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Scientific Significance Statement

Rivers are critical conduits for transporting carbon (C) from terrestrial ecosystems to coastal waters, yet limited data have hin-
dered robust national-scale estimates of riverine C export. In Australia, a continent of contrasting climate zones, the spatial
and seasonal patterns of riverine C fluxes have remained poorly understood. By integrating an extensive national C database
with modeled discharge, this study provides the 1°' continent-wide assessment of Australia’s riverine C export, revealing that
tropical rivers—despite covering less than a 3™ of the continent—dominate Australia’s riverine C export due to their high and
seasonally pulsed discharge.

Abstract

Rivers play a crucial role in the transformation and export of carbon (C) to coastal waters, yet limited observa-
tions in Australia have hindered accurate C flux estimates. We compiled 27,696 dissolved inorganic C (DIC),
15,012 dissolved organic C (DOC), and 226 particulate organic C (POC) measurements in Australian rivers and
combined these with modeled discharge to estimate Australian-scale C export. Annual riverine C export was
19.1 (6.1-47.9) x 10® Gg C yr !, with DIC and DOC exports 2.9 and 2.7 times higher than previous estimates,
while POC was 2.6 times lower. The Australian tropics contributed 65%, 39%, and 66% of national DIC, DOC,
and POC exports, respectively, despite covering only 11% of exorheic Australia. Within tropical basins, wet-
season C export was 158-423 times higher than dry-season C export. These findings underscore the dominant
influence of tropical rivers and their strong seasonal pulse on Australia’s riverine C export.
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Rivers and streams are key components of the global car-
bon (C) cycle, acting as conduits for export of terrestrial C to
coastal ecosystems along the land-to-ocean aquatic contin-
uum (LOAC) (Regnier et al. 2022). The annual transfer of C
from terrestrial landscapes to riverine networks is estimated at
2-3 x 10° Gg C yr ' (Regnier et al. 2022; Battin et al. 2023).
Once in fluvial systems, this C can be exchanged with the
atmosphere, buried in sediments, or transported downstream
to estuaries and coastal waters (Cole et al. 2007; Bauer
et al. 2013; P. A. Raymond et al. 2013). Given these roles,
improving estimates of land-to-ocean C fluxes across spatial
scales is critical to inform C budgeting efforts (Canadell
et al. 2011, 2023).

Recent estimates place global LOAC export in the range
of 0.8-1.3 x 10° Gg C yr ' (Regnier et al. 2022; Canadell
et al. 2023). Compared to other LOAC components, such as
land-to-river C inputs or river-to-atmosphere C emissions, riv-
erine C export to the ocean is easier to quantify from observa-
tions. Nonetheless, while numerous global estimates of
riverine C export have been produced over the past decades
(e.g., Li et al. 2017; Ludwig and Probst 1996; Regnier
et al. 2022), recent studies reveal substantial variability among
estimates, particularly when different C species (i.e., inorganic
and organic C) are considered separately. These differences are
even more pronounced at regional or continental scales. Nota-
bly, Oceania—particularly Australia—exhibits some of the
highest discrepancies in model-derived estimates across C spe-
cies, reflecting data scarcity in this region (M. Liu et al. 2024).
A recent modeling effort that provided a continent-wide C
budget for Australia included a preliminary estimate of river-
ine C export to the ocean at 8.7 +4.4 x 10> Gg C yr!
(Villalobos et al. 2023). However, estimates from that study
remain uncertain, as DOC observations relied on global
datasets rather than Australia-specific data (Harrison
et al. 2005), and DIC observations were limited to southeast-
ern Australia (Hartmann et al. 2014). This limited data cover-
age may not have captured the unique hydroclimatic and
landscape characteristics of Australian rivers (Shanafield
et al. 2024).

Estimating riverine C export to the ocean relies on either
empirical or process-based models, both of which are con-
strained by the availability, representativeness, and quality of
C data (Muller et al. 2022). Process-based models such as
ORCHIDEE-Cjtera;, Wwhich has been used in Europe (H. Zhang
et al. 2022), carry large uncertainties due to the limited under-
standing of key drivers of C transport and transformation
along the LOAC (Lauerwald et al. 2020). Discrepancies
between models are typically more pronounced at the catch-
ment scale, where fine-scale variability is challenging to cap-
ture (M. Liu et al. 2024). Although field surveys offer the most
accurate means of estimating riverine C export on a regional
scale, their application is limited by logistical and financial
constraints (Li et al. 2017). To address data gaps, statistical
approaches such as random forest models have been
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increasingly applied to estimate riverine C export to the
ocean, including in China (Yan et al. 2023) and globally
(M. Liu et al. 2024). However, these approaches remain
limited by data coverage and the resolution and quality of pre-
dictor variables. Given these limitations, region-specific assess-
ments grounded in direct observations remain essential for
improving our understanding of C export dynamics.

In this context, we aim to establish the most comprehen-
sive data-derived estimates of riverine C export to estuaries
and coastal waters across Australia by integrating new and
existing C observations with model-based river discharge esti-
mates. We assessed the export patterns and rates of dissolved
inorganic C (DIC), dissolved organic C (DOC), and particulate
organic C (POC) at a monthly time step to integrate temporal
variability in C export. Our approach involved assessing data
reliability, addressing spatial gaps, and quantifying uncer-
tainty based on model fit, which was propagated to flux esti-
mates using a bootstrapping approach.

Methods

A brief description of main land uses and climatic charac-
teristics across Australia, along with corresponding maps
(Supporting Information Fig. S1), is provided in the Extended
Methods section of the Supporting Information.

Data sources

Our analysis follows the Bureau of Meteorology’s classifica-
tion of Australia into 13 major hydrological basins (called
drainage divisions), which are further subdivided into
219 river regions. When excluding endorheic basins, 12 drain-
age divisions and 188 river regions discharge into coastal
waters (Supporting Information Fig. S2A), with over 95% of
them covering areas greater than 700 km? (Supporting Infor-
mation Fig. S2B). Modeled daily runoff data (mm d—1) were
sourced for each river region from the Australian Landscape
Water Balance model (Frost and Shokri 2021). We also consid-
ered six broad climate classes based on the Koppen-Geiger
classification (Beck et al. 2018), with each river region outlet
and each sampled site assigned a climate class (Supporting
Information Fig. S1). Lastly, the extent of carbonate lithology
was identified for each river region from the Surface Geology
of Australia dataset (O. Raymond et al. 2012).

The C concentration data (in mg L™') comprise measured
and estimated DIC, as well as DOC and POC records spanning
the period between 1966 to 2024 across all 12 exorheic drain-
age divisions (Fig. 1; Supporting Information Table S1). We
used the OzRiCa database (Ulloa-Cedamanos et al. 2025),
which we expanded with an additional 182 DIC, 189 DOC,
and 149 POC observations from more recent peer-reviewed
literature and previously unpublished data (Supporting
Information Table S2). The expanded dataset comprised
36,691 DIC (mean + ¢ = 14.1 + 15.7 mg L™!), 19,116 DOC
(8.8 £11.8 mg L"), and 226 POC (1.1 + 2.0 mg L™ ') observa-
tions. Particulate inorganic carbon (PIC) was not included in
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Fig. 1. Spatial distribution (A-C) and number of observations of riverine carbon concentrations compiled in the selected riverine C dataset (D-F). Rows
show DIC (A, D), DOC (B, E), and POC (C, F). Markers are colored according to climate classes. Data are split into 12 exorheic drainage divisions based
on classification from the Bureau of Meteorology. The drainage divisions are: Tanami-Timor Sea Coast (TTSC), Carpentaria Coast (CC), Northeast Coast
(NEC), Southwest Coast (SWC), Southeast Coast-New South Wales (SEC-NSW), Southwestern Plateau (SWP), Tasmania (T), Southeast Coast-Victoria
(SEC-VIC), Pilbara—Gascoyne (PG), Northwestern Plateau (NWP), Murray-Darling Basin (MDB), and South Australian Gulf (SAG).
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Fig. 1. Continued

this study due to the lack of available data at the national
scale and its likely negligible contribution to C fluxes due to
progressive trapping before reaching the coast (Probst
et al. 1994). Estimated DIC concentrations were calculated
from alkalinity, pH, and temperature; validation of this
approach using sites with both measured and estimated DIC
showed high agreement (R*>0.99, p<0.01, Supporting
Information Fig. S3).

Data processing

We derived long-term, ensemble monthly mean discharge
(Qi) and DIC, DOC, and POC concentrations (C;,) for each
river region (r) and calendar month (i) over the period 2014-
2023. This process allowed us to define a “typical” hydrologi-
cal year, facilitating analyses based on seasons, rather than on
year-to-year variability. The 2014-2023 period was selected to
ensure that Q values reflect contemporary hydrological condi-
tions. Comparisons with the full 1950-2023 Australian Land-
scape Water Balance model database confirmed the
representativeness of this subset of Q data (Supporting Infor-
mation Fig. $4).

We assessed the reliability of Australian Landscape Water
Balance model derived Q estimates using quality-checked
times-series of measured Q from 25 Hydrologic Reference Sta-
tions (X. S. Zhang et al. 2016) across Australia (Supporting
Information Fig. S1D). Australian Landscape Water Balance
model tended to underestimate flows overall by 19%, with

larger underestimation in arid regions (up to 79%) but mini-
mal bias in tropical and subtropical regions. Despite this,
ensemble monthly mean Q showed a significant correlation
with observations (p < 0.01; Supporting Information Fig. SS5).
To address this bias and account for the skewed distribution
of Q, we applied a bootstrapping approach (1000 iterations
with replacement, using the R boot package) to generate
ensemble monthly mean Q estimates (Q;,) and their uncer-
tainty bounds (Q;, min and Q;, max based on the PS5 and P95
percentiles). This method avoids assumptions about the distri-
bution of Q and captures its variability, thereby reducing bias
in estimated C fluxes.

Data on C concentration were not available for all drainage
divisions (Fig. 1), river regions, stream orders (Supporting
Information Fig. S6) or months (Supporting Information
Fig. S7). Across the 188 river regions, monthly concentration
data were available for 36% and 19% of all DIC and DOC
region-month combinations, respectively. Missing data were
gap-filled using interannual means from the same month and
river region (47% and 65% gaps filled for DIC and DOC,
respectively), same drainage division (11% and 16% gaps filled
for DIC and DOC, respectively), or the whole of Australia (6%
gaps filled for DIC). Spatial gaps (Fig. 1) limited coastal repre-
sentation, with only half of the sites located within 25 km of
the coastal line. To overcome this, DOC and DIC data from
low stream orders (1-4) were used to approximate concentra-
tions in high-order rivers (5-9) only when concentrations for
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a given drainage division were not statistically different
between low- and high-order rivers (Wilcoxon signed-rank
test, Supporting Information Table S3), which occurred in
10 out of the 18 drainage divisions. Dissolved inorganic C and
DOC data in low-order streams from the remaining drainage
divisions were excluded, reducing the initial database to
42,934 observations (Supporting Information Table S1).
Ensemble monthly (i) mean C concentrations (C;,) were then
calculated for each river region (r), along with the P5 (C;; min)
and P95 (C;, max) percentiles. Due to scarcity of POC observa-
tions (Fig. 1), we applied a more conservative statistical
approach calculating the ensemble monthly mean of POC
concentrations (C;) with the PS5 (C; min) and P95 (C; max) per-
centiles across all available data rather than by river region.
Applying the same approach used for POC to DIC and DOC
resulted in minimal differences at the national scale, but led
to either overestimation or underestimation (>60%) at the
drainage division scale. Further evaluation of our Q, DIC,
DOC, and POC estimates, and a sensitivity analysis comparing
the use of mean vs. median values for flux estimation are pro-
vided in the Extended Methods (Supporting Information).

Carbon export and uncertainty estimate

Ensemble monthly mean C export (F;,, in Gg yr ', Eq. 1)
was calculated by multiplying ensemble mean C concentra-
tions (C;, for DIC and DOC or C; for POC) by ensemble mean
Q (Q;,) for each month (i) and river region (r). Uncertainty
ranges were defined by PS (F;, min) and P95 (F;; max)-

Fi;=Cj,(orCj) x Qi,r 1

Ensemble annual C export (Fapnuai,» in Gg yr’l, Eq. 2) and
associated uncertainties were calculated by summing up the
ensemble monthly C exports (F;,) for each river region (r):

Fannual,r = ZFi,r (2)

We also estimated the export of C species for each of our six
broad climate classes by first calculating the share of total run-
off contributed by each climate class within each drainage
division (Supporting Information Table S4). We then allocated
C exports in proportion to these runoff contributions, and
summed up the values of each climate class across all drainage
divisions.

Results

Carbon concentrations and spatial coverage

Dissolved inorganic C concentrations were higher in sites
where DIC was measured than in sites where DIC was esti-
mated (p=0.01; Wilcoxon rank-sum test), with extreme
values being more common in the latter. Mean, median, and
interquartile range were highest for DIC, followed by DOC
and POC, while variability showed an inverse pattern, with
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POC exhibiting the highest coefficient of variation
(Supporting Information Table S1).

Dissolved inorganic C had the highest number of measured
and estimated observations (n = 27,696), with most DIC data
from the Southwest Coast (46% of total DIC observations)
and Murray-Darling Basin (41%) regions. Similarly to DIC,
most DOC observations (n = 15,012) were recorded in the
Murray-Darling Basin (87%) and Southwest Coast (7%). In
contrast, most POC data (n = 42) were collected in Northeast
Coast (67%) and Southeast Coast-New South Wales (NSW)
(21%) (Fig. 1). Records of DIC and DOC were particularly
scarce in the Northwestern Plateau, South Australian Gulf,
and Southwestern Plateau. These drainage divisions are char-
acterized by low runoff (< 30 mm y r~!, Table 1), and a lower
prevalence of permanent streams and rivers (Shanafield
et al. 2024). Particulate organic C records were limited overall,
with only Northeast Coast, Southeast Coast-NSW, and Tasma-

nia with more than 10 observations (Fig. 1).

Seasonal changes in riverine C export

Mean monthly riverine C export exhibited pronounced
seasonal variability across Australia’s drainage divisions
(Fig. 2). Dissolved inorganic C exports ranged from 22 (1.7-
94) x 10°° Gg month™! in July to 956 (436-1701) Gg
month™' in February, both observed in Carpentaria Coast.
Dissolved organic C exports ranged from 13 (0.2-30) x 10~°
Gg month ™! in July in the Tanami-Timor Sea Coast division
to 251 (25-744) Gg month ' in July in Southwest Coast,
while POC exports ranged from 1.8 (0.0003-8.7) x 10~° Gg
month ! in August to 98 (1.7-417) Gg month ™! in February,
with both extremes occurring in Tanami-Timor Sea Coast.

Riverine C exports closely followed the seasonal Q patterns
(Table 1; Supporting Information Fig. S4), with variability
within and across drainage divisions reflecting differences in
regional climates (Fig. 2; Supporting Information Fig. S1;
Table 2). In tropical regions, C exports peaked during the wet
season (November to April) and were markedly higher than
during the dry season (May to October), ranging from
158-fold higher for DIC in Tanami-Timor Sea Coast to
423-fold higher for POC in Carpentaria Coast. A similar but
less intense pattern was observed in subtropical Northeast
Coast and Southeast Coast-NSW. In contrast, temperate and
Mediterranean regions like Southeast Coast-Victoria, Tasma-
nia and Southwest Coast exhibited peak exports during cooler
months (June to September), consistent with the winter-
dominated rainfall regime in southern rivers. Meanwhile, arid
and semi-arid regions showed more heterogeneous patterns,
with lower C export yields in the northwest compared to
southern Australia despite similarly low runoff.

Spatial patterns in riverine C export

Our national mean riverine C export estimates amounted
to 12.3 (4.1-31.4) x 10> Gg C yr ! for DIC (65% of total
export), 5.8 (1.9-13.2) x 10®> Gg C yr ' for DOC (31% of
total export) and 0.9 (0.1-3.3) x 10*> Gg C yr~! for POC (5%
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Tropical discharge drives carbon export
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Fig. 2. Ensemble monthly mean (A) DIC, (B) DOC, and (€) POC exports (in Gg C month™"), grouped by exorheic drainage division. Box plots reflect
variability among contributing river regions within each division. Colors indicate the dominant climate within each drainage division. The y-axis is log-
scaled, and black dots show monthly means. Drainage divisions are ordered by decreasing total discharge (Table 1).

of total export), for a total C export of 19.1 (6.1-47.9) x 10*
Gg C yr '. The ensemble mean riverine C exports varied sub-
stantially across drainage divisions and C species. DIC, DOC,
and POC export ranged from 5.5, 5.1, and 0.3 Gg yr ' in
South Australian Gulf, Murray-Darling Basin, and South

Australian Gulf to as high as 5352, 1471, and 374 Gg yr ' in

Carpentaria Coast, Tanami-Timor Sea Coast and Tanami-
Timor Sea Coast, respectively (Table 1). These variations were
primarily driven by differences in Q, with higher Q in rivers of
the tropical North (Carpentaria Coast and Tanami-Timor Sea
Coast in Supporting Information Fig. S4) leading to higher C
export—although some variations were also linked to
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Table 2. Partitioning of DIC, DOC, and POC export across six broad climate regions in Australia.
Parameter Units Tropical  Subtropical Mediterranean  Temperate Semi-arid Arid Total
Surface area km? 685,418 360,715 208,076 292,447 1,885,638 2,935,635 6,367,929
% 10.8 5.7 33 4.6 29.6 46.1 100
DIC Gg Cyr' 6339 1020 750 633 2382 1215 12,340
DOC 1943 486 1322 514 856 715 5836
POC 466 77 58 48 190 62 902
Total C export Gg C yr’1 8748 1584 2130 1195 3429 1993 19,078
% 45.9 8.3 11.2 6.3 18.0 10.4 100

differences in C concentrations, particularly for DOC where con-
centrations were also higher in the Southwest Coast. Drainage
divisions such as Pilbara-Gascoyne, Northwestern Plateau,
Murray-Darling Basin, and South Australian Gulf consistently
showed low exports of DIC, DOC, and POC, reflecting their lim-
ited runoff and arid to semi-arid conditions.

When normalized by drainage area, ensemble mean C
yields generally mirrored regional runoff patterns. Tasmania
displayed the highest yields, in line with high annual runoff.
Outliers in wetter regions included Carpentaria Coast for DIC
and Southwest Coast for DOC, both of which showed higher
yields than drainage divisions with similar or greater runoft.

In drier regions with annual runoff below 100 mm yr ',

Southwestern Plateau for DIC and Southeast Coast-Victoria
for DOC stood out, with higher yields driven by elevated C
concentrations despite limited runoff (Fig. 3). The two drain-
age divisions with the highest DIC yields, Carpentaria Coast
and Southwestern Plateau, located in wetter and drier regions,
respectively, also had the highest carbonate outcrop coverage
(Table 1).

Discussion

Tropical rivers dominate C export in Australia
We found that riverine C exports are strongly influenced
by hydrological patterns across Australia, with Q emerging as
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the primary driver of both dissolved and particulate C trans-
port. This aligns with previous studies identifying surface run-
off as a dominant control on C export from catchment to
continental scales (e.g., Zhong et al. 2017; Ulloa-Cedamanos
et al. 2021a; S. Liu et al. 2022). Temporal shifts in Q closely
mirrored changes in C exports across all drainage divisions
(Fig. 2; Supporting Information Fig. S4A), emphasizing the
tight coupling between hydrology and C mobilization. Most
importantly, tropical northern regions dominated C export,
with the seasonal monsoonal pulse from January to March
accounting for half of the continent-wide riverine C export.

In these regions, monsoonal rainfall promoted high hydrolog-
ical connectivity and large pulses of C export, with exports
then declining by up to two orders of magnitude during the
dry season (May to October). Conversely, in the Mediterra-
nean and temperate southern regions, rainfall mostly occurs
during the Austral winter (Dey et al. 2019). We found that
these winter-dominated exports of southern regions generated
total C exports four times lower than the summer-dominated
exports of northern regions—with the exception of the South-
west Coast, which exported large amounts of DOC due to
high concentrations in that area. Annually, tropical regions
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accounted for 46% of the total riverine C export, despite cov-
ering only 11% of Australia’s landmass (Table 2).

Beyond hydrology, Australia’s environmental heterogene-
ity adds further complexity to spatial C export patterns. Along
the tropical northern coastline, the Tanami-Timor Sea Coast
and Carpentaria Coast experience similar monsoonal rainfall
and runoff regimes (Table 1), yet riverine DIC yields largely
differed between them (Table 2). These differences likely
reflect regional differences in land cover (Supporting Informa-
tion Fig. S1) and extent of carbonate outcrops (Table 1), both
of which modulate DIC production and transport (Zeng
et al. 2019; S. Liu et al. 2022; Meybeck 2003; Ulloa-
Cedamanos et al. 2021b; Tan et al. 2024). Consistent with
this, carbonate-rich drainage divisions such as Carpentaria
Coast (10% of surface area covered by carbonate outcrops)
and Southwestern Plateau (17%) (Table 1) exhibited higher
mean DIC concentrations (38.3 +68.4mg L' for the
Carpentaria Coast and 49.7 + 38.4 mg L' for the Southwest-
ern Plateau) than the continental mean (p < 0.01, Wilcoxon
rank-sum test). While Q governs much of the seasonal and
interannual variability, lithology likely modulated the base-
line concentrations of DIC and contributed to spatial differ-
ences in C fluxes across drainage divisions.

Implications for national and global C budgets

Our new riverine C export estimate of 19.1 (6.1-47.9) x
10® Gg C yr~! updates previous values upward, with DOC and
DIC exports 2.7 and 2.9 times higher, respectively, than the
corresponding estimates reported in Villalobos et al. (2023).
This discrepancy largely reflects the limited Australian data
used in that previous study. A more recent analysis using addi-
tional estuarine data (Reithmaier et al. 2024) also estimated
lower national-scale DIC and DOC exports (10.9 x 10*> Gg C
yr ). Importantly, our estimates are subject to uncertainties
associated with flow modeling and gaps in C observations,
particularly for POC. We chose to use means rather than
median Q and concentrations, as we believe they better cap-
ture the disproportionate contribution of extreme events,
which are critical drivers of riverine C dynamics in Australia
(Leigh et al. 2015; Moran et al. 2013). Further discussion of
uncertainties is provided in the Extended Discussion
(Supporting Information).

Compared with studies reporting all three C fractions from
in situ measurements, our results show similar patterns but
different magnitudes. High DIC fractions have been reported
in carbonate-rich basins such as the Mississippi (76%, Cai
et al. 2015), Yangtze (81%, L. Zhang et al. 2014), and
Usumacinta rivers (85%, Soria-Reinoso et al. 2022), while our
estimate (65%) is closer to silicate-dominated systems like the
Yukon River (64%, Guo et al. 2012). Our DOC contribution
(31%) matches global estimates (Meybeck 1993), while our
POC contribution (5%) is mostly lower than previous studies.
These contrasts illustrate how hydroclimate and lithology
control the export of DIC, DOC, and POC.

Tropical discharge drives carbon export

At the global scale, Australia covers 5% of the Earth’s land
surface but contributes less than 2% of global riverine C
exports (M. Liu et al. 2024). The C yields of Australia’s tropical
regions (12.8 Mg C km 2 yr~!, Table 2) are broadly compara-
ble to those of other tropical regions such as Southeast Asia
(38.1Mg C km?yr ") and South America (11.0Mg C
km 2 yr~1). However, Australia’s overall C yields are much lower
(3.0Mg C km 2?yr ') because of the relatively small extent of
tropical regions (11% of exorheic Australia) compared to the
more dominant arid (46%; 0.7 Mg C km 2 yr ') and semi-arid
regions (30%; 1.8 Mg C km ?yr ') (Supporting Information
Fig. S1). This highlights the disproportionate role of tropical
regions as hotspots of riverine C export in Australia.

This work focused on riverine C exports to estuaries and
coastal waters but did not capture transport and transforma-
tion in coastal systems. At the Australian scale, estuaries and
coastal wetlands—the mixing zone between the riverine
and marine environments along the LOAC (Rosentreter and
Eyre 2025)—transform, retain (6.5 x 10* Gg C yr~'), and emit
(7.3 x 10* Gg C yr ') 72.3% of the riverine C they receive,
while also sequestering additional C (16.7 x 10* Gg C yr '),
with the remaining portion exported to the ocean. Integrating
these pathways with our estimates will provide a more com-
plete picture of the Australian LOAC (Villalobos et al. 2023).
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