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34 Abstract

35 The magnitude of the terrestrial carbon (C) sink may be overestimated globally due to the difficulty 

36 of accounting for all C losses across heterogeneous landscapes. More complete assessments of net 

37 landscape C balances (NLCB) are needed that integrate both emissions by fire and transfer to aquatic 

38 systems, two key loss pathways of terrestrial C. These pathways can be particularly significant in the 

39 wet-dry tropics, where fire plays a fundamental part in ecosystems and where intense rainfall and 

40 seasonal flooding can result in considerable aquatic C export (ΣFaq). Here, we determined the NLCB 

41 of a lowland catchment (~140 km2) in tropical Australia over two years by evaluating net terrestrial 

42 productivity (NEP), fire-related C emissions and ΣFaq (comprising both downstream transport and 

43 gaseous evasion) for the two main landscape components, i.e. savanna woodland and seasonal 

44 wetlands. We found that the catchment was a large C sink (NLCB 334 Mg C km-2 yr-1), and that 

45 savanna and wetland areas contributed 84 and 16% to this sink, respectively. Annually, fire 

46 emissions (-56 Mg C km-2 yr-1) and ΣFaq (-28 Mg C km-2 yr-1) reduced NEP by 13 and 7%, respectively. 

47 Savanna burning shifted the catchment to a net C source for several months during the dry season, 

48 while ΣFaq significantly offset NEP during the wet season, with a disproportionate contribution by 

49 single major monsoonal events – up to 39% of annual ΣFaq was exported in one event. We 

50 hypothesise that wetter and hotter conditions in the wet-dry tropics in the future will increase ΣFaq 

51 and fire emissions, potentially further reducing the current C sink in the region. More long-term 

52 studies are needed to upscale this first NLCB estimate to less productive, yet hydrologically dynamic 

53 regions of the wet-dry tropics where our result indicating a significant C sink may not hold.

54 Keywords: carbon dioxide – fluvial carbon transport – fire-related emissions – inland waters – land 

55 carbon sink – methane – net ecosystem carbon budget – seasonal wetland
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56 1 Introduction

57 Globally terrestrial ecosystems are a net sink for atmospheric carbon dioxide (CO2), yet the 

58 magnitude of this sink remains uncertain, principally because not all carbon (C) losses are accurately 

59 accounted for in C budgets (Chapin et al. 2006; Kirschbaum et al. 2019). Uncertainty is especially 

60 large in the tropics where emissions from ecosystem disturbances such as fire can considerably 

61 diminish the strength of the terrestrial C sink (van der Werf et al. 2010). Terrestrial C budgets are 

62 impacted by fire via the direct combustion of primary productivity but also via the C cost of post-fire 

63 regrowth and recovery (Chuvieco 2009). Global fire emissions are estimated at 2.2 Pg C yr-1 (van der 

64 Werf et al. 2017), a flux of similar magnitude to the net terrestrial C sink (Friedlingstein et al. 2019). 

65 At regional to catchment scales, estimating C emissions from fire is uncertain, driven largely by 

66 inaccurate detection of burnt area at fine scales (< 250 m), spatial variability of combustion 

67 completeness and interannual variability of fuel production (van der Werf et al. 2017).

68 Another pathway that has potential to significantly offset the magnitude of the terrestrial C sink is 

69 the aquatic export of terrestrial C (Kling et al. 1991; Billett et al. 2004; Raymond et al. 2013; Butman 

70 et al. 2016), hereafter abbreviated as ΣFaq to reflect the sum of exports from inland waters, including 

71 downstream flux (dissolved inorganic carbon – DIC; dissolved organic carbon – DOC; particulate 

72 organic carbon – POC) and gaseous evasion (CO2; methane – CH4). According to recent estimates, 

73 ΣFaq may be as high as 5.1 Pg C yr-1 globally (Drake et al. 2018), larger than the global net terrestrial C 

74 sink. Recent work based on continental and global datasets suggests that ΣFaq tends to scale with the 

75 terrestrial net ecosystem productivity (NEP) of a given catchment (Butman et al. 2016; Webb et al. 

76 2019). However, these studies also highlight considerable variability in the relationship of ΣFaq to NEP 

77 across ecosystems, and to date accounting for the role of ΣFaq in offsetting NEP remains elusive. The 

78 lack of sufficient site-specific observations that integrate terrestrial and aquatic C fluxes is 

79 preventing a full understanding of the significance of and controls on ΣFaq (Webb et al. 2019), which 

80 in turn hinders our ability to accurately evaluate catchment- and landscape-scale C budgets.

81 Despite the knowledge that tropical freshwaters may contribute disproportionately to global ΣFaq, 

82 large observational gaps remain in this region (Aufdenkampe et al. 2011; Raymond et al. 2013; 

83 Regnier et al. 2013; Lauerwald et al. 2015; Drake et al. 2018). Few catchment-scale studies explicitly 

84 relating ΣFaq to terrestrial NEP have been conducted in the tropics (Waterloo et al. 2006; Davidson et 

85 al. 2010; Zhou et al. 2013; Vihermaa et al. 2016; Hastie et al. 2019). To our knowledge, none have 

86 been undertaken in the wet-dry tropics, a vast area comprising ~11% of the global land area (Beck et 

87 al. 2018) where highly seasonal rainfall regimes and frequent fire result in considerable variations in 

88 C budgets, both spatially and temporally.
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89 Landscapes of the wet-dry tropics are typically composed of various ecosystem types, including dry-

90 deciduous forests, savanna woodlands and seasonal wetlands and floodplain networks. Savannas are 

91 among the most fire-prone ecosystems globally (van der Werf et al. 2010; Beringer et al. 2015), 

92 while seasonal wetlands are known to play a major role in aquatic C export (Abril et al. 2014; Borges 

93 et al. 2015; Abril and Borges 2019; Borges et al. 2019). These wetlands can also be significantly 

94 affected by fire during the drier months (Mitsch et al. 2010). Given the likely large spatial 

95 heterogeneities in C budgets between different landscape components, a landscape scale approach 

96 is required for the wet-dry tropics. In this regard, integrative approaches such as those being 

97 developed for the boreal biome are of particular interest (Öquist et al. 2014; Chi et al. 2020; 

98 Hutchins et al. 2020a; Hutchins et al. 2020b). Here we use the net landscape C balance (NLCB) 

99 approach as introduced by Chi et al. (2020) to account for the diversity in landscape components 

100 and their varying contributions to catchment-scale C cycling. 

101 Extremely high fluxes of terrestrially-derived, dissolved C have been observed in the tropical 

102 savannas of northern Australia (Tweed et al. 2016; Duvert et al. 2020), but how this seasonal aquatic 

103 C flux compares to terrestrial productivity remains unknown. Regional and continental scale C 

104 budgets for Australia do not fully account for ΣFaq losses (Haverd et al. 2013; Beringer et al. 2015), 

105 with DIC and gaseous evasion from inland waters often overlooked. Northern Australian savannas 

106 can lose up to ~50% of NEP to fire (Beringer et al. 2007; Murphy et al. 2019), and these ecosystems 

107 are currently seen as a weak C sink to a C source depending on the extent of fire (Beringer et al. 

108 2015). While the magnitude of ΣFaq is unlikely to be as high as fire-related C loss, inclusion of all 

109 offsets to NEP may shift the source–sink status of Australian tropical savannas. With increasing 

110 climatic extremes in the region (Jourdain et al. 2013; Herold et al. 2018), a thorough understanding 

111 of the short- and long-term feedbacks between climate, NEP, fire and ΣFaq is needed (Hastie et al. 

112 2019). 

113 In this study, we aimed to determine the importance of two C loss pathways, namely fire and aquatic 

114 C export, and their role in offsetting the terrestrial C sink of a tropical catchment comprised of 

115 savanna woodland and seasonal wetlands. In order to achieve this, we modelled estimates of NEP 

116 for the two landscape components constrained by eddy-covariance measurements. We also 

117 quantified monthly C losses from fire emissions using a spatially explicit approach based on satellite 

118 imagery. To assess ΣFaq, we measured the fluxes of DIC, DOC and POC in river water and estimated 

119 the evasion of CO2 and CH4 from both the river and wetland surfaces. We then examined how fire 

120 and aquatic C losses compared to a landscape-averaged NEP at both annual and monthly time-scales 

121 to derive a NLCB (after Chi et al. 2020) for our targeted catchment. The study was conducted over a 
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122 two-year period in the Howard River catchment where there is a long-term flux tower site (AU-How) 

123 that is part of the Australian flux network, OzFlux (Beringer et al. 2016).

124 2 Methods

125 2.1 Study site

126 The Howard River catchment (~140 km2) is located in the wet-dry tropics of the Northern Territory, 

127 Australia. The low-relief landscape supports savanna woodlands (~35% of the catchment area) as 

128 well as permanent wetlands and seasonally inundated floodplains (~23%) (Hutley et al. 2011; Moore 

129 et al. 2018). A zone of peri-urban, rural development occupies the remaining area (~42%) and is 

130 dominated by relatively large land parcels (2-5 ha) covered by native savanna vegetation. The 

131 savanna woodland NEP measured at AU-How is in the range 350 to 510 Mg C km-2 yr-1 (Beringer et 

132 al. 2007), with fire-related C loss estimated to reduce NEP by -160 Mg C km-2 yr-1 on average 

133 depending on intensity and frequency (Beringer et al. 2007). Chen et al. (2003) also reported a 

134 similar NEP (380 Mg C km-2 yr-1) based on repeated measures of tree increment, litterfall, soil and 

135 stem respiration in the catchment.

136 The annual rainfall average for the catchment was 1890 mm for the period 1989-2018 (see Section 

137 2.5), while annual runoff was 680 mm with large interannual variations. Over 90% of rainfall occurs 

138 between November and April, and, at the peak of the wet season, flooded land occupies almost a 

139 quarter of the catchment. These wetlands then surficially drain to the river until they dry out around 

140 June-July, depending on the magnitude and timing of wet season flooding (Duvert et al. 2019; Birkel 

141 et al. 2020). In the dry season, baseflow is sustained by a deep dolomite aquifer (Cook et al. 1998). 

142 Particularly high fluxes of terrestrially-derived DIC and DOC occur during the wet season, which have 

143 been related to high connectivity between riparian floodplains, wetlands, shallow groundwater and 

144 the stream network (Birkel et al. 2020; Duvert et al. 2020).

145 2.2 Quantification of aquatic C export

146 2.2.1 Dissolved CO2, DIC and DOC measurements

147 To quantify the DIC and DOC fluxes exiting the catchment via runoff, and the CO2 flux released from 

148 the river system, we measured the dissolved concentrations of DIC, DOC and CO2 in the river at a bi-

149 hourly frequency over a two-year period. While the DOC and CO2 concentrations were measured 

150 directly, the DIC concentrations were obtained indirectly from pCO2, pH and temperature 

151 measurements (see details below). The study spanned two years from October 2016 to October 

152 2018. In the following, ‘year 1’ and ‘year 2’ refer to the water-years Oct-2016 to Sep-2017 and Oct-

153 2017 to Sep-2018, respectively.
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154 We used a custom-made equilibration chamber similar to that described in Santos et al. (2012). 

155 Every two hours, a small submersible pump (Cyclone, Proactive) drew ~9 litres of river water into a 

156 sealed chamber where an S-can spectrometer (Messtechnik GmbH) measured DOC, a PHEHT sensor 

157 (Ponsel) measured pH (± 0.1) and water temperature (± 0.01°C) at the start of each 2-hour cycle. In 

158 addition, the chamber headspace was linked to a non-dispersive infrared CO₂ sensor (GMP343, 

159 Vaisala) via a micropump (NMP-015B, KNF). The headspace air was continuously circulated through a 

160 Nafion dryer (MD-070-24P-4, Perma Pure) into the CO2 sensor and back into the bottom of the 

161 chamber. Gas equilibration was generally reached in 30-40 minutes, and pCO2 was recorded one 

162 hour after sampling. Sensors were connected to a CR3000 datalogger (Campbell Scientific) and 

163 powered by a 12V battery recharged by solar panels.  

164 2.2.2 Sensor calibration

165 To calibrate our high-frequency monitoring system described above, samples were collected on a 

166 weekly to monthly basis for two years, resulting in 58 DIC and 31 DOC samples. Briefly, DIC 

167 concentrations were quantified using an extraction chamber connected to a Picarro G2101-i (Bass et 

168 al. 2012), while DOC concentrations were measured on an organic carbon analyser (Shimadzu TOC-

169 VCPH). The pH probe was calibrated at every site visit (weekly to monthly), while the pCO2 probe 

170 was calibrated twice over the course of the experiment using pure N2 gas (zero) and a CALGAZ CO2 

171 standard (10,000 ppm). No significant drift in reported CO2 concentrations was observed. Further 

172 details on the DOC and DIC calibration procedures are available in the Supporting Information 

173 (Methods S1 and S2). 

174 2.2.3 POC measurements

175 To determine the concentration of POC transported in suspended sediment, we also collected 13 

176 samples under a wide range of flow conditions. These POC samples were analysed on a Flash 

177 elemental analyser and a Delta V Plus isotope ratio mass spectrometer (Thermo Scientific; see 

178 Methods S4 in Supporting Information).

179 2.2.4 DIC, DOC and POC load estimates

180 We derived a time-series of DIC concentrations from our two-hourly measurements of pCO2, pH and 

181 temperature using the CO2 solubility constant from Plummer and Busenberg (1982) and the 

182 dissociation constants from Harned and Davis (1943). We then compared the high-frequency DIC 

183 values to the DIC measurements obtained from grab samples and used the resultant regression to 

184 compute corrected DIC values (Methods S2 in Supporting Information). Annual DIC loads were then 

185 estimated from the corrected DIC data and corresponding discharge time-series. Uncertainties on 

186 DIC load estimates were quantified using a Monte Carlo error propagation approach (Methods S3 in 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

187 Supporting Information). Because the catchment is underlain by a dolostone formation, some of the 

188 DIC will originate from carbonate weathering. To discard the weathering-sourced DIC, we applied 

189 the isotopically-derived, seasonally-varying partitioning estimates as reported by Duvert et al. (2020) 

190 for the Howard River to estimated daily loads. We also propagated uncertainties on these 

191 partitioning estimates. 

192 Similarly, we calibrated the raw sensor DOC time-series using the values obtained from grab samples 

193 (Methods S1 in Supporting Information). Annual DOC loads and associated uncertainties were then 

194 estimated with the same procedure used to determine DIC (Methods S3 in Supporting Information). 

195 Unlike DIC and DOC, POC loads were estimated from a limited number of samples (n=13), which 

196 unsurprisingly led to greater uncertainties. In this instance, we chose to use the LOADEST Fortran 

197 program (Runkel et al. 2004) to develop a regression model that allowed prediction of POC 

198 concentration from discharge data (Methods S4 in Supporting Information). For all load estimates, 

199 we provide 95% confidence intervals, i.e. the range between percentiles 2.5 and 97.5 (≈ ±2σ).

200 2.2.5 Riverine and wetland CO2 evasion estimates

201 A large proportion of ΣFaq can occur via the evasion of CO2 at the water–air interface. We expected 

202 emissions from the seasonal wetlands to be controlled by different factors when compared to 

203 emissions from the river itself, and therefore we distinguished between these two evasion fluxes in 

204 our calculations. For the seasonally flooded areas, CO2 evasion was directly integrated into wetland 

205 NEP estimates based on eddy-covariance flux measurements at a nearby seasonal floodplain 

206 (Beringer et al. 2013) (see Section 2.3.2). For the river network, the rate of CO2 evasion was 

207 estimated using three independent methods as detailed below.

208 The first method (hereafter referred to as “mass-balance”) is based on the prior quantification of 

209 water source contributions (Duvert et al. 2020). In this instance, the rate of CO2 evasion was 

210 calculated as the sum of CO2 losses from each water source to the river outlet. The second method 

211 (“groundwater recharge”) involved indirectly estimating CO2 evasion by quantifying the flux of DIC 

212 recharging the shallow aquifer. This method used the water table fluctuation approach (Healy and 

213 Cook 2002) and required subtracting the downstream export of DIC to avoid double accounting. The 

214 third method (“empirical models”) involved estimating the gas transfer velocity (kCO2) using the three 

215 empirical models with best predictive power from Raymond et al. (2012), and deriving a time-series 

216 of the CO2 evasion flux from kCO2 values and our high-frequency pCO2 measurements. For each of the 

217 three methods, uncertainties were estimated via Monte-Carlo simulations. Further details on each 

218 method are provided in the Supporting Information (Methods S5). All data analyses were conducted 

219 in MATLAB R2017b.
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220 2.2.6 Riverine and wetland CH4 evasion estimates

221 Another potentially significant component of the net landscape C balance is related to CH4 evasion. 

222 For the seasonal wetlands, the evasion of CH4 was estimated from a seasonal floodplain ~20 km 

223 from the Howard River, based on three measurement campaigns covering both flooded and non-

224 flooded conditions (Beringer et al. 2013). Wet season CH4 fluxes in Beringer et al. (2013) were 

225 measured using floating chambers distributed across the major vegetation types of the wetland and 

226 include diffusive, ebullitive and plant-mediated fluxes. Because of the geomorphologic, climatic and 

227 environmental similarities between this site and the Howard River catchment, we used this 

228 previously established flux and scaled it to the area covered by seasonal wetlands in the Howard 

229 River catchment. For the river network, we hypothesised that CH4 evasion would be negligible, an 

230 assumption that we later discuss. 

231 2.3 Quantification of savanna and wetland NEP

232 In order to account for the heterogeneities in C sink strength between different ecosystems, we 

233 derived NEP estimates for two dominant landscape components, (i) upland and peri-urban savanna 

234 and (ii) seasonally flooded land. To do this, land use types were grouped using the SCP plugin in QGIS 

235 2.14.3 and maximum likelihood supervised classification of a Sentinel-2A image (European Space 

236 Agency) taken in May 2019. The rural development areas (42% of the catchment area) were included 

237 in the savanna vegetation type because all the isolated dwellings across the catchment occur within 

238 managed native savanna vegetation and do not affect the canopy cover significantly. After all 

239 infrastructure (e.g. roofs, road networks) was excluded from these peri-urban areas, the landscape 

240 was comprised of ~75% savanna and ~25% seasonally flooded land. 

241 2.3.1 NEP estimate for the savanna component

242 To obtain daily, monthly and annual NEP estimates for the savanna component, we acquired half-

243 hourly fluxes of sensible heat, latent heat and net CO2 at the AU-How site throughout the two years 

244 of riverine measurements. Briefly, flux instruments are mounted on a 23 m guyed mast with 

245 adequate homogeneous fetch in all directions (~0.7 to 1.5 km) and slopes of < 1°. The 

246 instrumentation consists of a CSAT3 three-dimensional ultrasonic anemometer (Campbell Scientific) 

247 and an LI-7500 open path CO2/H2O analyser (Licor). Further details about the experimental setup at 

248 this long-term flux tower can be found in Beringer et al. (2007) and Hutley and Beringer (2011). Data 

249 were quality-controlled, gap-filled and NEP partitioned into gross primary production (GPP) and 

250 respiration (Re) using the OzFluxQC and DINGO suites of Python scripts (Beringer et al. 2017; Isaac et 

251 al. 2017). Further details on the procedure used to process eddy covariance data are given in the 

252 Supporting Information (Methods S6). As Livesley et al. (2011) have previously shown, CH4 fluxes 
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253 from the savanna environment are negligible relative to the magnitude of CO2 fluxes, hence we 

254 decided to neglect any savanna CH4 flux.

255 2.3.2 NEP estimate for the wetland component

256 Estimates of NEP for the wetland component were based on data from a second OzFlux site, Fogg 

257 Dam (AU-Fog; Beringer et al. 2016), a seasonal floodplain ~20 km from the Howard River where CO2 

258 fluxes were measured for three years from 2006 to 2008 (Beringer et al. 2013). The seasonal 

259 wetlands in our target catchment have very similar morphology and vegetation assemblages to 

260 those at AU-Fog. In addition, wet and dry season rainfall, temperature, solar radiation and the 

261 dynamics of vegetation cover at AU-Fog during the three years of observations were comparable to 

262 those during our two survey years (Methods S7), hence we considered that using the average net C 

263 flux at AU-Fog as reported by Beringer et al. (2013) as a surrogate to estimate NEP for the wetlands 

264 of the Howard River catchment was appropriate. Further details on the representativeness of these 

265 asynchronous wetland NEP measurements are provided in the Supporting Information (Methods 

266 S7). 

267 2.4 Quantification of fire-related C emissions

268 To account for the losses in C through fire across the catchment, we used the SavBAT 2.2 software 

269 (Commonwealth of Australia 2015), an online tool that uses monthly MODIS observations of area 

270 burnt and vegetation type to estimate CO2, CH4 and N2O emissions. Based on the premise that fire 

271 severity is higher in the late dry season (Russell-Smith and Edwards 2006), we assigned different 

272 patchiness and burning efficiency factors for early (before Jul 1) versus late (after Jul 1) dry season 

273 fire events. We uploaded shapefiles of the areal extent of each landscape component (i.e. savanna 

274 and wetlands) into the SavBAT 2.2 algorithm to derive monthly fire-related CO2 and CH4 emissions 

275 for each component and for the two years of survey (see details in Methods S8 of the Supporting 

276 Information). To gain insight into interannual variations, we also quantified annual fire emissions 

277 from 2001 to 2018 using SavBAT.

278 2.5 Rainfall, runoff and evapotranspiration

279 Rainfall, runoff and evapotranspiration data were required to derive annual water balances and, in 

280 the case of runoff, to convert DIC, DOC and POC concentrations into loads exported. For rainfall, we 

281 used four gauges managed by the Bureau of Meteorology (http://bom.gov.au/climate/data) within 

282 the catchment (BoM stations 14149, 14192, 14219 and 14226) and derived daily and annual rainfall 

283 totals using the mean from the four sites. For runoff, we extracted hourly water discharge 

284 measurements for the gauged Howard River (Northern Territory Government station G8150179; 

285 https://water.nt.gov.au). Our manual and automated C measurements (DIC, DOC, POC) were 
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286 undertaken at the gauging station. For evapotranspiration, we divided the latent heat flux data 

287 measured at the AU-How flux tower by the temperature-corrected latent heat of vaporisation in 

288 order to obtain hourly evapotranspiration estimates. 

289 3 Results

290 3.1 Hydrometeorological context

291 Total rainfall and runoff amounts were similar in both study years (Figure 1a). In year 1, the onset of 

292 the monsoon occurred in mid-December and there were 11 major monsoonal events, where events 

293 are defined as consecutive rain days with total P>100 mm (the highest event was 400 mm over eight 

294 days). In year 2, the monsoon started later (mid-January) and there were five monsoonal events (the 

295 highest event being 710 mm over seven days). As a result, slightly higher rainfall and runoff totals 

296 were recorded in the first year (rainfall 2400 vs 2130 mm and runoff 1140 vs 1050 mm for year 1 and 

297 year 2, respectively), but the highest maximum daily discharge occurred in year 2 (83 vs 144 m3 s-1; 

298 the latter event corresponding to an 8-year return period). Both study years had above average 

299 rainfall conditions, the long-term (1989-2018) average being 1890 mm yr-1. Both years also had 

300 higher annual runoff totals relative to the long-term (1997-2018) average of 680 mm yr-1.

301 3.2 Terrestrial C production

302 The savanna ecosystem in the Howard River catchment was a strong net C sink during most of the 

303 two-year study period, with an average NEP of 14.4 µg C m-2 s-1 (Figure 1b). Because GPP generally 

304 peaked during the wet season, the sink strength was higher during these periods and comparatively 

305 lower in the dry season. There were short periods when the savanna was a weak C source, 

306 particularly following the first rainfall events of the early wet season (due to the ‘Birch effect’ as 

307 described by Beringer et al. (2007)). Our average annual savanna NEP estimate for AU-How was 

308 455±85 Mg C km-2 yr-1 (Table 1; 524±84 and 380±86 Mg C km-2 for year 1 and year 2). For the 

309 seasonally flooded wetland component, Beringer et al. (2013) reported a higher NEP in the wet 

310 season relative to the dry season due to increased plant productivity. We assumed an NEP of 308±19 

311 Mg C km-2 yr-1 (Table 1) derived from the AU-Fog tower site as per Beringer et al. (2013). Note that 

312 this estimate does not comprise the offset by CH4 emissions from wetlands, which was included in 

313 the catchment ΣFaq flux (see Section 3.4). 

314 3.3 Fire-related C emissions

315 According to our spatially explicit estimates of fire-related CO2 and CH4 emissions (Ffire), the wetland 

316 areas (-62.6±12.5 Mg C km-2 yr-1) were slightly more affected by fire than savanna woodlands (-

317 54.3±10.9 Mg C km-2 yr-1; Table 1). Using the areal extent of savanna vs seasonal wetland landscape 

318 components, we obtained an area-weighted Ffire estimate of -56.4±11.3 Mg C km-2 yr-1 for the 
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319 catchment throughout the study period (Table 1), partitioned into -56.2 Mg CO2-C km-2 yr-1 and -

320 0.2 Mg CH4-C km-2 yr-1 (-40.1±8.0 and -72.6±14.5 Mg C km-2 for year 1 and year 2), with large monthly 

321 variations. Most fires occurred within the first months of the dry season (May-June), except for 

322 September 2018 when relatively large areas (~20%) of the savanna and dried grassy floodplains 

323 burnt (Figure 1b). The fire emission estimate reported by Beringer et al. (2007) for the flux tower 

324 footprint (~-160 Mg C km-2 yr-1) is higher than our catchment-scale estimate, as the latter includes 

325 areas of peri-urban development, a land use that features housing on managed native vegetation 

326 where fire was largely excluded by owners. Between 2001 and 2018, the fire C emissions varied 

327 between -39 and -137 Mg C km-2 yr-1 (average -83 Mg C km-2 yr-1).

328 3.4 Aquatic C fluxes

329 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 

330 yr-1 respectively (Table 1). Because the study period encompassed years of particularly high rainfall, 

331 our measured dissolved C fluxes are likely to be in the upper end of the range of possible ΣFaq fluxes 

332 for this catchment.

333 Our estimates of the CO2 evasion flux (FCO2) spanned a wide range depending on the approach used 

334 (Figure 1d; Table 1). Estimates based on method 3 (mean -3.2±0.1 Mg C km-2 yr-1 or -3,960 g C m-2 yr-

335 1 of river area) were significantly lower than estimates based on methods 1 and 2 (-12.1±1.4 and -

336 17.2±14.4 Mg C km-2 yr-1 or -14,770 and -20,980 g C m-2 yr-1 of river area; Table 1). Because the pCO2 

337 measurements used in method 3 were taken at the outlet of the catchment, they do not incorporate 

338 the higher pCO2 levels measured for middle and upstream reaches (Duvert et al. 2019). As a result, 

339 we expect that method 3 will substantially underestimate the true CO2 evasion flux. While our 

340 estimate based on groundwater recharge may be a more reliable approximation of the evasion flux, 

341 this approach suffers from large uncertainties related to the aquifer’s specific yield estimation (see 

342 Methods S5 in Supporting Information). As such we considered our mass balance-derived evasion 

343 flux (method 1) to be the most realistic estimate.

344 We also accounted for the flux of CH4 emitted from the seasonal wetlands based on data reported 

345 by Beringer et al. (2013). Extrapolating their wet and dry season measurements into an annual 

346 estimate, we obtained a flux of -17.2±2.9 g C yr-1 per m2 of wetland area, which once corrected for 

347 the surface area occupied by this landscape component (25%) yielded a CH4 contribution of -

348 4.3±0.6 Mg C km-2 yr-1 to the catchment ΣFaq (Table 1). Altogether, the downstream export of DOC, 

349 DIC and POC and the FCO2 and FCH4 evasion fluxes represented an aquatic C export flux of -

350 28.2±12.5 Mg C km-2 yr-1 (Table 1). This flux was relatively similar in years 1 and 2 at -28.8±24.6 and -

351 27.2±22.8 Mg C km-2, respectively.
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352 3.5 Net landscape C balance

353 Using the areal extent of savanna vs seasonal wetland landscape components, we compiled an area-

354 weighted NEP estimate of 418.6±82.2 Mg C km-2 yr-1 for the Howard River catchment. Deducting the 

355 aquatic and fire-related losses yields an NLCB of 334.0±175.3 Mg C km-2 yr-1 (Figure 2; 401.4±359.4 

356 and 262.6±234.5 Mg C km-2 for year 1 and year 2), a significant net C sink in both years. The aquatic 

357 C export and fire-related emissions were found to offset our area-weighted mean NEP by ~7% and 

358 ~13%, respectively.

359 We observed large seasonal variations in NEP, ΣFaq and Ffire (Figure 3), with a wet-season peak in NEP 

360 that was concomitant with high ΣFaq. Fire was restricted to the dry season, when ΣFaq was <2% of 

361 annual fluxes. Assuming that the temporal changes in C storage in the vegetation, soil and 

362 freshwater pools were negligible over the two-year measurement period relative to the observed 

363 monthly variations in flux, we examined the seasonal variations in NLCB (black line in Figure 3). 

364 Because ΣFaq peaked when NEP was highest, the magnitude of ΣFaq was never large enough to shift 

365 the NLCB to a C source. Conversely, high Ffire losses occurred when NEP was closer to zero, which led 

366 to the catchment becoming a net C exporter during May-June of year 2. We recognise that this 

367 temporal analysis is somewhat conceptual, in that the landscape source–sink dynamics could vary 

368 further depending on the time-scale of examination. Using daily data, one flooding event that 

369 occurred in late January-early February 2018 (year 2) was sufficient to turn the system to a net C 

370 source for several days. This single event also accounted for ~39% of annual ΣFaq for year 2. 

371 4 Discussion

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

373 emissions to terrestrial C productivity in a complex catchment of the wet-dry tropics. Our results 

374 show that savanna burning can shift the ecosystem to a net C source for several months in the early 

375 dry season. Aquatic C exports, despite being of lower magnitude than fire, can also significantly 

376 offset NEP during the wet season (by up to 18% for a given month). Here we highlight the 

377 uncertainties related to our flux estimates, discuss in more detail the respective roles of aquatic 

378 export and fire on the C balance of this landscape, and outline the potential effect of climatic 

379 variability on the current and future NLCB of the wet-dry tropical biome.

380 4.1 Uncertainties on aquatic C export estimates

381 Constraining aquatic C fluxes is notoriously difficult, and we recognise a number of limitations to our 

382 estimates of ΣFaq. Firstly, recent research has highlighted the inherent difficulty in correctly 

383 accounting for riverine CO2 evasion, because heterogeneities in the surface and subsurface 

384 environments make this process highly localised in streams (Duvert et al. 2018; Lupon et al. 2019; 
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385 Rocher-Ros et al. 2019). We argue that mass balance methods, as developed in this study, offer a 

386 more reliable alternative to more direct assessments of the evasion flux – and not surprisingly, 

387 approaches of this kind have been increasingly used in the literature (Davidson et al. 2010; Duvert et 

388 al. 2019; Horgby et al. 2019; Hutchins et al. 2020b). Future efforts should focus on better 

389 characterisation of the variability of groundwater inputs along rivers, and integrating this flux into 

390 catchment and regional C budgets.

391 Secondly, several processes are known to modify the pools of dissolved C in rivers. Aquatic 

392 metabolism in particular may play an important role in regulating the DIC pool, and while the 

393 consumption of CO2 by microphytes such as algae would be compensated by increased POC flux, the 

394 photosynthetic activity of freshwater macrophytes can result in a net uptake of CO2 or ionic forms of 

395 DIC (Iversen et al. 2019). However, low photosynthetic activity can be expected in the often 

396 nutrient-limited rivers of the study region (Townsend et al. 2011; Garcia et al. 2015). The burial of 

397 organic matter in the river sediments is another missing term in our C balance, which might be of 

398 importance in this lowland river where some sediment deposition occurs in downstream areas. 

399 Heterotrophic respiration of this organic material stored in the river and riverbed may have added 

400 CO2 and CH4 to the water column, particularly at the onset of the wet season when the accumulated 

401 litter in wetlands and riparian areas is flushed into the river (e.g. Acuña et al. 2007). While any such 

402 CO2 production would have been included in our mass balance, we did not measure the potential 

403 flux of CH4 from the river surface to the atmosphere. We hypothesise that this flux was unlikely to be 

404 as high as the CH4 flux from the wetland component, where the pool of decaying organic material is 

405 significantly larger. The relatively limited areal extent of the river network relative to the wetland 

406 component (0.4% vs 24.9% of the catchment area) also suggests that the omission of CH4 evasion 

407 from the river did not result in underestimation of ΣFaq. Stanley et al. (2016) report a fluvial CH4 flux 

408 between 1 and 18 Mg C km-2 yr-1  for tropical savannas and grasslands, which scaled to the Howard 

409 River catchment area would yield an efflux of 0.01 to 0.07 Mg C km-2 yr-1.

410 Our estimates of CH4 emissions from wetlands were based on published work in a nearby seasonal 

411 wetland (Beringer et al. 2013), but as acknowledged by the authors, the large spatial heterogeneity 

412 inherent to CH4 fluxes would require additional data to better constrain CH4 emissions across this 

413 landscape. Because CH4 fluxes are often greater in densely vegetated areas, the riparian corridor for 

414 instance could contribute higher CH4 to the atmosphere. Bass et al. (2014) reported higher CH4 

415 fluxes compared to Beringer et al. (2013) in a similar seasonal floodplain (equivalent to annual 

416 emission rates of ~-166 Mg C km-2 yr-1). But the data of Bass et al. (2014) were recorded under 

417 flooded conditions only, i.e. when fluxes were greatest, hence this value cannot be extrapolated to 

418 provide an annual emission rate. In general, more work is needed before we can assess the impact 
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419 of CH4 emissions with more confidence. We suggest that future efforts will need to systematically 

420 include the ebullitive CH4 flux, as sensors to measure this potentially important term are becoming 

421 available (Maeck et al. 2014; Maher et al. 2019).

422 In contrast to the potential underestimates of ΣFaq as listed above, there is one aspect of our C 

423 budget that may be conducive to an overestimate of FCO2. Some of the terrestrially-respired CO2 may 

424 be transferred to wetlands via shallow groundwater flow and be subject to evasion once in that 

425 landscape component (Duvert et al. 2020). Because this flux was already integrated in the 

426 respiration term of the seasonal wetland NEP estimate, we may have accounted twice for this 

427 evading CO2. We chose not to correct for this potential double-accounting as we could not 

428 realistically estimate the fraction of wetland-evaded CO2 of an ultimately terrestrial origin.

429 4.2 Relative importance of and controls on fire and aquatic export

430 Tropical savannas are one of the most frequently burnt ecosystems globally, with large implications 

431 for C cycling (Beringer et al. 2007; van der Werf et al. 2010; Beringer et al. 2015; Murphy et al. 2019). 

432 We found that fire-related emissions had the capacity to reduce or even entirely offset NEP during 

433 the dry season (Figure 3). The timing of fire events was also important, with late dry season fires 

434 yielding higher emissions than early dry season fires. There is a long history of research on the effect 

435 of fire seasonality in northern Australian savannas, the current understanding being that fires that 

436 occur late in the dry season are of greater intensity and extent (Williams et al. 1998; Russell-Smith 

437 and Edwards 2006), and result in substantially larger greenhouse gas emissions (Russell-Smith et al. 

438 2013; Russell-Smith et al. 2017) than early dry season fires. Our analysis also illustrates the 

439 importance of fires in the dried floodplain and wetland environments, which generated higher C 

440 losses per unit area than upland savannas. Fire is known to significantly affect seasonally flooded 

441 tropical wetlands, but the ramifications for C storage are not fully understood (Mitsch et al. 2010).  

442 The large interannual variability in fire extent and severity in the Howard River catchment precludes 

443 us from providing a credible, long-term magnitude of offset by fire using observations.

444 Although not as important as fire C losses, aquatic C export also contributed to the reduction of NEP, 

445 particularly during the wet season when river flow was greatest (Figure 3). Our ΣFaq estimate of -

446 28.2 Mg C km-2 yr-1 is comparable to values reported elsewhere for the humid tropics (Waterloo et 

447 al. 2006; Vihermaa et al. 2016), but lower than the estimate by Shih et al. (2018) who found 

448 extremely high DIC loads in a humid, mountainous region. Global averages for downstream C export 

449 in tropical rivers were estimated by Huang et al. (2012) at -2.0, -2.1 and -3.3 Mg C km-2 yr-1 for POC, 

450 DOC and DIC loads, respectively. Our load estimates were nearly equivalent (POC) and significantly 

451 higher (DOC and DIC) than these global values, a finding that suggests that aquatic C export in the 
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452 wet-dry tropics may be larger than previously thought, and that more observations are urgently 

453 needed in this region. Our DOC load estimate was also higher than that modelled by Birkel et al. 

454 (2020) for the same river system (-5.9 vs -1.9–-2.3 Mg C km-2 yr-1), which we attribute to the lower 

455 (daily) frequency used in the previous modelling work which may have underestimated peak fluxes, 

456 and to the inclusion of data from a previous, drier, water-year in the model (Birkel et al. 2020).

457 Discharge exerted primary control on both DOC and DIC fluxes (Figure 1c), although it is interesting 

458 to note the decoupling between DOC and DIC dynamics. While both fluxes peaked at high flow, the 

459 DOC flux was 2–10 times higher than the DIC flux during major runoff events. Under baseflow 

460 conditions, in contrast, the DIC flux was maintained at a relatively high rate, whereas the DOC flux 

461 neared zero. Readers are referred to an extended discussion on concentration–discharge patterns 

462 for DIC and DOC in the Supporting Information (Discussion S1).

463 Despite the significance of downstream DOC and DIC loads, CO2 evasion was identified as the largest 

464 contribution to ΣFaq by far, consistent with Duvert et al. (2020) and similar to recent work in tropical 

465 landscapes dominated by wetlands (Borges et al. 2019; Hastie et al. 2019). Altogether, our estimates 

466 of ΣFaq have the potential to offset estimates of the annual terrestrial C sink by about 7% – an offset 

467 that could be potentially much higher in less productive areas of the wet-dry tropics (see Section 

468 4.3).

469 4.3 Towards a NLCB for the wet-dry tropical biome

470 Given the global land area occupied by seasonal tropical ecosystems, developing credible NLCB 

471 estimates for the wet-dry tropics is critical to both constraining the global C cycle and predicting 

472 impacts of enhanced climatic variability. Few studies have simultaneously captured a time-series of 

473 NEP and aquatic C export in the tropical savanna biome (although our wetland NEP estimate was 

474 derived from asynchronous measurements). Several studies have focused on the less seasonal 

475 Amazon basin, but very few have accounted for all the terms making up ΣFaq, with only one 

476 accounting for both ΣFaq and Ffire (Hastie et al. 2019). Waterloo et al. (2006) only considered DOC and 

477 POC export, Davidson et al. (2010) only considered CO2 evasion and Zhou et al. (2013) did not 

478 account for CO2 evasion. All these studies yielded a relatively low reduction of the NEP sink strength 

479 by ΣFaq (5-6%, 2-3% and 3%, respectively). However, a different pattern is now emerging from more 

480 complete assessments of ΣFaq and of its role in offsetting NEP. In a small catchment of the Amazon, 

481 Vihermaa et al. (2016) found that combining all terms of ΣFaq could reduce NEP by 43-60%. At the 

482 scale of the entire Amazon basin, new modelling by Hastie et al. (2019) suggests that 78% of NEP 

483 was lost via aquatic flux, mostly through CO2 evasion from wetlands and floodplains. When including 

484 the effects of fire and harvest, the offset even reached 96% (Hastie et al. 2019). In the Congo River 
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485 basin, Borges et al. (2019) compared their estimates of CO2 evasion to an approximation of the 

486 terrestrial NEP for the region, and concluded that losses via ΣFaq were three times larger than NEP. 

487 They reasoned that only an additional C source from the extensive wetlands (flooded gallery 

488 forests), not accounted for in terrestrial NEP estimates, could explain such a disproportionately large 

489 ΣFaq term.

490 Our estimate of the percent loss of NEP by ΣFaq, arguably the first for the wet-dry tropics, is relatively 

491 small (~7%) compared to the recent studies described above, and significantly lower than our 

492 estimate of the NEP offset by fire. Nevertheless, our conclusion that the offset by ΣFaq is small 

493 relative to NEP may not hold for other areas of the wet-dry tropical biome. The Howard River 

494 catchment is located in a high rainfall, coastal savanna area that represents a relatively small 

495 proportion (~60,000 km2) of the total extent of tropical savannas in Australia (1.92 million km2; 

496 Hutley et al. 2011), where wetlands may occupy a larger proportion of the landscape than in drier 

497 areas of the wet-dry tropics and where NEP is at the upper end of the global average for this biome 

498 (Chen et al. 2003; Grace et al. 2006; Beringer et al. 2007). The high NEP observed at AU-How can be 

499 attributed to a range of factors. Hutley and Beringer (2011) demonstrated that despite frequent fire, 

500 the site is experiencing vegetation thickening post-Cyclone Tracy (1974), with a tree sink of ~50 Mg C 

501 km-2 yr-1. This tree sink may well be underestimated due to incomplete biomass inventory when 

502 using allometric methods (Calders et al. 2015; Gonzalez de Tanago et al. 2018), as was undertaken 

503 here. Accumulation of soil C may also be occurring at the site, although previous studies on changes 

504 in soil C stock in tropical savannas have been inconclusive (Allen et al. 2014). Lastly, charcoal 

505 production can be another significant sink in fire-prone landscapes (Jones et al. 2019), and is known 

506 to represent about 10% of biomass burnt in Australian tropical savannas (Saiz et al. 2015).

507 Areas to the south of the Howard River that receive lower rainfall are much weaker C sinks (Beringer 

508 et al. 2015), and so ΣFaq could affect NEP more significantly in these areas, in line with Webb et al. 

509 (2019) who found that the relative importance of ΣFaq increased with decreasing NEP. For instance, 

510 the Litchfield savanna supersite, located 85 km southwest of Howard Springs (Karan et al. 2016), had 

511 an average NEP of 82 Mg C km-2 yr-1 for the two water-years corresponding to our survey (Beringer, 

512 Hutley et al., unpublished data). This is less than a fifth of NEP at the Howard River catchment, for 

513 similar annual rainfall (~1900 mm) – although this site experiences frequent high-severity fires and 

514 has a biomass 30% lower than AU-How. While it is difficult to scale our estimates of ΣFaq to the 

515 Litchfield area, given the role of runoff in controlling ΣFaq it would be reasonable to assume the 

516 aquatic C flux to be of similar magnitude to that measured for the Howard River, and so the offset 

517 would reach ~30-35% of NEP in that case. We postulate that the reduction of NEP by ΣFaq might be 

518 even more disproportionate in areas of the wet-dry tropics where the strength of the terrestrial sink 
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519 is even weaker. Clearly, more studies are needed to upscale this first NLCB estimate to less 

520 productive, yet hydrologically dynamic regions of the wet-dry tropics.

521 Even though ΣFaq was found to be less important in this tropical savanna landscape than in wetter 

522 regions of the tropics, it is an important flux to consider if we are to develop credible NLCBs. This is 

523 particularly critical in tropical ecosystems, which unlike our study site are often weak C sinks 

524 (Beringer et al. 2015; Vihermaa et al. 2016). In these pulse-driven landscapes more than anywhere 

525 else, high-frequency surveys of ΣFaq are essential, as we showed that a single flooding event (e.g. the 

526 January-February event in 2018) could account for 39% of annual ΣFaq.

527 4.4 Feedbacks between NLCB and current and future climate

528 Climatic conditions are known to exert a strong control on both terrestrial C production (NEP) and 

529 export (ΣFaq and Ffire) (Öquist et al. 2014; Hastie et al. 2019; Webb et al. 2019; Song et al. 2020). 

530 While we were not able to test the relationship between annual rainfall and ΣFaq because of the 

531 limited number of years of observations, significant connections between rainfall and ΣFaq have been 

532 reported in many parts of the world including the tropics (Rasera et al. 2013; Öquist et al. 2014; 

533 Butman et al. 2016; Hastie et al. 2019; Chi et al. 2020). It would be reasonable to expect the same 

534 pattern in the Howard River, i.e. wet years fuelling aquatic C export, because of the high sensitivity 

535 of ΣFaq to discharge (Figure 1c and 1d). Given the relatively predictable behaviour of dissolved and 

536 evasion fluxes, and provided robust calibration with additional years of data, we envisage that in the 

537 future ΣFaq can be predicted using discharge data.

538 More complex is the relationship between rainfall and NEP, particularly in the tropics (Baldocchi et 

539 al. 2018) where wetter years were associated with either a greater (Zeri et al. 2014) or a smaller (Yan 

540 et al. 2013) terrestrial C sink. In the Howard River catchment, wetter conditions may result in 

541 increased grass production, but other controlling factors such as light limitations from persistent 

542 cloud cover during the wet season have been found to complicate the response of NEP to changes in 

543 rainfall (Whitley et al. 2011).

544 Climate change will bring longer and more intense heatwaves in northern Australia (Herold et al. 

545 2018). Models also suggest a 5 to 20% increase in monsoon rainfall over the second half of the 

546 twentieth century (Jourdain et al. 2013), although uncertainties remain on the effect of climate 

547 change on rainfall in tropical Australia (Dey et al. 2019). These potential changes will have important 

548 yet unknown ramifications on the NLCB of the wet-dry tropics. Hastie et al. (2019) showed that 

549 annual increases in the terrestrial C sink in the Amazon basin were offset by greater C losses via ΣFaq. 

550 Likewise, we hypothesise that increased atmospheric CO2, wetter conditions and more intense 

551 events in northern Australia will together increase wet-season terrestrial C production but also 
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552 aquatic C export. Combined with hotter conditions in the dry season, these scenarios may also lead 

553 to an increase in fire C emissions, potentially further offsetting the current C sink. However, 

554 integrating fire emissions to NLCB predictions is difficult as savanna burning is typically driven by a 

555 combination of biophysical and societal factors (Russell-Smith et al. 2013).

556 The tropical savanna NLCB may shift from a weak C sink to a C source in the future due to hotter and 

557 wetter climate and the combined effect of increased fire and aquatic export. To better predict and 

558 mitigate future changes in the tropical savanna NLCB, we need more integrative views of C cycling 

559 between the different landscape components and aquatic systems, and a better understanding of 

560 the long-term feedbacks between climate, NEP, fire and aquatic C export (Hastie et al. 2019; Chi et 

561 al. 2020). 
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Flux Method Estimate (Mg C km-2 yr-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
* SavBAT 2.2 -54.3±10.9 (-39.2±7.8; -69.4±13.9)

Ffire wetland
* SavBAT 2.2 -62.6±12.5 (-42.8±8.6; -82.3±16.5)

area-weighted Ffire* -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)

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)FCO2 river (method 3)

model 7 -3.4±0.1 (-3.8±0.1; -3.1±0.1)

ΣFaq** -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)

882

883 *for these fluxes, the uncertainty was estimated as ±20% of the measured flux.

884 **ΣFaq was calculated based on the CO2 evasion flux obtained from method 1.

885

886 Figure legends

887 Figure 1. Hydrometeorological and C flux data for the Howard River catchment between 2016–2018. Time series of (a) daily 

888 precipitation (P, 14-day moving mean) and bi-hourly discharge (Q); (b) daily savanna gross primary production (GPP), 

889 respiration (Re) and net ecosystem productivity (NEP) and their 20-day moving means, and monthly fire-related emission 

890 flux; (c) bi-hourly DIC and DOC downstream fluxes with lines representing medians and shaded areas representing 

891 uncertainties (percentiles 2.5 and 97.5); (d) CO2 evasion flux according to three methods with lines representing medians 

892 and shaded areas representing percentiles 2.5 and 97.5. For empirical models, the inter-percentile ranges are shown only 

893 for the lowest (equation 1 in Raymond et al. (2012), red) and highest (equation 2, orange) model outputs for clarity. In (b), 

894 positive fluxes indicate a net C sink.
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895 Figure 2. Annual net landscape C balance (NLCB) for the Howard River catchment. ΣFaq represents the sum of all aquatic C 

896 fluxes, including downstream export (FDIC, FDOC, FPOC) and evasion (FCO2 and area-weighted FCH4 from wetlands). Ffire savanna 

897 and Ffire wetland correspond to the fire-related C emissions for the savanna and wetland components, respectively, and  is Ffire

898 the area-weighted average for the whole catchment. NEPsavanna and NEPwetland are the annual net terrestrial C productivity 

899 for the savanna and wetland components, respectively, and  is the area-weighted average for the whole catchment. NEP

900 Percentages in parentheses for each landscape component at the top of the diagram correspond to area weightings. 

901 Figure 3. Monthly variations in the net landscape C balance (NLCB) of the Howard River catchment between 2016–2018. 

902 Grey bars represent the monthly NEP estimates, while orange and blue bars represent the offset of NEP by fire-related 

903 emissions (Ffire) and aquatic export (ΣFaq), respectively. The black line represents the net C flux (NLCB) across the two years 

904 of survey. The numbers in italic at the bottom of each monthly bar correspond to the percent offset of NEP by the 

905 combination of Ffire and ΣFaq. Positive NLCB values indicate a net C sink, while negative NLCB values indicate that the 

906 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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