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Abstract
The magnitude of the terrestrial carbon (C) sink may be overestimated globally due to 
the difficulty of accounting for all C losses across heterogeneous landscapes. More 
complete assessments of net landscape C balances (NLCB) are needed that integrate 
both emissions by fire and transfer to aquatic systems, two key loss pathways of 
terrestrial C. These pathways can be particularly significant in the wet–dry trop-
ics, where fire plays a fundamental part in ecosystems and where intense rainfall 
and seasonal flooding can result in considerable aquatic C export (ΣFaq). Here, we 
determined the NLCB of a lowland catchment (~140 km2) in tropical Australia over 
2 years by evaluating net terrestrial productivity (NEP), fire-related C emissions and 
ΣFaq (comprising both downstream transport and gaseous evasion) for the two main 
landscape components, that is, savanna woodland and seasonal wetlands. We found 
that the catchment was a large C sink (NLCB 334 Mg C km−2 year−1), and that savanna 
and wetland areas contributed 84% and 16% to this sink, respectively. Annually, fire 
emissions (−56 Mg C km−2 year−1) and ΣFaq (−28 Mg C km−2 year−1) reduced NEP by 
13% and 7%, respectively. Savanna burning shifted the catchment to a net C source 
for several months during the dry season, while ΣFaq significantly offset NEP dur-
ing the wet season, with a disproportionate contribution by single major monsoonal 
events—up to 39% of annual ΣFaq was exported in one event. We hypothesize that 
wetter and hotter conditions in the wet–dry tropics in the future will increase ΣFaq 
and fire emissions, potentially further reducing the current C sink in the region. More 
long-term studies are needed to upscale this first NLCB estimate to less productive, 
yet hydrologically dynamic regions of the wet–dry tropics where our result indicating 
a significant C sink may not hold.
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1  | INTRODUC TION

Globally, terrestrial ecosystems are a net sink for atmospheric car-
bon dioxide (CO2), yet the magnitude of this sink remains uncer-
tain, principally because not all carbon (C) losses are accurately 
accounted for in C budgets (Chapin et al., 2006; Kirschbaum, Zeng, 
Ximenes, Giltrap, & Zeldis, 2019). Uncertainty is especially large in 
the tropics where emissions from ecosystem disturbances such as 
fire can considerably diminish the strength of the terrestrial C sink 
(van der Werf et al., 2010). Terrestrial C budgets are impacted by fire 
via the direct combustion of primary productivity but also via the C 
cost of post-fire regrowth and recovery (Chuvieco, 2009). Global fire 
emissions are estimated at 2.2 Pg C/year (van der Werf et al., 2017), 
a flux of similar magnitude to the net terrestrial C sink (Friedlingstein 
et  al.,  2019). At regional to catchment scales, estimating C emis-
sions from fire is uncertain, driven largely by inaccurate detection of 
burnt area at fine scales (<250 m), spatial variability of combustion 
completeness and interannual variability of fuel production (van der 
Werf et al., 2017).

Another pathway that has potential to significantly offset the 
magnitude of the terrestrial C sink is the aquatic export of terres-
trial C (Billett et  al.,  2004; Butman et  al.,  2016; Kling, Kipphut, & 
Miller, 1991; Raymond et al., 2013), hereafter abbreviated as ΣFaq to 
reflect the sum of exports from inland waters, including downstream 
flux (dissolved inorganic carbon [DIC]; dissolved organic carbon 
[DOC]; particulate organic carbon [POC]) and gaseous evasion (CO2; 
methane [CH4]). According to recent estimates, ΣFaq may be as high 
as 5.1 Pg C/year globally (Drake, Raymond, & Spencer, 2018), larger 
than the global net terrestrial C sink. Recent work based on con-
tinental and global datasets suggests that ΣFaq tends to scale with 
the terrestrial net ecosystem productivity (NEP) of a given catch-
ment (Butman et  al.,  2016; Webb, Santos, Maher, & Finlay,  2019). 
However, these studies also highlight considerable variability in the 
relationship of ΣFaq to NEP across ecosystems, and to date account-
ing for the role of ΣFaq in offsetting NEP remains elusive. The lack 
of sufficient site-specific observations that integrate terrestrial and 
aquatic C fluxes is preventing a full understanding of the significance 
of and controls on ΣFaq (Webb et al., 2019), which, in turn, hinders 
our ability to accurately evaluate catchment- and landscape-scale C 
budgets.

Despite the knowledge that tropical freshwaters may contribute 
disproportionately to global ΣFaq, large observational gaps remain in 
this region (Aufdenkampe et al., 2011; Drake et al., 2018; Lauerwald, 
Laruelle, Hartmann, Ciais, & Regnier,  2015; Raymond et  al.,  2013; 
Regnier et  al.,  2013). Few catchment-scale studies explicitly re-
lating ΣFaq to terrestrial NEP have been conducted in the tropics 
(Davidson, Figueiredo, Markewitz, & Aufdenkampe,  2010; Hastie, 
Lauerwald, Ciais, & Regnier, 2019; Vihermaa et al., 2016; Waterloo 
et al., 2006; Zhou et al., 2013). To our knowledge, none have been 
undertaken in the wet–dry tropics, a vast area comprising ~11% of 
the global land area (Beck et al., 2018) where highly seasonal rainfall 
regimes and frequent fire result in considerable variations in C bud-
gets, both spatially and temporally.

Landscapes of the wet–dry tropics are typically composed 
of various ecosystem types, including dry-deciduous forests, sa-
vanna woodlands and seasonal wetlands and floodplain networks. 
Savannas are among the most fire-prone ecosystems globally 
(Beringer et al., 2015; van der Werf et al., 2010), while seasonal wet-
lands are known to play a major role in aquatic C export (Abril & 
Borges,  2019; Abril et  al.,  2014; Borges et  al.,  2015, 2019). These 
wetlands can also be significantly affected by fire during the drier 
months (Mitsch et  al.,  2010). Given the likely large spatial hetero-
geneities in C budgets between different landscape components, a 
landscape-scale approach is required for the wet–dry tropics. In this 
regard, integrative approaches such as those being developed for 
the boreal biome are of particular interest (Chi et al., 2020; Hutchins, 
Casas-Ruiz, Prairie, & del Giorgio, 2020; Hutchins, Tank, et al., 2020; 
Öquist et  al.,  2014). Here, we use the net landscape C balance 
(NLCB) approach as introduced by Chi et al. (2020) to account for the 
diversity in landscape components and their varying contributions 
to catchment-scale C cycling.

Extremely high fluxes of terrestrially derived, dissolved C 
have been observed in the tropical savannas of northern Australia 
(Duvert et  al.,  2020; Tweed et  al.,  2016), but how this seasonal 
aquatic C flux compares to terrestrial productivity remains un-
known. Regional and continental-scale C budgets for Australia 
do not fully account for ΣFaq losses (Beringer et al., 2015; Haverd 
et  al.,  2013), with DIC and gaseous evasion from inland waters 
often overlooked. Northern Australian savannas can lose up to 
~50% of NEP to fire (Beringer, Hutley, Tapper, & Cernusak, 2007; 
Murphy, Prior, Cochrane, Williamson, & Bowman, 2019), and these 
ecosystems are currently seen as a weak C sink to a C source de-
pending on the extent of fire (Beringer et  al.,  2015). While the 
magnitude of ΣFaq is unlikely to be as high as fire-related C loss, 
inclusion of all offsets to NEP may shift the source–sink status of 
Australian tropical savannas. With increasing climatic extremes in 
the region (Herold, Ekström, Kala, Goldie, & Evans, 2018; Jourdain 
et al., 2013), a thorough understanding of the short- and long-term 
feedbacks between climate, NEP, fire and ΣFaq is needed (Hastie 
et al., 2019).

In this study, we aimed to determine the importance of two C 
loss pathways, namely fire and aquatic C export, and their role in 
offsetting the terrestrial C sink of a tropical catchment comprised 
of savanna woodland and seasonal wetlands. To achieve this, we 
modelled estimates of NEP for the two landscape components 
constrained by eddy-covariance measurements. We also quanti-
fied monthly C losses from fire emissions using a spatially explicit 
approach based on satellite imagery. To assess ΣFaq, we measured 
the fluxes of DIC, DOC and POC in river water and estimated the 
evasion of CO2 and CH4 from both the river and wetland surfaces. 
We then examined how fire and aquatic C losses compared to a 
landscape-averaged NEP at both annual and monthly time-scales to 
derive an NLCB (after Chi et al., 2020) for our targeted catchment. 
The study was conducted over a 2-year period in the Howard River 
catchment where there is a long-term flux tower site (AU-How) that 
is part of the Australian flux network, OzFlux (Beringer et al., 2016).
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2  | METHODS

2.1 | Study site

The Howard River catchment (~140 km2) is located in the wet–dry 
tropics of the Northern Territory, Australia. The low-relief land-
scape supports savanna woodlands (~35% of the catchment area) 
as well as permanent wetlands and seasonally inundated flood-
plains (~23%; Hutley, Beringer, Isaac, Hacker, & Cernusak,  2011; 
Moore et  al.,  2018). A zone of peri-urban, rural development oc-
cupies the remaining area (~42%) and is dominated by relatively 
large land parcels (2–5  ha) covered by native savanna vegetation. 
The savanna woodland NEP measured at AU-How is in the range 
350–510 Mg C km−2 year−1 (Beringer et al., 2007), with fire-related 
C loss estimated to reduce NEP by 160 Mg C km−2 year−1 on aver-
age depending on intensity and frequency (Beringer et  al.,  2007). 
Chen, Hutley, and Eamus (2003) also reported a similar NEP 
(380 Mg C km−2 year−1) based on repeated measures of tree incre-
ment, litterfall, soil and stem respiration (Re) in the catchment.

The annual rainfall average for the catchment was 1,890 mm for 
the period 1989–2018 (see Section  2.5), while annual runoff was 
680 mm with large interannual variations. Over 90% of rainfall oc-
curs between November and April, and, at the peak of the wet sea-
son, flooded land occupies almost a quarter of the catchment. These 
wetlands then surficially drain to the river until they dry out around 
June–July, depending on the magnitude and timing of wet season 
flooding (Birkel et al., 2020; Duvert et al., 2019). In the dry season, 
baseflow is sustained by a deep dolomite aquifer (Cook et al., 1998). 
High fluxes of terrestrially derived DIC and DOC occur during the 
wet season, which have been related to high connectivity between 
riparian floodplains, wetlands, shallow groundwater and the stream 
network (Birkel et al., 2020; Duvert et al., 2020).

2.2 | Quantification of aquatic C export

2.2.1 | Dissolved CO2, DIC and DOC measurements

To quantify the DIC and DOC fluxes exiting the catchment via run-
off, and the CO2 flux released from the river system, we measured 
the dissolved concentrations of DIC, DOC and CO2 in the river at a 
bi-hourly frequency over a 2-year period. While the DOC and CO2 
concentrations were measured directly, the DIC concentrations 
were obtained indirectly from pCO2, pH and temperature measure-
ments (see details below). The study spanned 2 years from October 
2016 to October 2018. In the following, ‘year 1’ and ‘year 2’ refer to 
the water-years October 2016–September 2017 and October 2017–
September 2018, respectively.

We used a custom-made equilibration chamber similar to that 
described in Santos, Maher, and Eyre (2012). Every 2 hr, a small sub-
mersible pump (Cyclone, Proactive) drew ~9 L of river water into a 
sealed chamber where an S-can spectrometer (Messtechnik GmbH) 
measured DOC, a PHEHT sensor (Ponsel) measured pH (±0.1) and 

water temperature (±0.01°C) at the start of each 2-hr cycle. In ad-
dition, the chamber headspace was linked to a non-dispersive in-
frared CO₂ sensor (GMP343, Vaisala) via a micropump (NMP-015B, 
KNF). The headspace air was continuously circulated through a 
Nafion dryer (MD-070-24P-4, Perma Pure) into the CO2 sensor and 
back into the bottom of the chamber. Gas equilibration was gener-
ally reached in 30–40 min, and pCO2 was recorded 1 hr after sam-
pling. Sensors were connected to a CR3000 datalogger (Campbell 
Scientific) and powered by a 12V battery recharged by solar panels.

2.2.2 | Sensor calibration

To calibrate our high-frequency monitoring system described above, 
samples were collected on a weekly to monthly basis for 2  years, 
resulting in 58 DIC and 31 DOC samples. Briefly, DIC concentrations 
were quantified using an extraction chamber connected to a Picarro 
G2101-i (Bass, Bird, Munksgaard, & Wurster, 2012), while DOC con-
centrations were measured on an organic carbon analyser (Shimadzu 
TOC-VCPH). The pH probe was calibrated at every site visit (weekly 
to monthly), while the pCO2 probe was calibrated twice over the 
course of the experiment using pure N2 gas (zero) and a CALGAZ 
CO2 standard (10,000  ppm). No significant drift in reported CO2 
concentrations was observed. Further details on the DOC and DIC 
calibration procedures are available in the Supporting Information 
(Methods S1 and S2).

2.2.3 | POC measurements

To determine the concentration of POC transported in suspended 
sediment, we also collected 13 samples under a wide range of flow 
conditions. These POC samples were analysed on a Flash elemental 
analyser and a Delta V Plus isotope ratio mass spectrometer (Thermo 
Scientific; see Methods S4 in Supporting Information).

2.2.4 | DIC, DOC and POC load estimates

We derived a time-series of DIC concentrations from our 2-hourly 
measurements of pCO2, pH and temperature using the CO2 solubil-
ity constant from Plummer and Busenberg (1982) and the dissocia-
tion constants from Harned and Davis (1943). We then compared 
the high-frequency DIC values to the DIC measurements obtained 
from grab samples and used the resultant regression to compute 
corrected DIC values (Methods S2 in Supporting Information). 
Annual DIC loads were then estimated from the corrected DIC data 
and corresponding discharge time-series. Uncertainties on DIC load 
estimates were quantified using a Monte Carlo error propagation ap-
proach (Methods S3 in Supporting Information). Because the catch-
ment is underlain by a dolostone formation, some of the DIC will 
originate from carbonate weathering. To discard the weathering-
sourced DIC, we applied the isotopically derived, seasonally varying 
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partitioning estimates as reported by Duvert et  al.  (2020) for the 
Howard River to estimated daily loads. We also propagated uncer-
tainties on these partitioning estimates.

Similarly, we calibrated the raw sensor DOC time-series using 
the values obtained from grab samples (Methods S1 in Supporting 
Information). Annual DOC loads and associated uncertainties were 
then estimated with the same procedure used to determine DIC 
(Methods S3 in Supporting Information). Unlike DIC and DOC, POC 
loads were estimated from a limited number of samples (n  =  13), 
which unsurprisingly led to greater uncertainties. In this instance, we 
chose to use the LOADEST Fortran program (Runkel, Crawford, & 
Cohn, 2004) to develop a regression model that allowed prediction 
of POC concentration from discharge data (Methods S4 in Supporting 
Information). For all load estimates, we provide 95% confidence inter-
vals, that is, the range between percentiles 2.5 and 97.5 (≈±2σ).

2.2.5 | Riverine and wetland CO2 evasion estimates

A large proportion of ΣFaq can occur via the evasion of CO2 at the 
water–air interface. We expected emissions from the seasonal wet-
lands to be controlled by different factors when compared to emis-
sions from the river itself, and therefore we distinguished between 
these two evasion fluxes in our calculations. For the seasonally 
flooded areas, CO2 evasion was directly integrated into wetland NEP 
estimates based on eddy-covariance flux measurements at a nearby 
seasonal floodplain (Beringer, Livesley, Randle, & Hutley, 2013; see 
Section 2.3.2). For the river network, the rate of CO2 evasion was 
estimated using three independent methods as detailed below.

The first method (hereafter referred to as ‘mass balance’) is 
based on the prior quantification of water source contributions 
(Duvert et al., 2020). In this instance, the rate of CO2 evasion was 
calculated as the sum of CO2 losses from each water source to the 
river outlet. The second method (‘groundwater recharge’) involved 
indirectly estimating CO2 evasion by quantifying the flux of DIC 
recharging the shallow aquifer. This method used the water table 
fluctuation approach (Healy & Cook, 2002) and required subtract-
ing the downstream export of DIC to avoid double accounting. 
The third method (‘empirical models’) involved estimating the 
gas transfer velocity (kCO2) using the three empirical models with 
best predictive power from Raymond et  al.  (2012), and deriving 
a time-series of the CO2 evasion flux from kCO2 values and our 
high-frequency pCO2 measurements. For each of the three meth-
ods, uncertainties were estimated via Monte-Carlo simulations. 
Further details on each method are provided in the Supporting 
Information (Methods S5). All data analyses were conducted in 
MATLAB R2017b.

2.2.6 | Riverine and wetland CH4 evasion estimates

Another potentially significant component of the NLCB is related 
to CH4 evasion. For the seasonal wetlands, the evasion of CH4 was 

estimated from a seasonal floodplain ~20 km from the Howard River, 
based on three measurement campaigns covering both flooded and 
non-flooded conditions (Beringer et  al.,  2013). Wet season CH4 
fluxes in Beringer et al. (2013) were measured using floating cham-
bers distributed across the major vegetation types of the wetland 
and include diffusive, ebullitive and plant-mediated fluxes. Because 
of the geomorphologic, climatic and environmental similarities be-
tween this site and the Howard River catchment, we used this previ-
ously established flux and scaled it to the area covered by seasonal 
wetlands in the Howard River catchment. For the river network, we 
hypothesized that CH4 evasion would be negligible, an assumption 
that we later discuss.

2.3 | Quantification of savanna and wetland NEP

To account for the heterogeneities in C sink strength between 
different ecosystems, we derived NEP estimates for two domi-
nant landscape components, (a) upland and peri-urban savanna 
and (b) seasonally flooded land. To do this, land use types were 
grouped using the SCP plugin in QGIS 2.14.3 and maximum likeli-
hood supervised classification of a Sentinel-2A image (European 
Space Agency) taken in May 2019. The rural development areas 
(42% of the catchment area) were included in the savanna vegeta-
tion type because all the isolated dwellings across the catchment 
occur within managed native savanna vegetation and do not affect 
the canopy cover significantly. After all infrastructure (e.g. roofs, 
road networks) was excluded from these peri-urban areas, the 
landscape was comprised of ~75% savanna and ~25% seasonally 
flooded land.

2.3.1 | NEP estimate for the savanna component

To obtain daily, monthly and annual NEP estimates for the savanna 
component, we acquired half-hourly fluxes of sensible heat, latent 
heat and net CO2 at the AU-How site throughout the 2  years of 
riverine measurements. Briefly, flux instruments are mounted on 
a 23 m guyed mast with adequate homogeneous fetch in all direc-
tions (~0.7 to 1.5 km) and slopes of <1. The instrumentation consists 
of a CSAT3 three-dimensional ultrasonic anemometer (Campbell 
Scientific) and an LI-7500 open path CO2/H2O analyser (Licor). 
Further details about the experimental setup at this long-term flux 
tower can be found in Beringer et al. (2007) and Hutley and Beringer 
(2011). Data were quality-controlled, gap-filled and NEP partitioned 
into gross primary production (GPP) and Re using the OzFluxQC and 
DINGO suites of Python scripts (Beringer, McHugh, Hutley, Isaac, 
& Kljun, 2017; Isaac et al., 2017). Further details on the procedure 
used to process eddy covariance data are given in the Supporting 
Information (Methods S6). As Livesley et al. (2011) have previously 
shown, CH4 fluxes from the savanna environment are negligible rela-
tive to the magnitude of CO2 fluxes; hence, we decided to neglect 
any savanna CH4 flux.
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2.3.2 | NEP estimate for the wetland component

Estimates of NEP for the wetland component were based on 
data from a second OzFlux site, Fogg Dam (AU-Fog; Beringer 
et al., 2016), a seasonal floodplain ~20 km from the Howard River 
where CO2 fluxes were measured for three years from 2006 to 
2008 (Beringer et al., 2013). The seasonal wetlands in our target 
catchment have very similar morphology and vegetation assem-
blages to those at AU-Fog. In addition, wet and dry season rainfall, 
temperature, solar radiation and the dynamics of vegetation cover 
at AU-Fog during the 3 years of observations were comparable to 
those during our two survey years (Methods S7); hence, we con-
sidered that using the average net C flux at AU-Fog as reported 
by Beringer et  al.  (2013) as a surrogate to estimate NEP for the 
wetlands of the Howard River catchment was appropriate. Further 
details on the representativeness of these asynchronous wetland 
NEP measurements are provided in the Supporting Information 
(Methods S7).

2.4 | Quantification of fire-related C emissions

To account for the losses in C through fire across the catch-
ment, we used the SavBAT 2.2 software (Commonwealth of 
Australia, 2015), an online tool that uses monthly MODIS observa-
tions of area burnt and vegetation type to estimate CO2, CH4 and 
N2O emissions. Based on the premise that fire severity is higher in 
the late dry season (Russell-Smith & Edwards, 2006), we assigned 
different patchiness and burning efficiency factors for early (be-
fore July 1) versus late (after July 1) dry season fire events. We 
uploaded shapefiles of the areal extent of each landscape com-
ponent (i.e. savanna and wetlands) into the SavBAT 2.2 algorithm 
to derive monthly fire-related CO2 and CH4 emissions for each 
component and for the 2 years of survey (see details in Methods 
S8 of the Supporting Information). To gain insight into interannual 
variations, we also quantified annual fire emissions from 2001 to 
2018 using SavBAT.

2.5 | Rainfall, runoff and evapotranspiration

Rainfall, runoff and evapotranspiration data were required to de-
rive annual water balances and, in the case of runoff, to convert 
DIC, DOC and POC concentrations into loads exported. For rain-
fall, we used four gauges managed by the Bureau of Meteorology 
(http://bom.gov.au/clima​te/data) within the catchment (BoM 
stations 14149, 14192, 14219 and 14226) and derived daily and 
annual rainfall totals using the mean from the four sites. For run-
off, we extracted hourly water discharge measurements for the 
gauged Howard River (Northern Territory Government station 
G8150179; https://water.nt.gov.au). Our manual and automated 
C measurements (DIC, DOC, POC) were undertaken at the gaug-
ing station. For evapotranspiration, we divided the latent heat flux 

data measured at the AU-How flux tower by the temperature-cor-
rected latent heat of vaporization in order to obtain hourly evapo-
transpiration estimates.

3  | RESULTS

3.1 | Hydrometeorological context

Total rainfall and runoff amounts were similar in both study years 
(Figure 1a). In year 1, the onset of the monsoon occurred in mid-
December and there were 11 major monsoonal events, where 
events are defined as consecutive rain days with total P > 100 mm 
(the highest event was 400 mm over 8 days). In year 2, the mon-
soon started later (mid-January) and there were five monsoonal 
events (the highest event being 710 mm over 7 days). As a result, 
slightly higher rainfall and runoff totals were recorded in the first 
year (rainfall 2,400 vs. 2,130 mm and runoff 1,140 vs. 1,050 mm 
for year 1 and year 2, respectively), but the highest maximum daily 
discharge occurred in year 2 (83 vs. 144 m3  s−1; the latter event 
corresponding to an 8-year return period). Both study years had 
above average rainfall conditions, the long-term (1989–2018) av-
erage being 1,890  mm/year. Both years also had higher annual 
runoff totals relative to the long-term (1997–2018) average of 
680 mm/year.

3.2 | Terrestrial C production

The savanna ecosystem in the Howard River catchment was a 
strong net C sink during most of the 2-year study period, with an 
average NEP of 14.4 µg C m−2 s−1 (Figure 1b). Because GPP gener-
ally peaked during the wet season, the sink strength was higher 
during these periods and comparatively lower in the dry season. 
There were short periods when the savanna was a weak C source, 
particularly following the first rainfall events of the early wet sea-
son (due to the ‘Birch effect’ as described by Beringer et al., 2007). 
Our average annual savanna NEP estimate for AU-How was 
455 ± 85 Mg C km−2 year−1 (Table 1; 524 ± 84 and 380 ± 86 Mg C/
km2 for year 1 and year 2). For the seasonally flooded wetland 
component, Beringer et al. (2013) reported a higher NEP in the wet 
season relative to the dry season due to increased plant productiv-
ity. We assumed an NEP of 308 ± 19 Mg C km−2 year−1 (Table 1) 
derived from the AU-Fog tower site as per Beringer et al. (2013). 
Note that this estimate does not comprise the offset by CH4 emis-
sions from wetlands, which was included in the catchment ΣFaq 
flux (see Section 3.4).

3.3 | Fire-related C emissions

According to our spatially explicit estimates of fire-related CO2 and CH4 
emissions (Ffire), the wetland areas (−62.6 ± 12.5 Mg C km−2 year−1) 

http://bom.gov.au/climate/data
https://water.nt.gov.au
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were slightly more affected by fire than savanna woodlands 
(−54.3 ± 10.9 Mg C km−2 year−1; Table 1). Using the areal extent of sa-
vanna versus seasonal wetland landscape components, we obtained 
an area-weighted Ffire estimate of −56.4 ± 11.3 Mg C km−2 year−1 for 
the catchment throughout the study period (Table  1), partitioned 
into −56.2 Mg CO2-C km−2 year−1 and −0.2 Mg CH4-C km−2 year−1 

(−40.1 ± 8.0 and −72.6 ± 14.5 Mg C/km2 for year 1 and year 2), with 
large monthly variations. Most fires occurred within the first months 
of the dry season (May–June), except for September 2018 when rela-
tively large areas (~20%) of the savanna and dried grassy floodplains 
burnt (Figure 1b). The fire emission estimate reported by Beringer 
et al.  (2007) for the flux tower footprint (~−160 Mg C km−2 year−1) 

F I G U R E  1   Hydrometeorological and C flux data for the Howard River catchment between 2016 and 2018. Time-series of (a) daily 
precipitation (P, 14-day moving mean) and bi-hourly discharge (Q); (b) daily savanna gross primary production (GPP), respiration (Re) and 
net ecosystem productivity (NEP) and their 20-day moving means, and monthly fire-related emission flux; (c) bi-hourly DIC and DOC 
downstream fluxes with lines representing medians and shaded areas representing uncertainties (percentiles 2.5 and 97.5); (d) CO2 evasion 
flux according to three methods with lines representing medians and shaded areas representing percentiles 2.5 and 97.5. For empirical 
models, the inter-percentile ranges are shown only for the lowest (equation 1 in Raymond et al., 2012, red) and highest (equation 2, orange) 
model outputs for clarity. In (b), positive fluxes indicate a net C sink
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is higher than our catchment-scale estimate, as the latter includes 
areas of peri-urban development, a land use that features housing on 
managed native vegetation where fire was largely excluded by own-
ers. Between 2001 and 2018, the fire C emissions varied between 
−39 and −137 Mg C km−2 year−1 (average −83 Mg C km−2 year−1).

3.4 | Aquatic C fluxes

The POC, DIC and DOC fluxes transported by the river were 
−1.9 ± 0.7, −4.1 ± 0.2 and −5.9 ± 0.4 Mg C km−2 year−1, respectively 
(Table 1). Because the study period encompassed years of particu-
larly high rainfall, our measured dissolved C fluxes are likely to be in 
the upper end of the range of possible ΣFaq fluxes for this catchment.

Our estimates of the CO2 evasion flux (FCO2) spanned a wide 
range depending on the approach used (Figure  1d; Table  1). 
Estimates based on method 3 (mean −3.2 ± 0.1 Mg C km−2 year−1 
or −3,960  g  C  m−2  year−1 of river area) were significantly lower 
than estimates based on methods 1 and 2 (−12.1  ±  1.4 and 
−17.2 ± 14.4 Mg C km−2 year−1 or −14,770 and −20,980 g C m−2 year−1 
of river area; Table  1). Because the pCO2 measurements used in 
method 3 were taken at the outlet of the catchment, they do not in-
corporate the higher pCO2 levels measured for middle and upstream 
reaches (Duvert et  al.,  2019). As a result, we expect that method 
3 will substantially underestimate the true CO2 evasion flux. While 
our estimate based on groundwater recharge may be a more reliable 

approximation of the evasion flux, this approach suffers from large 
uncertainties related to the aquifer's specific yield estimation (see 
Methods S5 in Supporting Information). As such, we considered our 
mass balance-derived evasion flux (method 1) to be the most realis-
tic estimate.

We also accounted for the flux of CH4 emitted from the seasonal 
wetlands based on data reported by Beringer et al. (2013). Extrapolating 
their wet and dry season measurements into an annual estimate, we 
obtained a flux of −17.2 ± 2.9 g C year−1 m−2 of wetland area, which 
once corrected for the surface area occupied by this landscape compo-
nent (25%) yielded a CH4 contribution of −4.3 ± 0.6 Mg C km−2 year−1 
to the catchment ΣFaq (Table 1). Altogether, the downstream export of 
DOC, DIC and POC and the FCO2 and FCH4 evasion fluxes represented 
an aquatic C export flux of −28.2 ± 12.5 Mg C km−2 year−1 (Table 1). 
This flux was relatively similar in years 1 and 2 at −28.8 ± 24.6 and 
−27.2 ± 22.8 Mg C/km2, respectively.

3.5 | Net landscape C balance

Using the areal extent of savanna versus seasonal wetland land-
scape components, we compiled an area-weighted NEP estimate 
of 418.6  ±  82.2 Mg C km−2  year−1 for the Howard River catchment. 
Deducting the aquatic and fire-related losses yields an NLCB of 
334.0  ±  175.3  Mg  C  km−2  year−1 (Figure  2; 401.4  ±  359.4 and 
262.6 ± 234.5 Mg C/km2 for year 1 and year 2), a significant net C sink in 

Flux Method Estimate (Mg C km−2 year−1)

NEPsavanna Eddy covariance 455.2 ± 84.8 (524.0 ± 83.9; 380.4 ± 85.6)

NEPwetland Eddy covariance 
(Beringer et al., 2013)

308.3 ± 19.2

Area-weighted NEP 418.6 ± 82.2 (470.3 ± 80.8; 362.4 ± 84.7)

Ffire savanna
a  SavBAT 2.2 −54.3 ± 10.9 (−39.2 ± 7.8; −69.4 ± 13.9)

Ffire wetland
a  SavBAT 2.2 −62.6 ± 12.5 (−42.8 ± 8.6; −82.3 ± 16.5)

Area-weighted Ffire
a  −56.4 ± 11.3 (−40.1 ± 8.0; −72.6 ± 14.5)

FCH4 wetland Flux chamber (Beringer 
et al., 2013)

−4.3 ± 0.6

FDOC High-frequency data −5.9 ± 0.4 (−5.9 ± 0.4; −6.0 ± 0.8)

FDIC High-frequency data −4.1 ± 0.2 (−4.6 ± 0.3; −3.5 ± 0.2)

FPOC Manual sampling −1.9 ± 0.7 (−1.7 ± 1.4; −2.0 ± 1.5)

FCO2 river (method 1) Mass balance −12.1 ± 1.4 (−12.3 ± 2.0; −11.4 ± 3.1)

FCO2 river (method 2) Groundwater recharge −17.2 ± 14.4 (−18.0 ± 15.2; −16.3 ± 13.6)

FCO2 river (method 3) Model 1 −2.7 ± 0.1 (−3.0 ± 0.1; −2.4 ± 0.1)

Model 2 −3.5 ± 0.1 (−3.9 ± 0.1; −3.2 ± 0.1)

Model 7 −3.4 ± 0.1 (−3.8 ± 0.1; −3.1 ± 0.1)

ΣFaqb  −28.2 ± 12.5 (−28.8 ± 24.6; −27.2 ± 22.8)

NLCB 334.0 ± 175.3 (401.4 ± 359.4; 
262.6 ± 234.5)

Estimates in bold correspond to totals for each flux.
a For these fluxes, the uncertainty was estimated as ±20% of the measured flux.  
b ΣFaq was calculated based on the CO2 evasion flux obtained from method 1.  

TA B L E  1   Summary of average annual C 
fluxes in the Howard River catchment for 
the 1/10/2016–30/9/2018 period. Values 
in parentheses in the estimate column 
are values for year 1 and year 2 when 
available. Uncertainties are expressed as 
±2σ unless stated otherwise
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both years. The aquatic C export and fire-related emissions were found 
to offset our area-weighted mean NEP by ~7% and ~13%, respectively.

We observed large seasonal variations in NEP, ΣFaq and Ffire 
(Figure 3), with a wet-season peak in NEP that was concomitant with 
high ΣFaq. Fire was restricted to the dry season, when ΣFaq was <2% 
of annual fluxes. Assuming that the temporal changes in C storage 
in the vegetation, soil and freshwater pools were negligible over the 
2-year measurement period relative to the observed monthly varia-
tions in flux, we examined the seasonal variations in NLCB (black line 
in Figure 3). Because ΣFaq peaked when NEP was highest, the magni-
tude of ΣFaq was never large enough to shift the NLCB to a C source. 
Conversely, high Ffire losses occurred when NEP was closer to zero, 
which led to the catchment becoming a net C exporter during May–
June of year 2. We recognize that this temporal analysis is somewhat 
conceptual, in that the landscape source–sink dynamics could vary fur-
ther depending on the time-scale of examination. Using daily data, one 
flooding event that occurred in late January–early February 2018 (year 
2) was sufficient to turn the system to a net C source for several days. 
This single event also accounted for ~39% of annual ΣFaq for year 2.

4  | DISCUSSION

Our landscape-scale approach allowed us to explicitly relate aquatic 
C export and fire-related emissions to terrestrial C productivity 

in a complex catchment of the wet–dry tropics. Our results show 
that savanna burning can shift the ecosystem to a net C source for 
several months in the early dry season. Aquatic C exports, despite 
being of lower magnitude than fire, can also significantly offset NEP 
during the wet season (by up to 18% for a given month). Here we 
highlight the uncertainties related to our flux estimates, discuss in 
more detail the respective roles of aquatic export and fire on the C 
balance of this landscape, and outline the potential effect of climatic 
variability on the current and future NLCB of the wet–dry tropical 
biome.

4.1 | Uncertainties on aquatic C export estimates

Constraining aquatic C fluxes is notoriously difficult, and we recog-
nize a number of limitations to our estimates of ΣFaq. First, recent 
research has highlighted the inherent difficulty in correctly account-
ing for riverine CO2 evasion, because heterogeneities in the surface 
and subsurface environments make this process highly localized 
in streams (Duvert, Butman, Marx, Ribolzi, & Hutley, 2018; Lupon 
et al., 2019; Rocher-Ros, Sponseller, Lidberg, Mörth, & Giesler, 2019). 
We argue that mass balance methods, as developed in this study, 
offer a more reliable alternative to more direct assessments of the 
evasion flux—and not surprisingly, approaches of this kind have been 
increasingly used in the literature (Davidson et  al.,  2010; Duvert 

F I G U R E  2   Annual net landscape C balance (NLCB) for the Howard River catchment. ΣFaq represents the sum of all aquatic C fluxes, 
including downstream export (FDIC, FDOC, FPOC) and evasion (FCO2 and area-weighted FCH4 from wetlands). Ffire savanna and Ffire wetland 
correspond to the fire-related C emissions for the savanna and wetland components, respectively, and Ffire is the area-weighted average 
for the whole catchment. NEPsavanna and NEPwetland are the annual net terrestrial C productivity for the savanna and wetland components, 
respectively, and NEP is the area-weighted average for the whole catchment. Percentages in parentheses for each landscape component at 
the top of the diagram correspond to area weightings

Savanna (75%)
Seasonal wetlands (25%) Drainage
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et al., 2019; Horgby et al., 2019; Hutchins, Tank, et al., 2020). Future 
efforts should focus on better characterization of the variability of 
groundwater inputs along rivers, and integrating this flux into catch-
ment and regional C budgets.

Second, several processes are known to modify the pools of 
dissolved C in rivers. Aquatic metabolism in particular may play an 
important role in regulating the DIC pool, and while the consump-
tion of CO2 by microphytes such as algae would be compensated 
by increased POC flux, the photosynthetic activity of freshwa-
ter macrophytes can result in a net uptake of CO2 or ionic forms 
of DIC (Iversen et al., 2019). However, low photosynthetic activity 
can be expected in the often nutrient-limited rivers of the study re-
gion (Garcia et al., 2015; Townsend, Webster, & Schult, 2011). The 
burial of organic matter in the river sediments is another missing 
term in our C balance, which might be of importance in this low-
land river where some sediment deposition occurs in downstream 
areas. Heterotrophic Re of this organic material stored in the river 
and riverbed may have added CO2 and CH4 to the water column, 
particularly at the onset of the wet season when the accumulated 
litter in wetlands and riparian areas is flushed into the river (e.g. 
Acuña, Giorgi, Muñoz, Sabater, & Sabater,  2007). While any such 
CO2 production would have been included in our mass balance, we 
did not measure the potential flux of CH4 from the river surface to 
the atmosphere. We hypothesize that this flux was unlikely to be as 
high as the CH4 flux from the wetland component, where the pool of 
decaying organic material is significantly larger. The relatively limited 
areal extent of the river network relative to the wetland component 
(0.4% vs. 24.9% of the catchment area) also suggests that the omis-
sion of CH4 evasion from the river did not result in underestimation 
of ΣFaq. Stanley et al. (2016) report a fluvial CH4 flux between 1 and 
18  Mg  C  km−2  year−1 for tropical savannas and grasslands, which 
scaled to the Howard River catchment area would yield an efflux of 
0.01–0.07 Mg C km−2 year−1.

Our estimates of CH4 emissions from wetlands were based 
on published work in a nearby seasonal wetland (Beringer 
et al., 2013), but as acknowledged by the authors, the large spatial 

heterogeneity inherent to CH4 fluxes would require additional data 
to better constrain CH4 emissions across this landscape. Because 
CH4 fluxes are often greater in densely vegetated areas, the ripar-
ian corridor for instance could contribute higher CH4 to the atmo-
sphere. Bass et al. (2014) reported higher CH4 fluxes compared to 
Beringer et  al.  (2013) in a similar seasonal floodplain (equivalent 
to annual emission rates of ~166 Mg C km−2 year−1). But the data 
of Bass et al. (2014) were recorded under flooded conditions only, 
that is, when fluxes were greatest; hence, this value cannot be 
extrapolated to provide an annual emission rate. In general, more 
work is needed before we can assess the impact of CH4 emissions 
with more confidence. We suggest that future efforts will need 
to systematically include the ebullitive CH4 flux, as sensors to 
measure this potentially important term are becoming available 
(Maeck, Hofmann, & Lorke, 2014; Maher, Drexl, Tait, Johnston, & 
Jeffrey, 2019).

In contrast to the potential underestimates of ΣFaq as listed 
above, there is one aspect of our C budget that may be conducive 
to an overestimate of FCO2. Some of the terrestrially respired CO2 
may be transferred to wetlands via shallow groundwater flow and 
be subject to evasion once in that landscape component (Duvert 
et al., 2020). Because this flux was already integrated in the Re term 
of the seasonal wetland NEP estimate, we may have accounted twice 
for this evading CO2. We chose not to correct for this potential dou-
ble-accounting as we could not realistically estimate the fraction of 
wetland-evaded CO2 of an ultimately terrestrial origin.

4.2 | Relative importance of and controls on fire and 
aquatic export

Tropical savannas are one of the most frequently burnt ecosystems 
globally, with large implications for C cycling (Beringer et al., 2007, 
2015; Murphy et  al.,  2019; van der Werf et  al.,  2010). We found 
that fire-related emissions had the capacity to reduce or even en-
tirely offset NEP during the dry season (Figure 3). The timing of fire 

F I G U R E  3   Monthly variations in the net landscape C balance (NLCB) of the Howard River catchment between 2016 and 2018. Grey bars 
represent the monthly net ecosystem productivity (NEP) estimates, while orange and blue bars represent the offset of NEP by fire-related 
emissions (Ffire) and aquatic export (ΣFaq), respectively. The black line represents the net C flux (NLCB) across the 2 years of survey. The 
numbers in italic at the bottom of each monthly bar correspond to the per cent offset of NEP by the combination of Ffire and ΣFaq. Positive 
NLCB values indicate a net C sink, while negative NLCB values indicate that the ecosystem is shifting to a net C source. ΣFaq was obtained by 
summing the DIC, DOC, POC, and CO2 and CH4 (evasion) fluxes
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events was also important, with late dry season fires yielding higher 
emissions than early dry season fires. There is a long history of re-
search on the effect of fire seasonality in northern Australian sa-
vannas, the current understanding being that fires that occur late in 
the dry season are of greater intensity and extent (Russell-Smith & 
Edwards, 2006; Williams, Gill, & Moore, 1998), and result in substan-
tially larger greenhouse gas emissions (Russell-Smith et  al.,  2013, 
2017) than early dry season fires. Our analysis also illustrates the 
importance of fires in the dried floodplain and wetland environ-
ments, which generated higher C losses per unit area than upland 
savannas. Fire is known to significantly affect seasonally flooded 
tropical wetlands, but the ramifications for C storage are not fully 
understood (Mitsch et al., 2010). The large interannual variability in 
fire extent and severity in the Howard River catchment precludes 
us from providing a credible, long-term magnitude of offset by fire 
using observations.

Although not as important as fire C losses, aquatic C export also 
contributed to the reduction of NEP, particularly during the wet sea-
son when river flow was greatest (Figure  3). Our ΣFaq estimate of 
−28.2 Mg C km−2 year−1 is comparable to values reported elsewhere 
for the humid tropics (Vihermaa et al., 2016; Waterloo et al., 2006), 
but lower than the estimate by Shih et al. (2018) who found extremely 
high DIC loads in a humid, mountainous region. Global averages for 
downstream C export in tropical rivers were estimated by Huang, Fu, 
Pan, and Chen (2012) at −2.0, −2.1 and −3.3  Mg  C  km−2  year−1 for 
POC, DOC and DIC loads, respectively. Our load estimates were 
nearly equivalent (POC) and significantly higher (DOC and DIC) than 
these global values, a finding that suggests that aquatic C export in 
the wet–dry tropics may be larger than previously thought, and that 
more observations are urgently needed in this region. Our DOC load 
estimate was also higher than that modelled by Birkel et al. (2020) for 
the same river system (−5.9 vs. −1.9 to −2.3 Mg C km−2 year−1), which 
we attribute to the lower (daily) frequency used in the previous mod-
elling work which may have underestimated peak fluxes, and to the 
inclusion of data from a previous, drier, water-year in the model (Birkel 
et al., 2020).

Discharge exerted primary control on both DOC and DIC fluxes 
(Figure  1c), although it is interesting to note the decoupling be-
tween DOC and DIC dynamics. While both fluxes peaked at high 
flow, the DOC flux was 2–10 times higher than the DIC flux during 
major runoff events. Under baseflow conditions, in contrast, the DIC 
flux was maintained at a relatively high rate, whereas the DOC flux 
neared zero. Readers are referred to an extended discussion on con-
centration–discharge patterns for DIC and DOC in the Supporting 
Information (Discussion S1).

Despite the significance of downstream DOC and DIC loads, CO2 
evasion was identified as the largest contribution to ΣFaq by far, con-
sistent with Duvert et al. (2020) and similar to recent work in trop-
ical landscapes dominated by wetlands (Borges et al., 2019; Hastie 
et al., 2019). Altogether, our estimates of ΣFaq have the potential to 
offset estimates of the annual terrestrial C sink by about 7%—an off-
set that could be potentially much higher in less productive areas of 
the wet–dry tropics (see Section 4.3).

4.3 | Towards an NLCB for the wet–dry tropical  
biome

Given the global land area occupied by seasonal tropical ecosystems, 
developing credible NLCB estimates for the wet–dry tropics is criti-
cal to both constraining the global C cycle and predicting impacts 
of enhanced climatic variability. Few studies have simultaneously 
captured a time-series of NEP and aquatic C export in the tropi-
cal savanna biome (although our wetland NEP estimate was derived 
from asynchronous measurements). Several studies have focused 
on the less seasonal Amazon basin, but very few have accounted for 
all the terms making up ΣFaq, with only one accounting for both ΣFaq 
and Ffire (Hastie et  al.,  2019). Waterloo et  al.  (2006) only consid-
ered DOC and POC export, Davidson et al. (2010) only considered 
CO2 evasion and Zhou et al. (2013) did not account for CO2 evasion. 
All these studies yielded a relatively low reduction of the NEP sink 
strength by ΣFaq (5%–6%, 2%–3% and 3%, respectively). However, a 
different pattern is now emerging from more complete assessments 
of ΣFaq and of its role in offsetting NEP. In a small catchment of 
the Amazon, Vihermaa et al. (2016) found that combining all terms 
of ΣFaq could reduce NEP by 43%–60%. At the scale of the entire 
Amazon basin, new modelling by Hastie et al. (2019) suggests that 
78% of NEP was lost via aquatic flux, mostly through CO2 evasion 
from wetlands and floodplains. When including the effects of fire 
and harvest, the offset even reached 96% (Hastie et al., 2019). In the 
Congo River basin, Borges et  al.  (2019) compared their estimates 
of CO2 evasion to an approximation of the terrestrial NEP for the 
region, and concluded that losses via ΣFaq were three times larger 
than NEP. They reasoned that only an additional C source from the 
extensive wetlands (flooded gallery forests), not accounted for in 
terrestrial NEP estimates, could explain such a disproportionately 
large ΣFaq term.

Our estimate of the per cent loss of NEP by ΣFaq, arguably the 
first for the wet–dry tropics, is relatively small (~7%) compared to 
the recent studies described above, and significantly lower than 
our estimate of the NEP offset by fire. Nevertheless, our conclu-
sion that the offset by ΣFaq is small relative to NEP may not hold 
for other areas of the wet–dry tropical biome. The Howard River 
catchment is located in a high rainfall, coastal savanna area that 
represents a relatively small proportion (~60,000  km2) of the 
total extent of tropical savannas in Australia (1.92 million  km2; 
Hutley et al., 2011), where wetlands may occupy a larger propor-
tion of the landscape than in drier areas of the wet–dry tropics 
and where NEP is at the upper end of the global average for this 
biome (Beringer et al., 2007; Chen et al., 2003; Grace, José, Meir, 
Miranda, & Montes,  2006). The high NEP observed at AU-How 
can be attributed to a range of factors. Hutley and Beringer (2011) 
demonstrated that despite frequent fire, the site is experiencing 
vegetation thickening post-Cyclone Tracy (1974), with a tree sink of 
~50 Mg C km−2 year−1. This tree sink may well be underestimated 
due to incomplete biomass inventory when using allometric meth-
ods (Calders et al., 2015; Gonzalez de Tanago et al., 2018), as was 
undertaken here. Accumulation of soil C may also be occurring at 
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the site, although previous studies on changes in soil C stock in 
tropical savannas have been inconclusive (Allen et al., 2014). Lastly, 
charcoal production can be another significant sink in fire-prone 
landscapes (Jones, Santín, van der Werf, & Doerr,  2019), and is 
known to represent about 10% of biomass burnt in Australian trop-
ical savannas (Saiz et al., 2015).

Areas to the south of the Howard River that receive lower rain-
fall are much weaker C sinks (Beringer et  al.,  2015), and so ΣFaq 
could affect NEP more significantly in these areas, in line with Webb 
et al. (2019) who found that the relative importance of ΣFaq increased 
with decreasing NEP. For instance, the Litchfield savanna supersite, 
located 85  km southwest of Howard Springs (Karan et  al.,  2016), 
had an average NEP of 82 Mg C km−2 year−1 for the two water-years 
corresponding to our survey (J. Beringer & L. B. Hutley, 2020, un-
published data). This is less than a fifth of NEP at the Howard River 
catchment, for similar annual rainfall (~1,900  mm)—although this 
site experiences frequent high-severity fires and has a biomass 30% 
lower than AU-How. While it is difficult to scale our estimates of 
ΣFaq to the Litchfield area, given the role of runoff in controlling ΣFaq 
it would be reasonable to assume the aquatic C flux to be of similar 
magnitude to that measured for the Howard River, and so the offset 
would reach ~30%–35% of NEP in that case. We postulate that the 
reduction of NEP by ΣFaq might be even more disproportionate in 
areas of the wet–dry tropics where the strength of the terrestrial 
sink is even weaker. Clearly, more studies are needed to upscale this 
first NLCB estimate to less productive, yet hydrologically dynamic 
regions of the wet–dry tropics.

Even though ΣFaq was found to be less important in this trop-
ical savanna landscape than in wetter regions of the tropics, it is 
an important flux to consider if we are to develop credible NLCBs. 
This is particularly critical in tropical ecosystems, which unlike our 
study site are often weak C sinks (Beringer et al., 2015; Vihermaa 
et al., 2016). In these pulse-driven landscapes more than anywhere 
else, high-frequency surveys of ΣFaq are essential, as we showed that 
a single flooding event (e.g. the January–February event in 2018) 
could account for 39% of annual ΣFaq.

4.4 | Feedbacks between NLCB and current and 
future climate

Climatic conditions are known to exert a strong control on both 
terrestrial C production (NEP) and export (ΣFaq and Ffire; Hastie 
et al., 2019; Öquist et al., 2014; Song et al., 2020; Webb et al., 2019). 
While we were not able to test the relationship between annual 
rainfall and ΣFaq because of the limited number of years of observa-
tions, significant connections between rainfall and ΣFaq have been 
reported in many parts of the world including the tropics (Butman 
et al., 2016; Chi et al., 2020; Hastie et al., 2019; Öquist et al., 2014; 
Rasera, Krusche, Richey, Ballester, & Victória,  2013). It would be 
reasonable to expect the same pattern in the Howard River, that is, 
wet years fuelling aquatic C export, because of the high sensitivity 
of ΣFaq to discharge (Figure  1c,d). Given the relatively predictable 

behaviour of dissolved and evasion fluxes, and provided robust cali-
bration with additional years of data, we envisage that in the future 
ΣFaq can be predicted using discharge data.

More complex is the relationship between rainfall and NEP, par-
ticularly in the tropics (Baldocchi, Chu, & Reichstein, 2018) where 
wetter years were associated with either a greater (Zeri et al., 2014) 
or a smaller (Yan et al., 2013) terrestrial C sink. In the Howard River 
catchment, wetter conditions may result in increased grass pro-
duction, but other controlling factors such as light limitations from 
persistent cloud cover during the wet season have been found to 
complicate the response of NEP to changes in rainfall (Whitley 
et al., 2011).

Climate change will bring longer and more intense heatwaves in 
northern Australia (Herold et al., 2018). Models also suggest a 5%–
20% increase in monsoon rainfall over the second half of the 20th 
century (Jourdain et al., 2013), although uncertainties remain on the 
effect of climate change on rainfall in tropical Australia (Dey, Lewis, 
Arblaster, & Abram, 2019). These potential changes will have import-
ant yet unknown ramifications on the NLCB of the wet–dry tropics. 
Hastie et al.  (2019) showed that annual increases in the terrestrial 
C sink in the Amazon basin were offset by greater C losses via ΣFaq. 
Likewise, we hypothesize that increased atmospheric CO2, wetter 
conditions and more intense events in northern Australia will to-
gether increase wet-season terrestrial C production but also aquatic 
C export. Combined with hotter conditions in the dry season, these 
scenarios may also lead to an increase in fire C emissions, potentially 
further offsetting the current C sink. However, integrating fire emis-
sions to NLCB predictions is difficult as savanna burning is typically 
driven by a combination of biophysical and societal factors (Russell-
Smith et al., 2013).

The tropical savanna NLCB may shift from a weak C sink to a C 
source in the future due to hotter and wetter climate and the com-
bined effect of increased fire and aquatic export. To better predict 
and mitigate future changes in the tropical savanna NLCB, we need 
more integrative views of C cycling between the different landscape 
components and aquatic systems, and a better understanding of the 
long-term feedbacks between climate, NEP, fire and aquatic C ex-
port (Chi et al., 2020; Hastie et al., 2019).
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