
https://orcid.org/0000-0002-7899-918X
https://orcid.org/0000-0002-4585-2544
https://orcid.org/0000-0003-0524-842X
mailto:gloria.reithmaier@gu.se
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.12660&domain=pdf&date_stamp=2024-08-28

Reithmaier et al.

source of carbon to the coastal ocean (Moyer et al. 2015). Both
carbon concentrations and water yields are greater in the tro-
pics due to increased terrestrial productivity and rainfall,
potentially making tropical estuaries relatively more impor-
tant than temperate systems on a global scale (Huang
et al. 2012). Most comparative carbon flux investigations
focused on large northern hemisphere estuaries (Raymond
and Bauer 2001b; Hossler and Bauer 2013; Spencer
et al. 2013), with measurements from tropical rivers generally
focused on large iconic systems such as the Amazon (Richey
et al. 2002; Mayorga et al. 2005; Araujo et al. 2014).

Estuaries receive carbon inputs from surface runoff
(Howarth et al. 1991), stormwater discharge (Reithmaier
et al. 2020), point sources (e.g., sewage) (Abril et al. 2002),
phytoplankton (Cole 1982), groundwater seepage (Santos
et al. 2012a), and adjacent intertidal wetlands (Reithmaier
et al. 2020). Intertidal wetlands such as mangroves and
saltmarshes may be particularly important to estuarine carbon
cycling (Reithmaier et al. 2023). Investigations quantifying
carbon fluxes in tropical mangroves (Dittmar et al. 2006;
Sippo et al. 2016; Cabral et al. 2021) and temperate
saltmarshes (Raymond et al. 2000; Wang et al. 2016; Yau
et al. 2022) revealed large lateral carbon export rates that can
modify the chemistry of adjacent estuaries and the coastal
ocean. Separating the contribution of intertidal wetlands is
challenging but essential to resolve coastal carbon budgets
(Drake et al. 2018; Regnier et al. 2022).

Here, we investigate DOC, dissolved inorganic carbon
(DIC), and alkalinity export rates in 18 diverse Australian estu-
aries, including fluxes from rivers into the estuary, from the
estuary into the coastal ocean, and CO, fluxes from the estu-
ary into the atmosphere. This paper is inspired by large scale
comparative investigations in European (Abril et al. 2002),
North American (Spencer et al. 2013), and Asian systems
(Huang et al. 2012). We build on these earlier investigations
by examining (sub)tropical Australian estuarine gradients, and
focusing on the impact of size, climatic conditions, and inter-
tidal wetlands.

Methods

Experimental approach

A total of 37 surveys across estuarine salinity gradients were
performed in 18 estuaries between 2010 and 2016 (Fig. 1;
Supporting Information Table S1). The estuaries are located
East of Australia’s Great Dividing Range. The Great Dividing
Range extends along ~ 3700 km from the Cape York Penin-
sula in the North to Tasmania in the South. Water flowing to
the East forms many smaller river and estuary systems in the
states of Queensland, New South Wales, and Victoria where
most of the Australian population lives. The estuaries investi-
gated encompass a broad spectrum of sizes, climatic condi-
tions, and intertidal wetland areas (Table 1; Supporting
Information Table S2). Catchment sizes ranged from only
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Fig. 1. Locations of study sites along the East Coast of Australia.

18 to 143,000 km?. Climates range from tropical in the North
(Johnstone River, Constant Creek, Fitzroy River), subtropical
(Caboolture River, Brisbane River, Nerang River, Richmond
River, Clarence River, Coffs Creek, Boambee Creek, Bonville
Creek, Pine Creek, Korogoro Creek, Manning River) to temper-
ate in the South (Hunter River, Hawkesbury River, Shoalhaven
River, Yarra River).

The spatial surveys were performed from the mouth of the
estuary as far upstream as freshwater or a physical barrier
(e.g., shallow water or dams) were encountered. An exception
was Korogoro Creek where samples were collected hourly over
a diel cycle at the mouth of the estuary (Sadat-Noori
et al. 2016). Sampling was conducted in surface water except
for Yarra, where also bottom waters were sampled. Salinity,
pH, and temperature were measured using Hydrolab DS5X or
Aqua TROLL 400 sondes calibrated with pH standards 4, 7,
and 10 (NBS scale) and conductivity standards O and
55mS cm ™' before each survey. Discrete samples for DIC,
DOC, and total alkalinity (TA) were filtered through 0.7-mm
Whatman GF/F syringe filters. DIC samples were preserved
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Table 1. Characteristics of study sites obtained from the National Land and Water Audit (http://www.ozcoasts.gov.au/search_data/
estuary_data.jsp) and Australian Bureau of Meteorology [BOM] Australian Landscape Water Balance model.

Wetland : catchment

Estuary Longitude Latitude Runoff (mm) Catchment area (km?) Estuary area (km?) area ratio
Johnstone 146.066 —17.509 1727 1674 2.4 0.00165
Constant 149.031 —20.982 166 139 3.1 0.08835
Fitzroy 150.875 —23.523 38 1726 58.9 0.00283
Caboolture 153.044 —27.153 1323 354 1.8 0.00983
Brisbane 153.166 —27.373 300 13,643 18.7 0.00058
Nerang 153.424 —27.975 598 490 4.0 0.00000
Richmond 153.592 —28.877 372 6878 19.7 0.00110
Clarence 153.361 —29.428 106 22,220 107.7 0.00102
Coffs 153.133 —-30.297 378 20 0.5 0.00950
Boambee 153.138 —30.297 376 48 0.3 0.00438
Bonville 153.101 —-30.376 376 19 1.3 0.02211
Pine 153.101 —-30.376 750 21 1.2 0.00000
Korogoro 153.054 —31.055 461 18 0.2 0.00222
Manning 152.686 —31.879 141 8080 31.6 0.00061
Hunter 151.794 —-32.918 91 21,437 28.4 0.00109
Hawkesbury 151.341 —33.563 272 21,909 117.4 0.00032
Shoalhaven 150.763 —34.9 370 7326 28.1 0.00080
Yarra 144.905 —37.852 302 5481 3.5 0.00000
with HgCl,, and DOC samples were preserved with with R? of 0.99 for measured vs. calculated values) from TA
phosphoric acid. and DIC using CO2SYS (Pierrot et al. 2011) using the same

Concentrations of DIC and DOC were determined using
either an Aurora 1030W TIC/TOC analyzer or a Shimadzu
TOC-VCPH Total Organic Carbon Analyzer with precision bet-
ter than 3% and an accuracy better than 1% for DIC and 3%
for DOC. DOC precision and trueness were tested against deep
seawater reference material and low carbon water (provided by
D. A. Hansell, University of Miami). TA samples were stored in
30 mL polycarbonate vials and analyzed via Gran Titration
using a Metrohm Titrando system (Mos et al. 2021). Dickson
Certified Reference Materials were used for verifying both DIC
and TA results. While DIC and DOC data are available for all
the samples, TA data was available for about 50% of the sam-
ples. Therefore, we calculated TA using salinity, temperature,
pH (NBS scale), and DIC using the CO2SYS program (Pierrot
et al. 2011). We applied carbonic acid disassociation constants
of Mehrbach et al. (1973) as refitted by Dickson and Millero
(1987). As a quality control exercise, samples with measured
TA were compared to samples with calculated TA. We
observed a slope of 1.02 and a R* of 0.99 when plotting the
measured vs. the calculated TA data. Buffer factor gy was cal-
culated based on the equations derived by Egleston et al.
(2010) using input parameters from CO2SYS with the same
constants as described above.

The partial pressure of CO, in the estuary (pCOz(water)) Was
either measured during the surveys using a showerhead equili-
brator and CO, analyzer (Picarro G2201-I or Licor LI-840A)
(Santos et al. 2012b) or calculated (for 28% of the samples

constants as described above. Measured pCOgwatery data was
processed according to the protocols outlined in Pierrot
et al. (2009).

Out of the 713 samples collected during the 37 surveys,
307 represent original data while the remaining were publi-
shed in different contexts as summarized in Supporting Infor-
mation Table S1. Partially published datasets were used in
earlier greenhouse gas and carbon cycle investigations
in Johnstone, Constant, and Fitzroy (Rosentreter et al. 2018);
Caboolture (Adiyanti et al. 2016); Coffs, Boambee, Bonville,
and Pine (Looman et al. 2019); Korogoro (Sadat-Noori
et al. 2016); and Yarra (Santos et al. 2012a).

Carbon flux estimates

DOC, DIC, and TA observations along the estuarine gradi-
ents were used to estimate the fluxes from rivers into the estu-
ary, and from the estuary into the ocean (Supporting
Information Methods; Supporting Information Fig. S1). The
river-to-estuary fluxes were estimated by multiplying the
freshwater concentration (average of samples with salinity
< 1) by the catchment runoff. In some cases, no samples with
salinity <1 were collected, preventing estimates of river-to--
ocean fluxes. The estuary-to-ocean fluxes were estimated by
multiplying the effective freshwater concentration (C*) by the
catchment runoff. C* was estimated from the y-intercept
(i.e., the projected concentration at zero salinity) from the lin-
ear equation describing the DOC, DIC, and TA vs. salinity

95UB017 SUOILOD A8 3 (cfedt [dde 8y} Aq paueA0B 812 S9[o1Le YO ‘9SO S9INJ 10) AleIq1 BUIIUQ AB]IAA UO (SUOTHIPUOD-PUe-SWLBILID"AB | 1M Aleq Ul |Uo//:SdNY) SUONIPUOD pue sWie | 84} 88S *[7202/80/62] UO Aiq1T8ul|uo AS|IM *|10Un0D yotessay [91pS I PUY U3feaH [euoiieN AQ 0992T 0U/Z00T OT/Iop/uiod A8 | im Ake.q i puljuo'sqndo sey/:sdny wouy pspeojumod ‘0 ‘06556€6T


http://www.ozcoasts.gov.au/search_data/estuary_data.jsp
http://www.ozcoasts.gov.au/search_data/estuary_data.jsp

Reithmaier et al.

relationship near the estuary mouth. This approach deter-
mines the expected endmember concentration after
transformation processes within the estuary before dis-
charge into the coastal ocean (Officer 1979; Kaul and
Froelich 1984). This approach has been widely used to esti-
mate estuarine fluxes of nitrogen and carbon into the ocean
(Raymond and Bauer 2001a; Moyer et al. 2015). We applied
a progressive approach by initially selecting the three sam-
ples with the highest salinity, and subsequently incor-
porating additional samples to increase the statistical
significance of the linear regression. C* can only be esti-
mated when there is a significant linear correlation
(p < 0.05) between salinity and carbon in the lower estuary.
When this assumption was not met, C* and the respective
estuary-to-ocean fluxes were not calculated. The difference
between estuary-to-ocean and river-to-estuary fluxes was
assumed to represent internal carbon transformations, that
is, sources or sinks within the estuary.

Runoff rates for each catchment were obtained from the
Australian Bureau of Meteorology [BOM] Australian Landscape
Water Balance model based on rainfall data produced from a
5 km? interpolated national grid, streamflow observations and
remotely sensed soil moisture and evapotranspiration (Jones
et al. 2009). We provide runoff estimates using both (1) the
average river discharge in the week preceding sampling and
(2) the annual river discharge for each system. The first
approach offers some insight into seasonal changes, while the
second approach provides most likely annual fluxes to enable
cross-site comparison. The areas of all estuaries, catch-
ments, and intertidal vegetation, estuary conditions (classi-
fied as largely unmodified, modified or extensively
modified) and type of estuary (river-dominated, tide-
dominated, or wave-dominated) were obtained from the
National Land and Water Audit (http://www.ozcoasts.gov.
au/search_data/estuary_data.jsp). Population density was
extracted from the GPW model (Gridded Population of the
World, version 4) provided by HydroSHEDS (https://www.
hydrosheds.org/products/hydrobasins).

We also used the standard estuarine mixing model to quan-
tify production and consumption of carbon within the estuary
(Kaul and Froelich 1984). This mixing model estimates delta
carbon values by subtracting the observed concentrations
from the values predicted by the theoretical conservative
mixing line. Theoretical conservative distributions of DOC
and DIC were predicted based on a linear regression between
the freshwater and marine endmember concentrations at each
system. When freshwater samples were not available, we used
the sample with the lowest salinity as the endmember.

The estuary-to-ocean DOC, DIC, and TA export rates were
upscaled for Australia using runoff data from 737 Australian
estuaries, obtained from the National Land and Water Audit
(http://www.ozcoasts.gov.au/search_data/estuary_data.jsp).
Carbon fluxes have been converted to TgCyr~' and TA
fluxes to Tmol yr~!, using the catchment area of each site.

Estuarine carbon export

CO, emissions

The water—air flux of CO, within the estuary was estimated
through a twostep process. First, we calculated a flux at each
sample location as a function of transfer velocity (k), solubility
(a, Weiss et al. 1974), and the difference in partial pressure
between the water and air (ApCO»):

F=kxaxApCOy (1)

To provide a range of flux values that should bracket the in
situ values we assigned k values of 3 and 7 cm h™" and also
used the wind driven parametrization of k (W2014) developed
by Wanninkhof (2014):

k=0.251 x t? x (S¢/660) "3 (2)

where u is wind speed at 10 m (sourced from nearest Bureau
of Meteorology weather station), and Sc is the Schmidt
number for CO, at measured in-situ temperature and salin-
ity (assuming a linear relationship with salinity between 0
and 35; Wanninkhof 2014). Second, flux rates at each sam-
ple location were then interpolated using the spline with
barriers tool in ARCGIS, and the mean value for each estu-
ary calculated from the resulting raster (Maher and
Eyre 2012).

Statistical analysis and plotting were conducted in R (ver-
sion 4.3.1, using package ggplot2) and included linear
regressions, examining correlation coefficient (R), p value
and regression equation. The full dataset is available at the
public data repository figshare (DOI: 10.6084/m9.figshare.
25118738).

Results

Estuarine gradients of carbon and physicochemical
parameters

Rainfall ranged from 630 to 2930 mmyr ~ with an
average of 1260 mmyr ' across all estuaries. The
rainfall produced surface runoff ranging from only 38 mm
in the Fitzroy River to 1726 mm in the Johnstone River
during the year of sampling (Supporting Information
Table S2).

Dissolved carbon concentrations exhibited distinct estua-
rine trends (Fig. 2a,b). DOC mostly decreased with increas-
ing salinity, whereas DIC increased with salinity. On
average, DOC (range, median + standard error: 19-3186,
309 + 14 ymol L) was seven times lower than DIC (1344387,
1458 4+ 24 ymol L™Y). Even freshwater DOC concentrations
(369 + 34 ymol L™1) were, on average, threefold lower than the
freshwater DIC concentrations (718 + 39 umol L™ "). Higher DIC
and lower DOC were usually observed during dry seasons
(Supporting Information Figs. S2, S3).

Temperature (13-31, 23 £ 0.2°C), DO (4-119, 85% + 1% sat),
pH (5.8-8.9, 7.6 + 0.02), and TA (55-4383, 1501 + 28 yumol L")

1
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Fig. 2. Salinity gradients of (a) dissolved organic carbon (DOC), (b) dissolved inorganic carbon (DIC), (c) alkalinity (TA), (d) dissolved oxygen (DO), (e)
pH, and (f) partial pressure of CO, (pCO5,). The color scale illustrates number of samples within each hexagonal cell.

displayed a positive relationship with salinity across most sites
(Fig. 2c—e). In contrast, pCO, (2-17,068, 1459 + 102 ppm) dem-
onstrated a declining trend (Fig. 2f). Salinity scatter plots for indi-
vidual estuaries are presented in the Supporting Information
Figs. S2-S8.

Estuarine carbon sinks and sources

Mixing models revealed that the majority of the ADOC
(range, median + SE: —1173 to 2246, 7 £+ 7 ymol LY and
ADIC (—1093 to 2153, 19 + 8 yumol L™!) values were posi-
tive, indicating that estuaries were sources of dissolved car-
bon (Fig. 3a; Supporting Information Fig. S9). Notably, no
significant correlation was observed between ADOC and
ADIC implying that in situ DOC respiration was not a dom-
inant control of DIC production within the estuary.
ADOC : ADIC ratios had no clear salinity trend. In contrast,
DOC : DIC ratios were highest at high salinity as expected
from terrestrial DOC sources (Fig. 3b). Delta carbon values
were highest in brackish waters with salinities between
10 and 20 (Fig. 3¢,d), implying carbon sources in the middle
reaches of estuaries. Average delta carbon values of each
site, calculated as percentage relative to estuarine mixing
lines, revealed that 72% of the estuaries acted as net sources

of DOC (—19 to 90, 9% + 6%) and 83% as net sources of
DIC (-2 to 17, 3% =+ 1%; Fig. 3e).

Carbon fluxes and estuarine transformations

Most estuaries exported dissolved carbon into the ocean
(Fig. 4; Table 2; Supporting Information Tables S3, S4). Annual
river-to-estuary DIC fluxes exceeded DOC fluxes by twofold.
This trend was similarly observed in estuary-to-ocean carbon
fluxes. All examined estuaries had a net export of DIC into the
ocean (65-1695, 344 + 150 mmol m ?yr ') and only Rich-
mond River had net DOC import from the ocean (—66 to
545, 120 + 55 mmol m *yr '). During wet seasons, the
median river-to-estuary fluxes were nine times higher for DOC
and seven times higher for DIC compared to dry seasons
(Supporting Information Table S5). Estuary-to-ocean fluxes
during wet seasons were 16 times higher for DOC and similar
for DIC compared to dry seasons.

The difference between estuary-to-ocean and river-
to-estuary carbon fluxes indicates carbon sources within most
of the estuaries (likely intertidal wetlands). We observed that
62% of the estuaries acted as DOC sources and 73% as DIC
sources to the ocean (Fig. 4). Estuarine carbon transformations
were correlated with delta carbon values, building confidence
in both approaches (Supporting Information Fig. $10).
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Fig. 3. Scatter plots of (a) ADIC vs. ADOC and (b) DIC vs. DOC. Delta carbon values are calculated as deviation from conservative mixing with positive
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(slope = 1) indicate equal DIC and DOC. Boxplots illustrate salinity ranges of (¢) ADOC and (d) ADIC without showing outliers. Average delta carbon

presented as percentage relative to conservative mixing at each estuary (e).

Estuary-to-ocean carbon fluxes were driven by various
physical and climatic parameters. Estuarine DOC and DIC
fluxes increased in response to annual runoff and annual rain
(Fig. 5a,b; Supporting Information Fig. S11). An 10% increase
in annual runoff enhanced DOC export by 8% and DIC
export by 7% (as calculated from regression equations). Con-
versely, estuarine carbon fluxes showed a logarithmic decrease
with increasing estuary area (Fig. 5c,d), estuary length, and
catchment area (Supporting Information Fig. S11). Higher
ratios of intertidal wetland to catchment area resulted in larger
carbon fluxes, however, DOC trends were quite scattered
(Fig. Se,f). Carbon fluxes showed a modest, but not significant
increase with population density (Supporting Information

Fig. $11) and no discernible trends were observed between car-
bon fluxes and the degree of estuary modification (Supporting
Information Table S6). Tide-dominated estuaries showed lower
carbon fluxes compared to river- and wave-dominated estuar-
ies (Supporting Information Table S6).

Inorganic carbon speciation

TA and DIC were positively correlated, with 54% of the
samples having a TA : DIC ratio > 1 (Fig. 6a). As the TA:
DIC ratios increased with higher salinities, there was a
corresponding rise in pH. Half of the estuaries were net TA
sources (Fig. 6b). In most estuaries, DIC exhibited higher A
values and transformation rates compared to TA, indicating
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Fig. 4. River-to-estuary and estuary-to-ocean fluxes of (a) dissolved organic carbon (DOC) and (b) dissolved inorganic carbon (DIC). Orange arrows indi-
cate a carbon sink and blue arrows a carbon source within the estuary. The estuaries are ordered from the tropical northern region (top) to the temperate

southern region (bottom). All fluxes are presented in mmol m~2 catchment yr

a prevalent estuarine production and export of DIC as CO,
over TA. (Fig. 6b,c). The buffer factor gy (0.02-1.2,
0.27 £0.008), which quantifies the buffering capacity
against pH changes upon the addition of an acid or base,
exhibited minimum levels in freshwater and low salinity
waters, increasing steadily once salinity exceeded
10 (Fig. 6d). In most samples, py was lower than that
observed in the Pacific Ocean, suggesting a decrease in the
buffering capacity of coastal waters receiving estuarine
inputs (Egleston et al. 2010).

Water-air CO,, fluxes

CO, fluxes within estuaries exhibited a wide range from
6 to 386 with a median of 33 + 20 mmol m ? estuary d '
(Fig. 7a, all flux estimations using different k values are
reported in Supporting Information Table S7). CO, fluxes were
smaller than lateral carbon fluxes observed within the same
estuary. Estuarine DOC fluxes were two to six times higher
and DIC fluxes 6-15 times higher than CO, emissions (fluxes
converted to mold ' using catchment areas for DIC and
DOC, and estuary water areas for CO,). When using gas trans-
fer velocities from Wanninkhof (2014), CO, fluxes represented
13% + 16% (median + SE) of the total dissolved carbon
export. CO, emissions were positively correlated with estuary-

-1

to-ocean DOC fluxes and estuarine DOC transformations
(Fig. 7b,0).

Discussion

Drivers of dissolved carbon export

Our observations in a wide range of estuaries along a lati-
tudinal gradient allow for an assessment of the key drivers
of DOC and DIC export. We examined the influence of
catchment and estuary area, climatic conditions, and inter-
tidal wetland cover on lateral carbon export. Prior studies
mainly focused on large estuaries to estimate regional or
global carbon export rates (Drake et al. 2018). We found
that carbon export from Australian estuaries per m?* of
catchment area increase as the catchment and estuary area
decrease (Fig. 5c,d; Supporting Information Fig. S11). This
underscores the notable role of small estuaries in contribut-
ing to carbon export.

A shorter residence time in small estuaries can reduce the
remineralisation of organic matter, particularly in systems
with large upstream freshwater discharge or during flood
events (Looman et al. 2019). However, mixing models and
transformation rates indicated that small estuaries (e.g., Coffs
and Boambee Creek) had the largest internal carbon sources
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Table 2. Annual fluxes of dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), and alkalinity (TA) on a catchment area

basis.
River-to-estuary (mmol m 2 yr ") Estuary-to-ocean (mmol m Z2yr 1)
Estuary DOC DIC TA DOC DIC TA
Johnstone 175 541 98 NA NA NA
Constant NA NA NA 94 432 NA
Fitzroy 23 44 44 33 134 NA
Caboolture 1088 1301 1353 542 1425 1322
Brisbane NA NA NA NA 344 NA
Nerang NA NA NA 317 NA 507
Richmond 160 415 511 —66 269 247
Clarence 69 51 48 75 65 24
Coffs 78 176 144 540 1695 1200
Boambee 78 205 161 524 1197 925
Bonville 57 154 138 224 NA 1225
Pine 164 145 104 273 311 158
Korogoro NA NA NA NA NA NA
Manning 53 118 112 929 88 141
Hunter 53 238 240 96 163 148
Hawkesbury 55 96 92 53 115 79
Shoalhaven 79 63 57 76 226 237
Yarra 137 169 136 120 NA NA
Median + SE 94+ 73 183 + 86 141 £ 90 120 + 55 344 £ 150 394 + 138
o
a 91 R=0.69, p=0.0043 C+{ R=-0.79, p = 0.00043 €4 R=0.31,p=0.28
— y=57+0.45x y =394 - 85.2 log(x) y=194.49 + 10873 x
'L o ° ° ° L)
Nalch | 1
I
o 1 7 7 °
o g o °
Qe ~
O Eod [} i i [
L] (]
3
b S- di r=- 0.85, p =0.0002 f1r= 0.88, p.=0.00014
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S
78 _
x ES
D —
= O
Qg
no
o - = -

00 0.00 0.01 0.02
Wetland:catchment ratio

0 500 1000 0 50
Runoff (mm) Estuary area (km

Fig. 5. Linear regressions between estuary-to-ocean DOC and DIC fluxes and (a, b) annual runoff, (¢, d) estuary area, and (e, f) ratio of wetland to
catchment area. One extreme outlier, 80-times higher than the median (Supporting Information Fig. S12), was excluded from plot a and b to prevent

them from exerting undue influence on overall trends. All fluxes are presented in mmol m~2 catchment yr—'.
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The gray line represents 3y in the Pacific Ocean.

that enhance carbon export to the coastal ocean (Figs. 3e, 4).
High estuarine carbon sources may be due to porewater
exchange in intertidal wetlands and groundwater discharge,
which transports porewater/groundwater enriched in DIC and
DOC into the estuary (Stewart et al. 2015; Sadat-Noori
et al. 2016). Carbon input by porewater/groundwater might
be particularly important in small estuaries with high inter-
tidal wetland coverage.

Intertidal wetlands are hotspots of productivity, carbon
sequestration, and release inorganic and organic carbon to
nearby ecosystems (Santos et al. 2019; Reithmaier
et al. 2020; Ray et al. 2021). Mangroves and saltmarshes
flank most Australian estuaries. The role of intertidal wet-
lands in contributing carbon export is supported by the cor-
relation between estuarine DIC and to a smaller extent
DOC export and the ratio of intertidal wetland to catch-
ment area (Fig. Se,f). If we assume that 100% of the

difference between estuarine and riverine fluxes are related
to intertidal wetlands, intertidal wetlands release (med-
ian + SE, average) 62 £ 139 (197) and 15 + 67 (2) mmol m~?
of intertidal wetland d~! of DIC and DOC, respectively. Our
intertidal wetland DIC fluxes are comparable to global aver-
ages of direct DIC export estimates of 81 +47 (155)
mmolm ?d~"' from mangroves and 57 +104 (242)
mmol m~2d~! from saltmarshes (Reithmaier et al. 2023).
This implies that much of the added DIC is sourced from
intertidal wetlands and highlights their large contribution
to the coastal carbon cycle.

Intertidal wetland areas are equivalent to < 1% of all
catchments but may contribute up to 67% + 13% of DIC
and 46% + 11% DOC exported to the ocean (median con-
tribution of estuarine transformations to estuary-to-ocean
fluxes across all sites with intertidal wetland cover and estu-
arine carbon source). Our calculations of wetland
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Fig. 7. (a) Water-air emissions of CO, at each estuary using gas transfer velocities from Wanninkhof (2014). Scatter plots of CO, emissions vs. (b)

estuary-to-ocean DOC flux and (c) estuarine DOC transformations.

contribution to estuarine DOC fluxes assume that other
sources such as phytoplankton, sewage, wastewater, or fer-
tilizer are small. While urban estuaries around densely pop-
ulated areas may receive large amounts of anthropogenic
DOC (Abril et al. 2002), population densities in Australia
are small. Indeed, DOC fluxes were not significantly
impacted by estuary modification nor population density in
Australian estuaries (Supporting Information Fig. S11;
Supporting Information Table S6). Global mass balance esti-
mates suggest that estuaries export about 10% more carbon
to the ocean than they import from rivers primarily due
to inputs from intertidal wetlands (Bauer et al. 2013). The
greater contribution of intertidal wetlands in Australia is
likely a result of relatively low freshwater discharge and
large intertidal wetland areas.

Freshwater discharge is a major source of carbon to the
oceans (Bauer et al. 2013). In subtropical and tropical
regions, seasonal variations in freshwater discharge drive
temporal fluctuations in carbon export (Drake et al. 2018).
Carbon export rates, especially DOC fluxes, were higher
during wet than dry season and increased with runoff and
rain (Fig. 5a,b; Supporting Information Table S5). High-flow
conditions introduce more terrestrial carbon into estuaries,
while reduced residence times hinder DOC removal pro-
cesses such as respiration, photooxidation, and flocculation
(Ford et al. 2005; Moyer et al. 2015). Increased DOC fluxes
coincided with higher levels of CO, outgassing (Fig. 7b,c),
suggesting that either elevated surface runoff supplied
terrestrial organic matter, enhancing CO, production
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(Rosentreter et al. 2018) or that DOC and CO, were deliv-
ered simultaneously.

Contribution of estuarine carbon export to carbon budgets

Upscaling carbon export rates revealed that Australian estu-
aries export 8.1 + 6.2 TgCyr ' DIC and 2.8 + 2.2 TgCyr '
DOC (Supporting Information Table S8). The DOC flux from
Australian estuaries was lower than from tropical Chinese
estuaries (4.1 TgC yr~'), which have eight times higher dis-
charge (Liu et al. 2020). The total dissolved carbon export
(DIC + DOC: 11TgCyr ') was comparable to carbon
export rates (14 + 11 TgC yr ') modeled using bottom-up
approaches to quantify the Australian carbon budget
(Villalobos et al. 2023), which also considered particulate
organic carbon (POC) export. The East Coast investigated
here has the highest terrestrial primary productivity in
Australia with estimated terrestrial net primary production
(NPP) ranging between 2 and 4 gCm >d ' or ~ 60,800-
121,000 mmol m 2 yr ! (Haverd et al. 2013). Our estimated
estuary-to-ocean fluxes (344 + 150 and 120 + 55 mmol m?
catchment yr! for DIC and DOC, respectively) are equiva-
lent to 0.4%-0.7% of the terrestrial productivity on the East
coast of Australia.

Combined DIC and DOC export rates in Australia represent
approximately ~ 1% of the estimated global estuarine carbon
export (0.95 PgC yr~!). On an areal basis, carbon export from
Australian estuaries (2.7 + 0.1 gC m? catchment yr~! DIC and
0.9 4+ 0.04 gC m? catchment yr ' DOC) was in line with
fluxes reported for tropical rivers in Africa, America, Asia and
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Oceania, exporting on average 3.3gCm?yr~! DIC and
21gCm?yr! DOC (Huang et al. 2012). In Australia,
under-sampled small estuaries (< 10 km?) make up 70% of all
estuaries, 18% of the total estuary runoff, and 5% of the total
estuary area (http://www.ozcoasts.gov.au/search_data/estuary_
data.jsp). However, these small estuaries disproportionally
contribute 27% to the total dissolved carbon export (Fig. 8a).
A similar trend was observed in China, where small rivers
comprising only 7% of discharge exported 14% of the total
DOC and 18% of the total POC (Liu et al. 2020). Conse-
quently, neglecting smaller estuaries in global assessments
underestimates carbon export to the oceans.

There are many CO, datasets now available for Australian
estuaries. For example, CO, was undersaturated in highly pro-
ductive shallow Australian estuaries, making them a sink for
atmospheric CO, in contrast to larger heterotrophic river-
dominated estuaries (Maher and Eyre 2012). In other systems,
CO, was supersatured, making the estuary a source to the atmo-
sphere due to groundwater inputs from flanking wetlands (Ruiz-
Halpern et al. 2015; Jeffrey et al. 2018; Santos et al. 2019; Chen
et al. 2021) or porewater exchange (Tait et al. 2017). All estuaries
investigated here were CO, sources (12 + 7 molm?yr '),
slightly below the global average (17 + 34 mol m? yr ') (Chen
et al. 2013). With such a focus on CO, emissions to the atmo-
sphere, little information was available on horizontal carbon
fluxes in Australia. We found that at 73% of the sites, estuarine
carbon loss was dominated by DIC export, whereas DOC export
dominated at only two sites and CO, outgassing was the highest
carbon loss term at only one site (Fig. 8b).

Implications to coastal acidification and carbon
sequestration

Our results showed that the majority (~ 80%) of the estuar-
ies produced and exported more DIC than TA (Fig. 6b,c), likely
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enhancing coastal acidification. High CO, that often origi-
nates from groundwater and results in low TA : DIC ratios was
previously observed in estuaries (Sadat-Noori et al. 2016; Liu
et al. 2017), coastal wetlands (de Weys et al. 2011; Reithmaier
et al. 2023), and coral reef lagoons (Cyronak et al. 2014; Wang
et al. 2014; Jeffrey et al. 2016). The buffering capacity
increased along the salinity gradient, however, gy was mostly
lower than in the Pacific Ocean, indicating that estuarine
exports decrease the buffer capacity of coastal waters (Fig. 6d).

Inorganic carbon export is not only important in an acidifi-
cation context, but also plays a role in marine carbon seques-
tration. TA export serves as a permanent atmospheric carbon
sink, since exported TA has an oceanic residence time of over
100,000 years (Middelburg et al. 2020). Our models showed
that Australian estuaries exported 0.7 + 0.6 Tmol yr ' TA. This
equals to 2% of the TA associated with DIC export from rivers
to the ocean globally (Middelburg et al. 2020). Therefore, TA
exported from Australian estuaries represents a carbon sink
that should be considered in a climate change mitigation con-
text beyond most existing interpretations based on sediment
carbon sequestration only (Mcleod et al. 2011).

Conclusions

Our comparative study across multiple Australian estuaries
revealed large scale patterns and provide insight into how
estuaries deliver carbon to the oceans. Most estuaries were car-
bon sources to the ocean. Inorganic carbon exceeded DOC
export by a factor of 2 and estuarine CO, emissions by a factor
of 6-15. The alkalinity component of DIC can impact coastal
acidification and contributes to carbon sequestration in the
ocean. We identified estuary and catchment area, runoff, and
intertidal wetlands as key drivers of carbon export. A 10%
increase in annual runoff resulted in a 7%-8% rise in dissolved
carbon export. Intertidal wetlands, comprising only about 1%
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of all catchments, potentially contribute 67% + 13% to DIC
and 46% + 11% to DOC export. Our study emphasizes the
substantial role of small (sub)tropical estuaries, which contrib-
ute 27% to the total dissolved carbon export from Australian
estuaries. The interplay of these factors highlights the com-
plexity of estuarine carbon cycles, stressing the need for a
holistic understanding to inform coastal management deci-
sions and quantify the carbon sequestration capacity of
coastal systems. The ongoing loss of mangrove areas in many
tropical countries and changing precipitation patterns will
likely have major impacts on carbon transport at the land-
ocean interface.

Data availability statement

The full dataset, including estuary name, season, date, lati-
tude, longitude, salinity, pH, dissolved oxygen (DO), tempera-
ture, dissolved inorganic carbon (DIC), dissolved organic carbon
(DOC), total alkalinity (TA), and pCO,, is available at the public
data repository figshare (DOI: 10.6084/m9.figshare.25118738).
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