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32 Abstract

33 Inland waters serve as important hydrological connections between the terrestrial 

34 landscape and oceans but are often overlooked in global carbon (C) budgets and Earth System 

35 Models. Terrestrially derived C entering inland waters from the watershed can be transported to 

36 oceans but over 83% is either buried in sediments or emitted to the atmosphere before reaching 

37 oceans. Anthropogenic pressures such as climate and landscape changes are altering the 

38 magnitude of these C fluxes in inland waters. Here, we synthesize the most recent estimates of C 

39 fluxes and the differential contributions across inland waterbody types (rivers, streams, lakes, 

40 reservoirs, and ponds), including recent measurements that incorporate improved sampling 

41 methods, small waterbodies, and dried areas. Across all inland waters, we report a global C 

42 emission estimate of 4.40 Pg C/y (95% confidence interval:  3.95-4.85 Pg C/y), representing a 

43 13% increase from the most recent estimate. We also review of the mechanisms by which the 

44 most globally widespread anthropogenically driven climate and landscape changes influence 

45 inland water C fluxes. The majority of these drivers are expected to influence terrestrial C inputs 

46 to inland waters due to altered terrestrial C quality and quantity, hydrological pathways, and 

47 biogeochemical processing. We recommend four research priorities for future study of 

48 anthropogenic alterations to inland water C fluxes:  (1) before-and-after measurements of C 

49 fluxes associated with climate change events and landscape changes, (2) better quantification of 

50 C input from land, (3) improved assessment of spatial coverage and contributions of small inland 

51 waterbodies to C fluxes, and (4) integration of dried and drawdown areas to global C flux 

52 estimates. Improved measurements of inland water C fluxes and quantification of uncertainty in 

53 these estimates will be vital to understanding both terrestrial C losses and the “moving target” of 

54 inland water C emissions in response to rapid and complex anthropogenic pressures.

55

56 1. Introduction

57 The role of inland waters as active, rather than passive, pipes in the global carbon (C) 

58 cycle has been well established for nearly 15 years (Cole et al., 2007). While previous global C 

59 budgets assumed that inland waters exported the same amount of C to oceans that was input into 

60 them with no internal C processing (Denman et al., 2007), internal C processes such as burial in 

61 and emissions from inland waters are now more realistically included in global C budgets (Ciais 

62 et al., 2013). Research on C fluxes in inland waters has emphasized the increasing magnitude of 
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63 global C emissions due to improved measurements and spatiotemporal coverage, and as a 

64 response to anthropogenic change (Regnier et al., 2013; Drake et al., 2018). From this body of 

65 research, regional hot spots (Raymond et al., 2013; Borges et al., 2015; Sawakuchi et al., 2017) 

66 and temporal hot moments of C emissions from inland waters (Demarty et al., 2011; Beaulieu et 

67 al., 2014; Schilder et al., 2016; Vachon et al., 2017; Denfeld et al., 2018) have been highlighted 

68 globally. Some heterogeneity in C fluxes is due to the diverse set of waterbodies that inland 

69 waters encapsulate, including rivers, streams, lakes, reservoirs, and ponds. These waterbody 

70 types differentially contribute to total inland water C fluxes due to their diverse morphological, 

71 physical, chemical, and biological characteristics. There have been foundational efforts to 

72 estimate global C budgets across all inland waters (Cole et al., 2007; Battin et al., 2009; Tranvik 

73 et al., 2009; Drake et al., 2018) or to compare estimates of a subset of C fluxes (i.e., CO2 and 

74 CH4 emissions) in various inland waterbody types (Tranvik et al., 2009; Bastviken et al., 2011; 

75 Raymond et al., 2013; Deemer et al., 2016; Mendonça et al., 2017; DelSontro et al., 2018; 

76 Rosentreter et al., 2021). However, we currently lack a synthesis of all major C fluxes and the 

77 contribution by each waterbody type that highlights the mechanisms for their differential role to 

78 global inland water C fluxes and the effects of continued anthropogenic changes that alter C 

79 transport to and processing in inland waters.

80 Anthropogenically driven climate change and modification of the landscape is occurring 

81 globally at unprecedented scales. The impacts of climate change have affected billions of people 

82 and up to 80% of global land area (Callaghan et al., 2021), ranging from climate warming to sea 

83 level rise to increasingly frequent and more severe natural disasters (IPCC, 2013). These 

84 anthropogenic pressures influence terrestrial and inland water ecosystems by altering 

85 biogeochemical processing and hydrological connectivity via a variety of mechanisms that we 

86 detail in this review. In addition to climate change, anthropogenic landscape and land use 

87 changes alter terrestrial C quantity and quality, and hydrologic pathways and connectivity, 

88 influencing C transport between land and water and the cycling of C within inland waters. 

89 Landscape changes (i.e., conversion from natural ecosystems to human-made or modified areas) 

90 have affected 32% of global land area since 1960 (Winkler et al., 2021). The large reductions in 

91 C-storing natural forest and wetland ecosystems (Meiyappan & Jain, 2012; Davidson, 2014) 

92 suggest major increases in lateral C fluxes from land to receiving inland waterbodies, which, in 

93 turn, have a high likelihood of being emitted from inland waters (Drake et al., 2018). The array 



4

94 of anthropogenically driven climate and landscape changes that affect different C fluxes in 

95 inland waters is vast, with the potential for significant interactions that can play an important role 

96 in current and future global C flux estimates.

97 For this review, we have three objectives. First, we synthesize the most recent global 

98 estimates of C fluxes in inland waters and the contributions of different inland waterbody types 

99 to global C fluxes, noting the disproportionate contributions of C emissions and C burial 

100 compared to relative surface area. Second, we review key anthropogenically induced climate and 

101 landscape changes that alter C transport and processing and that contribute to continued 

102 alterations in C fluxes in inland waters, highlighting patterns that may affect C fluxes for specific 

103 inland waterbody types. Third, we discuss important research priorities and the uncertainty in 

104 quantifying C fluxes in inland waters as a “moving target” due to global anthropogenic 

105 pressures. Finally, we conclude with a future outlook of quantifying C flux measurements and 

106 estimating uncertainty in these dynamically altered inland waters.

107

108 2. Global C Fluxes in Inland Waters

109 2.1 Overview of C Flux Components

110 C fluxes in inland waters include terrestrial inputs, aquatic primary production, burial, 

111 emissions, and export to oceans (see definitions in Table 1; Figure 1), with a simple mass 

112 balance stating that terrestrial C inputs plus aquatic C production equals the sum of C burial, 

113 emissions, and export in inland waters (Butman et al., 2018). The primary C input to inland 

114 waters comes from land and encompasses organic and inorganic C (OC and IC, respectively; 

115 Table 1) of terrestrial origin (soil, vegetation, respiration products) that enter via wind, surface 

116 and subsurface runoff, and groundwater. The secondary source of C is aquatic primary 

117 production via photosynthetic CO2 fixation. This input of C is not well quantified at the global 

118 scale and is generally assumed to be low (i.e., 0.3 Pg C/y) (Cole et al., 2007; Regnier et al., 2013; 

119 Drake et al., 2018), and as such we do not discuss its response to anthropogenic climate and 

120 landscape change in detail. Once within inland waters, C has three fates:  burial (storage), 

121 emission, or export to oceans (Table 1). C export to oceans was previously considered the sole C 

122 flux from inland waters in the outdated “passive pipe” model (Cole et al., 2007). While up to 

123 1.06 Pg C/y is delivered to oceans from inland waters (Li et al., 2017), inland waters process 

124 significantly more C as “active pipes” (Cole et al., 2007; Drake et al., 2018). Burial in sediments 
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125 sequesters C for long periods, preventing its return to the atmosphere or export to oceans for 

126 decades to millennia (Cole et al., 2007; Mendonça et al., 2017). C emissions from inland waters 

127 include evasion of CO2 and CH4 via diffusion, ebullition, and degassing (Table 1). Accurately 

128 quantifying these C fluxes is important for understanding changes in C emissions and estimating 

129 terrestrial C losses, but can be difficult due to the heterogeneous contributions of different inland 

130 waterbody types plus widespread anthropogenic pressures influencing these C fluxes (Butman et 

131 al., 2018).

132

133 2.2 Influence of Inland Waterbody Types on Relative C Fluxes

134 Though inland waters cover only a small portion of the global land area (~4%), they play 

135 a large role in global C processing (Cole et al., 2007). At a global scale, lentic waters dominate 

136 the estimated area of inland waters (90%; Figure 2), with natural lakes alone accounting for 

137 approximately 5 million km2 (Verpoorter et al., 2014). Reservoir surface area is estimated at 

138 305,723 km2 (Deemer et al., 2016), though a “global boom” of planned dam constructions (Zarfl 

139 et al., 2015) could increase this estimate substantially. Pond area, which is highly uncertain due 

140 to the small size and intermittency of ponds, is estimated between 148,000 to 862,000 km2 

141 (Holgerson & Raymond, 2016). In contrast, lotic waters, including rivers and streams, 

142 encompass about 10% of the world’s inland water area, covering approximately 662,100 km2 

143 (Downing et al., 2012). However, global river length is 21 times longer than the cumulative 

144 perimeter of world lakes and 46 times the length of world coastlines (Downing et al., 2012), 

145 highlighting the considerable role that lotic systems play in interactions at the terrestrial-aquatic 

146 interface. The differences in morphological, physical, chemical, and biological properties across 

147 these inland waterbody types result in disproportionate contributions to inland water C fluxes 

148 compared to their relative surface area coverage (Table 2, Figure 2).

149 Globally, lotic waters contribute the vast majority of CO2 emissions from inland waters 

150 (Raymond et al., 2013; Deemer et al., 2016) – more than five times all lentic systems combined 

151 (Table 2, Figure 2). Lotic waters are nearly always supersaturated with CO2 (dissolved inorganic 

152 carbon, DIC; Table 1) (Raymond et al., 2013; Lauerwald et al., 2015), which can be especially 

153 pronounced in lower-order streams (Teodoru et al., 2009; Davidson et al., 2010). The dominant 

154 source of DIC in most undisturbed streams and rivers is from the terrestrial watershed (Hotchkiss 

155 et al., 2015; Marx et al., 2017) via weathering of bedrock and soil respiration, which enters via 
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156 groundwater, subsurface, or overland flowpaths (Regnier et al., 2013). The high turbulence and 

157 gas transfer velocity in lotic waters allows supersaturated CO2 to be readily degassed into the 

158 atmosphere, resulting in lowered DIC downstream of source water inputs (Doctor et al., 2008). 

159 Despite generally having higher CO2 emissions than larger lentic waters (Hotchkiss et al., 2015), 

160 small streams are more difficult to integrate into global estimates of inland water C fluxes given 

161 limited detection by satellite imagery at fine resolution (Raymond et al., 2013).

162 While CO2 (as C) constitutes over 98% of total C emitted from inland waters, the high 

163 100-year global warming potential of CH4 (factor of 34) (Myhre et al., 2013) suggests that CH4 

164 comprises over 15% of CO2-equivalent emissions from inland waters (Table 2). Unlike CO2, 

165 most CH4 in lentic waters is produced in-situ via anaerobic methanogenesis. Lentic systems have 

166 longer hydrologic residence times and greater potential for anoxic conditions that promote 

167 methanogenesis, making them large contributors of inland water CH4 emissions (Figure 2) 

168 (Bastviken et al., 2011; Deemer et al., 2016; Rosentreter et al., 2021). Though natural lakes 

169 dominate the inland water surface area coverage, reservoirs and ponds contribute 

170 disproportionally to CH4 emissions by five and three times greater than what would be expected 

171 given their relative surface areas, respectively (Figure 2), which is also reflected in the high 

172 contribution of CH4 emissions (as CO2-equivalents) relative to CO2 in these water bodies (Figure 

173 3). Reservoirs tend to have high primary productivity given their generally large watersheds 

174 often in agricultural areas (Knoll et al., 2003). This high productivity is associated with both a 

175 greater amount of autochthonous C preferred for CH4 production (West et al., 2012) and low 

176 oxygen conditions following decomposition that promote CH4 production. Research focused on 

177 CH4 emissions from tropical reservoirs may bias these patterns as CH4 emissions generally 

178 increase at lower latitudes (Barros et al., 2011), though more recent global syntheses with a 

179 similar spatial sampling bias reported no statistical difference between CH4 emissions from 

180 tropical/subtropical vs. temperate reservoirs (Deemer et al., 2016; Johnson et al., 2021). One 

181 unique pathway by which CO2 and CH4 are emitted from many reservoirs is degassing (i.e., via 

182 turbines or spillways), which can account for over 50% of CH4 emissions from reservoirs 

183 globally (Figure 3) (Harrison et al., 2021). In pond systems, frequent mixing of anoxic waters 

184 can result in large anoxic volumes that promote methanogenesis and CH4 release (Holgerson & 

185 Raymond, 2016). CH4 ebullitive emissions in lentic waters are high from shallow areas in 

186 particular (Bastviken et al., 2004; West et al., 2016), especially in ponds (Holgerson & 
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187 Raymond, 2016), due to less time for CH4 oxidation and lower hydrostatic pressure allowing for 

188 greater bubble release (ebullitive emissions) (Bastviken et al., 2008; Ostrovsky et al., 2008; 

189 Holgerson & Raymond, 2016). Lotic waters are often supersaturated with CH4 but have 

190 generally low CH4 emissions compared to CO2 emissions (Figure 3) (Bastviken et al., 2011; 

191 Stanley et al., 2016; Rosentreter et al., 2021), and contribute only a fraction of inland water CH4 

192 emissions compared to lentic systems (Table 2, Figure 2).

193 Stagnant waters with stratified environments and low oxygen in deep waters promote 

194 higher OC burial rates and efficiency compared to flowing waters (Table 2) (Cole et al., 2007; 

195 Sobek et al., 2009). OC burial rates are amplified in reservoirs in particular, which have areal 

196 burial rates up to 6.5 times greater than natural lakes (Mendonça et al., 2017). Often, reservoirs 

197 receive large nutrient and C inputs associated with sediment from erosion (Van Oost et al., 2007; 

198 Downing et al., 2008; Quinton et al., 2010). These inputs stimulate primary production which 

199 can be directly buried (Mendonça et al., 2017) or indirectly lead to anoxia after decomposition, 

200 an environment that OC burial over mineralization (Sobek et al., 2009). Ponds, whether natural 

201 or manmade, are expected to have high burial rates given their high OC accumulation relative to 

202 their small size and depth (Mulholland & Elwood, 1982; Downing et al., 2008; Taylor et al., 

203 2019), though no global estimate of total OC burial in ponds currently exists due to lack of data 

204 on pond global areal coverage and scarce burial rates measured in-situ (Mendonça et al., 2017) 

205 (Figure 2). Small agricultural impoundments in particular have been shown to have some of the 

206 highest OC burial rates due to very high C inputs relative to water volume plus high primary 

207 production (Downing et al., 2008). However, dredging of reservoirs can remobilize OC and limit 

208 the time scale at which it is buried in sediment, and re-introduce it into the active C pool (Maeck 

209 et al., 2013).

210 Finally, effectively all C exported from inland waters to oceans is via lotic systems 

211 (Table 2, Figure 2) (Cole et al., 2007). C export is estimated to have increased by 20% since 

212 1750 due to anthropogenic pressures (Regnier et al., 2013). The anthropogenically driven climate 

213 and landscape changes that impact C fluxes in inland waters (Regnier et al., 2013) are likely to 

214 differentially influence rivers, streams, lakes, reservoirs, and ponds, given their distinct 

215 contributions to global C fluxes.

216

217 2.3 Global C Flux Estimates
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218 C flux estimates from inland waters globally have received much research attention in 

219 recent years (Table 2, Figure 4). Estimates of C burial and export have remained largely 

220 constant, while estimates of C emissions have increased from the original estimate of 0.75 Pg 

221 C/y by Cole et al. (2007) to 3.88 Pg C/y by Drake et al. (2018) (Figure 4). Several refinements to 

222 global C emission estimates have been presented for inland waters, in part reflecting 

223 improvements to methods and upscaling techniques that better capture spatiotemporal variability 

224 (Battin et al., 2009; Tranvik et al., 2009; Bastviken et al., 2011; Raymond et al., 2013; Deemer et 

225 al., 2016; DelSontro et al., 2018) and new sources of C emissions that were not previously 

226 considered globally (Table 2). For example, diffusive C emissions from ponds (Holgerson & 

227 Raymond, 2016), CH4 ebullition from lentic waterbodies (Rosentreter et al., 2021), degassing 

228 emissions from reservoirs (Harrison et al., 2021), and CO2 emissions from dried inland waters 

229 (Keller et al., 2020) are all recently published updates (Figure 4). Recent estimates of CO2 

230 emissions from riverine hot spots in the Amazon (Sawakuchi et al., 2017) and sub-Saharan 

231 Africa (Borges et al., 2015) have also substantially increased the global inland water C emission 

232 estimate (Figure 4). On top of these, anthropogenic change has increased C input to inland 

233 waters by ~1 Pg C/y since pre-industrial times (Regnier et al., 2013), suggesting alterations to C 

234 cycling and transport in inland waters.

235 By incorporating these refined data, we estimate the total global C emissions from inland 

236 waters to be 4.40 Pg C/y (95% CI:  3.95-4.85 Pg C/y [calculated via error propagation from 

237 uncertainty values in bold in Table 2 converted to estimates of standard deviation]), representing 

238 a 13% increase from the previous estimate in Drake et al. (2018). To balance this value and 

239 assuming the most recent estimates of aquatic primary production, burial, and export, terrestrial 

240 C inputs would need be 5.76 Pg C/y (Figure 1). Of the C entering inland waters, 73% is emitted, 

241 while only 10% is buried and 17% is exported to oceans, where it may be emitted or buried. 

242 However, we are unable to provide a reasonable estimate of uncertainty for the global terrestrial 

243 C input flux due to very high uncertainty (>100% of mean) in literature estimates of aquatic 

244 primary production and C burial from Regnier et al. (2013) and no provided measure of 

245 uncertainty for C export to oceans in Li et al. (2017). Hence, we suggest caution in interpreting 

246 this global flux and further urge that studies report measures of uncertainty alongside mean 

247 estimates of global upscaled fluxes when appropriate.

248 Given the most recent estimate of the global net terrestrial C sink of 3.4 Pg C/y (standard 
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249 deviation:  ± 0.9) (Friedlingstein et al., 2020), further increases in inland water C emission 

250 estimates and thereby terrestrial C inputs (subtracted from the net terrestrial C sink as lateral C 

251 loss) may considerably influence the estimated magnitude of the terrestrial C sink. These 

252 estimates of inland water C emissions and, correspondingly, C input from land should be 

253 considered a “moving target” (Drake et al., 2018) not simply due to improved sampling 

254 techniques and advancing methodology, but also because of the anthropogenic pressures 

255 affecting C fluxes in inland waters. In many cases, our knowledge and quantification of 

256 anthropogenic impacts on inland water C fluxes are based on a few local case studies, on 

257 modeled estimates, or on cross-system comparisons, which complicate our ability to accurately 

258 upscale C fluxes resulting from anthropogenic pressures. As we review the influence of several 

259 globally widespread, anthropogenically driven climate and landscape changes on inland water C 

260 fluxes, four key research priorities emerge that have large potential consequences for improving 

261 our understanding and quantification of the “moving target” of inland water C fluxes (Box 1, 

262 Figure 4).

263

264 3. Climate and Landscape Change Impacts on C Fluxes

265 In this section, we highlight some of the most significant and broad-scale 

266 anthropogenically driven climate and landscape changes that influence C fluxes into, within, and 

267 out of inland waters (Figure 1). Many of these anthropogenic pressures affect the quantity or 

268 quality of C entering inland waters from land, the hydrologic delivery of C to the receiving 

269 waterbodies, and, in some instances, both via different mechanisms. Some also influence C 

270 processing within inland waters via direct effects on in-situ environmental conditions, such as 

271 water temperatures or nutrient delivery. We highlight, where appropriate, the inland waterbody 

272 types that are likely to be most affected by specific drivers and mechanisms (Table 3), especially 

273 considering those waterbody types with disproportionate relative contributions to inland water C 

274 fluxes (Figure 2), as well as areas that are research priorities for understanding how C fluxes in 

275 inland waters respond anthropogenic pressures (Box 1). Additional climate change related 

276 impacts, such as extreme events, landscape-level impacts, salinity increases, and their 

277 interactions, have the potential to influence inland water C fluxes, but are generally less studied 

278 and therefore not included in this review (Box 2).

279
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280 3.1 Anthropogenically Driven Climate Change

281 3.1.1 Atmospheric CO2 and temperature

282 3.1.1.1 Influences on C input

283 Global climate warming influences the terrestrial environment in several ways that can 

284 alter the quantity and quality of terrestrial C entering inland waters (Table 3). Atmospheric CO2 

285 fertilization and warming in some regions have been linked to terrestrial “greening”, a response 

286 of longer growing seasons and increase foliage cover (Myneni et al., 1997; Donohue et al., 2013; 

287 Xu et al., 2013; Piao et al., 2020). Though this response is globally variable with high 

288 uncertainty regarding attribution to increasing atmospheric CO2 concentrations (Walker et al., 

289 2021), it is strongest in warm, arid regions where water use efficiency is high (Donohue et al., 

290 2013). Such regions with greater OC in terrestrial standing stocks (Myneni et al., 2001; Xu et al., 

291 2013; Piao et al., 2020) are projected to increase OC transport to receiving inland waters and 

292 thereby increase in-situ OC concentrations of up to 65% by 2100 (Larsen et al., 2011a; Finstad et 

293 al., 2016). Increased terrestrial evapotranspiration has been linked to altered hydrological 

294 connectivity and reduced streamflow (Lupon et al., 2018) that could affect the delivery of OC 

295 and IC from land to waterbodies. However, there is differing evidence for trends in 

296 evapotranspiration (Douville et al., 2013; Zhang et al., 2015; Zeng et al., 2016) vs. water use 

297 efficiency per unit C (Cheng et al., 2017) in response to CO2 fertilization and terrestrial greening, 

298 with globally variable trends (Douville et al., 2013). The quality of OC that enters inland waters 

299 is also likely to be altered by shifts in terrestrial vegetation composition in the watershed (Ball et 

300 al., 2010; Butman et al., 2012), though less attention has been given to terrestrial OC quality 

301 compared to quantity (Kothawala et al., 2014). CO2 fertilization may also influence aquatic 

302 primary production rates in inland waters, especially when nutrients and other resources are not 

303 limiting (Jansson et al., 2012; Hamdan et al., 2018), though it is highly dependent on in-situ CO2 

304 saturation levels (Vogt et al., 2017).

305 In northern latitudes, warming-induced permafrost melting leads to increased OC and IC 

306 inputs to inland waters. Permafrost melt, especially in organic-rich areas, releases “old” biolabile 

307 OC into northern inland water systems (Vonk et al., 2015; Wauthy et al., 2018). Increases in 

308 dissolved OC (DOC), particulate OC (POC), and DIC have been observed in northern lakes and 

309 rivers following permafrost melt (Vonk et al., 2015; Tank et al., 2016). Permafrost thaw also 

310 leads to altered hydrology and formation of new, C-rich thaw lakes (Vonk et al., 2015; Wauthy 
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311 et al., 2018). Together, the increase in available C and formation or expansion of thaw lakes can 

312 lead to increased C production and emissions, especially CH4, from inland waters in northern 

313 regions (Walter et al., 2006; Lapierre et al., 2013; Vonk et al., 2015; Walter Anthony et al., 2016; 

314 Cunada et al., 2021). Many of these northern lakes have become greater sources of CH4 and 

315 greater sinks of CO2, but the two times greater rate of increase in CH4 emissions combined with 

316 its higher global warming potential outweighs the CO2 sink dynamics in these systems (Kuhn et 

317 al., 2021). These changes may contribute to an abrupt and critical feedback to global climate 

318 change (Turetsky et al., 2020). Alterations to C inputs to inland waters in response to climate 

319 warming are poorly quantified at local to global scales, with large consequences for the 

320 estimation of terrestrial C storage vs. loss (Drake et al., 2018) (Box 1).

321

322 3.1.1.2 Influences on C emissions and burial

323 Warming atmospheric temperatures can influence C emissions and burial within inland 

324 waters both directly and indirectly (Table 3). Surface water warming is a globally widespread 

325 phenomenon across inland waterbodies (Schneider & Hook, 2010; van Vliet et al., 2013; 

326 O'Reilly et al., 2015; Liu et al., 2020b). This warmer in-situ environment will lead to increased 

327 respiration rates (Gillooly et al., 2001; Marotta et al., 2014) and higher CO2 and CH4 emissions 

328 (Marotta et al., 2014; Yvon-Durocher et al., 2014; Vachon et al., 2017). Respiration increases 

329 more rapidly with warming temperatures compared to primary production, leading to an altered 

330 net C balance that could reduce net C sequestration by 13% with ~4°C of warming (Yvon-

331 Durocher et al., 2010).

332 Globally, lentic systems have also experienced increases in the strength and duration of 

333 thermal stratification (Kraemer et al., 2015; Woolway & Merchant, 2019; Pilla et al., 2020; 

334 Woolway et al., 2021). These responses lead to longer periods of low oxygen in deep waters 

335 (Fang & Stefan, 2009; Foley et al., 2012; Rösner et al., 2012; Knoll et al., 2018) that promote 

336 anaerobic CH4 production and deepwater accumulation of CO2 and CH4 via the physical barrier 

337 of stratification (Kankaala et al., 2006; Pu et al., 2020). In fact, total CO2 emissions during the 

338 summer stratified period can be just 5% of that during mixing periods, due to the accumulation 

339 of CO2 in deep waters (Pu et al., 2020). The expected increasing accumulation of both CO2 and 

340 CH4 in deep waters during longer summer stratified periods may lead to greater C pulse 

341 emissions during autumn turnover (Kankaala et al., 2006; Kortelainen et al., 2006; Ducharme-
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342 Riel et al., 2015; Vachon et al., 2017). While these longer stratified periods with anoxic 

343 conditions promote methanogenesis, they also promote OC burial over mineralization (Sobek et 

344 al., 2009; Carey et al., 2018). Hence, the relative rate of increase of CH4 production vs. OC 

345 burial during anoxic conditions will ultimately determine the potential change in C source vs. 

346 sink dynamics.

347 Changes in ice cover duration can also influence C fluxes in inland waters (Magnuson et 

348 al., 2000; Benson et al., 2012; Sharma et al., 2019). In northern regions experiencing amplified 

349 climate warming (IPCC, 2013; Cohen et al., 2014) and rapid reductions in ice cover (Sharma et 

350 al., 2019), thermokarst lakes are estimated to emit 30% more CH4 annually when ice cover is 

351 reduced by 20 days, due to a 13% longer open-water period corresponding with warmer in-situ 

352 temperatures that promote CH4 production and emissions (Wik et al., 2016). Shorter ice cover 

353 duration can reduce the total accumulation of greenhouse gases under ice (Demarty et al., 2011) 

354 and can result in an earlier spring C emissions pulse that accounts for an average of 17% and 

355 27% of annual CO2 and CH4 emissions, respectively (Denfeld et al., 2018; Cunada et al., 2021). 

356 Winter ice cover in Northern Hemisphere lotic systems can reduce CO2 emissions by nearly half 

357 compared to the open water season (Liu et al., 2022), suggesting increased winter CO2 emissions 

358 with decreasing river ice cover. These complex seasonal responses of C emissions are important 

359 to understanding both the phenology and potential increases in annual C emissions from inland 

360 waters given the global-scale trend of decreasing ice cover duration (Sharma et al., 2019).

361

362 3.1.2 Precipitation

363 Changes in precipitation patterns primarily influence C transport from land throughout 

364 the inland water network. Climate change induced alterations to precipitation quantity and the 

365 frequency of extreme events are spatially heterogeneous globally (Table 3) (IPCC, 2013). 

366 Greater precipitation and discharge is linked with increased erosion in watersheds (Ludwig et al., 

367 1996) and higher OC inputs to and OC concentrations in receiving waterbodies (Dillon & Molot, 

368 2005; Raymond & Saiers, 2010; Zhang et al., 2010; de Wit et al., 2018). Extreme precipitation 

369 events lead to disproportionally high fluxes of DOC and POC from land to streams (Jennings et 

370 al., 2012; Zwart et al., 2016), which is pronounced during the rising hydrograph (Raymond & 

371 Saiers, 2010). The increased OC inputs during precipitation events follow a “pulse-shunt” 

372 concept (Raymond et al., 2016):  the “pulse” increases terrestrial OC inputs to receiving 
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373 waterbodies, but increased discharge can transport or “shunt” OC further downstream for 

374 processing, so OC is not necessarily processed near its point of entry. Further, multiple, closely 

375 timed precipitation events can eventually decrease OC inputs as the OC source in the watershed 

376 becomes depleted (Dhillon & Inamdar, 2013). While increased precipitation and discharge lead 

377 to increased DOC and POC inputs (Larsen et al., 2011b; Lapierre et al., 2013), increased 

378 discharge generally has a dilution effect on CO2 and CH4 concentrations in rivers and streams 

379 (Teodoru et al., 2009; Dinsmore et al., 2013). In contrast, drought conditions disconnect surface 

380 and subsurface flowpaths (Lake, 2003; Murphy et al., 2018; Kleine et al., 2021) and have the 

381 opposite effects on C inputs. Lower precipitation and discharge reduce OC inputs (Dahm et al., 

382 2003; Blaurock et al., 2021), while higher contributions from CO2-rich groundwater during 

383 periods with low discharge result in higher in-situ CO2 concentrations (Dinsmore & Billett, 

384 2008; Öquist et al., 2009). Hence, both the intensity and frequency of precipitation events are 

385 important determinants of OC vs. IC inputs to inland waters.

386 C emissions from dried inland waters are an important, though often overlooked, 

387 component of the inland water C cycle. Intermittent or permanent losses of surface water are 

388 common in regions experiencing reduced precipitation and drought, such as the Middle East, 

389 central Asia, Australia, and the western United States (Pekel et al., 2016). For example, 18% of 

390 global inland waters experience intermittent drying (Keller et al., 2020), while the well-known 

391 drying of the Aral Sea has decreased surface area by 1278 km2/y since the 1980s (Pekel et al., 

392 2016). These dried areas are generally not included in either terrestrial or aquatic C budgets, 

393 representing a “blind spot” in global C accounting (Marcé et al., 2019). Dried areas generally 

394 have amplified CO2 emission rates compared to their wetted condition (Gómez-Gener et al., 

395 2016; Obrador et al., 2018), but lowered CH4 emissions due to rapid oxidation and lack of an 

396 ebullitive pathway (Koschorreck, 2000; Marcé et al., 2019). Recent global syntheses of CO2 

397 emissions from dried inland waters reported that 0.12 to 0.22 Pg C/y should be added to the 

398 global CO2 emission estimate (Table 4), a 6% to 10% increase from recent global estimates 

399 (Marcé et al., 2019; Keller et al., 2020). Ponds are highly subject to seasonal drying (Marcé et 

400 al., 2019) and are hot spots of C emissions (Holgerson & Raymond, 2016), and incorporating 

401 dried areas of ponds increases their total C emission estimate by 26% (Table 4). Increases in C 

402 emissions from rivers, streams, and lakes are modest when dried areas are included in their 

403 global CO2 emission estimates (Table 4), but represent a source of high variability in seasonal 
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404 emissions (Liu et al., 2022). Further, dried areas accumulate terrestrial leaf litter that, upon 

405 rewetting, can be rapidly mobilized and decomposed, contributing a CO2 pulse equal to up to 

406 10% from all permanent rivers and streams (Datry et al., 2018; del Campo et al., 2021). These 

407 changes in the spatial coverage and duration of dried areas, especially for highly variable 

408 small streams and ponds, are expected to increase in areas where reduced precipitation and 

409 drought are becoming more common with climate change. The resulting effects on C 

410 mobilization and processing have been rarely studied but likely represent an increasingly 

411 important component of inland water C fluxes (Keller et al., 2020) (Box 1). Additional drivers 

412 leading to dried areas in inland waters include drawdown in managed reservoirs, which we 

413 discuss below.

414 The chemical composition of precipitation has also changed in many regions of the world 

415 and has impacted the quality of C inputs, as DOC in particular, to and processing within inland 

416 waters. Reduced sulfur deposition throughout much of eastern North America and Europe 

417 (Skjelkvåle et al., 2005; Monteith et al., 2007; Smith et al., 2011b) has allowed for soil recovery 

418 from acidification over the past several decades. This has reduced soil ionic strength (Lawrence 

419 & Roy, 2021) and allowed for greater DOC export from soils to inland waters (Evans et al., 

420 2012). Within inland waters, increasing pH can also lead to more rapid decomposition of 

421 terrestrial organic matter (Mulholland et al., 1987). In response, DOC concentrations in many 

422 streams and lakes have increased (Evans et al., 2006; Monteith et al., 2007). Contrarily, sulfur 

423 emissions and deposition in regions like East Asia rose exponentially from the 1950s to mid-

424 2000s (Smith et al., 2011b), but are beginning to decrease (Duan et al., 2016). In parts of China, 

425 for example, soil acidity decreased by 1.1 pH units since the early 1980s (Duan et al., 2016), and 

426 soil recovery may be delayed by frequent regional droughts (Duan et al., 2013). The region-

427 specific interactions among changing amount, intensity, and chemistry of precipitation on OC 

428 inputs from land is an important consideration for understanding C fluxes in inland waters.

429

430 3.1.3 Wildfires

431 Warmer air temperatures and drought conditions interactively drive the increased 

432 prevalence of wildfires (Dennison et al., 2014; Melillo et al., 2014), which alter the availability 

433 and quality of terrestrial C and corresponding fluxes to inland waters. Wildfires transform and 

434 release terrestrial OC via direct C emissions, aerial transport via smoke and ash plumes, and 
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435 burning of terrestrial OC on land (i.e., vegetation, soils), producing partially burned biomass, 

436 charcoal, and soot, collectively referred to as pyrogenic OC (Santín et al., 2016). The latter two 

437 pathways can directly influence OC inputs into inland waters at local to broad spatial scales 

438 (Table 3). OC in smoke and ash plumes can travel long distances from wildfires, even traversing 

439 continents and oceans, and can directly enter inland waterbodies (Williamson et al., 2016). For 

440 example, smoke plumes from wildfires in California, USA, in 2018 reached Castle Lake (45-160 

441 km away), and ash and POC deposition resulted in 46% higher surface water POC 

442 concentrations in the lake relative to previous, non-fire years (Scordo et al., 2021).

443 Second, inland waters in watersheds experiencing wildfire receive increased OC loads, 

444 though this varies between POC vs. DOC (Table 3). Following burning of terrestrial vegetation 

445 and soil destabilization, erosion and sediment export from the watershed increases POC to 

446 receiving inland waters (Smith et al., 2011a). This elevated POC input to waterbodies generally 

447 declines as vegetation reestablishes over time (Petticrew et al., 2006; Smith et al., 2011a) but is 

448 also tightly linked with post-fire precipitation patterns (Shakesby & Doerr, 2006; Betts & Jones, 

449 2009). For instance, 90% of ash from a burned watershed was delivered to a local reservoir in 

450 New Mexico, USA, within one year following post-fire rain events (Reneau et al., 2007). In 

451 contrast to the increases in POC delivered to inland waters following wildfire, responses of DOC 

452 are more variable and difficult to predict. Some studies report increasing DOC input from land or 

453 in-situ concentrations in waters following wildfire (McEachern et al., 2000; Minshall et al., 

454 2001; Allen et al., 2003), while others report a decrease (Betts & Jones, 2009; Evans et al., 2017) 

455 or no change (Carignan et al., 2000; Lamontagne et al., 2000; Mast & Clow, 2008; Olefeldt et 

456 al., 2013a; Wagner et al., 2015). A decrease or no change in DOC input from land following 

457 wildfire may be explained by reduced vegetation and litter inputs to soils combined with 

458 damaged soil microbial communities that lead to reduced DOC production despite abundant 

459 POC (Carignan et al., 2000; Betts & Jones, 2009; Evans et al., 2017). Decreased DOC input from 

460 land may also be linked to temporary reacidification of soils and increased ionic strength, which 

461 has been suggested in burned watersheds in the United Kingdom historically experiencing 

462 acidification (Evans et al., 2017). The extent or severity of watershed burning may explain some 

463 of this variability in DOC input from land, potentially as a non-monotonic response (Rhoades et 

464 al., 2019). The quality of DOC following wildfire can also be altered (Santín et al., 2016), with 

465 DOC from burned areas having higher coloration (Clay et al., 2012) and lower biodegradability 



16

466 (Olefeldt et al., 2013b) than unburned areas. However, alteration of OC quality following 

467 wildfire and effects on C processing in land waters are not well studied, suggesting an important 

468 area for future research. These impacts of wildfire are vital to understand, especially considering 

469 the positive feedback loop of between wildfire prevalence, direct C emissions, and climate 

470 change leading to worsening drought across the globe (Balshi et al., 2009; Hurteau et al., 2014). 

471 Here, improved monitoring of C fluxes before vs. after extreme climate-related events such as 

472 wildfires can resolve our understanding of the specific impacts of individual events across 

473 inland waterbodies (Box 1). 

474

475 3.2 Human Alterations to the Landscape

476 Anthropogenic modifications to the landscape alter hydrological connectivity across the 

477 terrestrial-aquatic interface, as well as quantity and quality of C entering inland waterbodies 

478 (Figure 1). While forested areas decreased by 25% between 1900 to 2005, agricultural areas 

479 nearly doubled and urban areas quadrupled in size (Meiyappan & Jain, 2012). Globally, land use 

480 and land cover changes have resulted in a net total C flux of 145 Pg C since 1850 (Houghton & 

481 Nassikas, 2017) with a 59% increase in C inputs from land to water (Regnier et al., 2013). In this 

482 section, we discuss the roles and mechanisms that globally widespread human alterations to the 

483 landscape have played in affecting inland water C fluxes, and note an array of additional 

484 anthropogenic landscape changes and their potential interactions that are not included in this 

485 review (Box 2). Further, it is important to note that anthropogenically driven landscape changes 

486 are occurring in conjunction with climate change, and additional research is needed to 

487 understand how these interactions affect C transport and processing in inland waters. Our 

488 understanding of the magnitude and mechanisms by which these landscape changes affect C 

489 fluxes, especially C input from land to inland waters, will be greatly improved by 

490 measurements of specific C fluxes before, during, and after land conversion (Box 1).

491

492 3.2.1 Deforestation

493 Deforestation is a worldwide practice that removes trees for pulp and paper production or 

494 in favor of agriculture or urban areas. Unsurprisingly, POC transport to receiving waterbodies 

495 decreases following forest harvest due to reduced vegetation and litterfall (Webster et al., 1990; 

496 Kiffney & Richardson, 2010; Santiago et al., 2011). In contrast, transport of DOC generally 
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497 increases after harvest, but often declines within 3 to 5 years (Carignan et al., 2000; Kreutzweiser 

498 et al., 2008; Laudon et al., 2009; Schelker et al., 2012; Schelker et al., 2014). Here, clear-cutting 

499 can result in warmer soil temperatures and thereby faster decomposition rates producing DOC, 

500 while reduced evapotranspiration can result in greater runoff during precipitation events that 

501 delivers DOC to adjacent inland waterbodies (Table 3) (Kreutzweiser et al., 2008). The altered C 

502 inputs to waterbodies following deforestation can have important implications for their 

503 ecosystem structure and function (Carignan et al., 2000; Schelker et al., 2014), including 

504 potential increases in C emissions associated with higher DOC concentrations (Lapierre et al., 

505 2013). In general, the long-term effects of deforestation on C fluxes to inland waters will depend 

506 on the future use of the land. For example, forested lands converted to agriculture or urban areas 

507 will experience significant changes (see sections below); on the other hand, forestry rotation may 

508 provide intermittent or cyclic effects on C fluxes due to forest regrowth and cutting cycles, as has 

509 been suggested for fast-growing Eucalyptus plantations (Santiago et al., 2011).

510

511 3.2.2 Draining of wetlands

512 As with deforestation, drainage of natural wetlands for agricultural or other 

513 anthropogenic purposes has occurred at a global scale. Estimates suggest that over 87% of 

514 wetlands have been lost since 1700, leaving only 13% of natural wetlands intact globally 

515 (Davidson, 2014). C fluxes specifically in wetlands are not discussed in detail in this review, as 

516 they are often considered an intermediate between terrestrial and aquatic ecosystems (Cole et al., 

517 2007; Drake et al., 2018). High watershed coverage of wetlands is associated with high DOC 

518 transport into and concentrations within receiving inland waterbodies (Mulholland & Kuenzler, 

519 1979; Eckhardt & Moore, 1990; Kortelainen, 1993; Raymond et al., 2004). Hence, as wetland 

520 coverage decreases, DOC transport to inland waters also decreases (Royer & David, 2005). This 

521 reduction in OC inputs to inland waters can be especially important to consider given the 

522 additional impact of agriculture, the most common reason for wetland drainage (van Asselen et 

523 al., 2013), on inland water C fluxes.

524

525 3.2.3 Agriculture

526 Land used for agriculture covers about one-third of terrestrial land globally (Ramankutty 

527 et al., 2018), a near doubling over the past century (Meiyappan & Jain, 2012). The conversion of 
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528 land formerly covered by forests or wetlands, for example, influences hydrology and C transport 

529 to receiving inland waters as described above; however, there are several additional direct effects 

530 on C transported to inland waters due to agricultural activities following land conversion. 

531 Practices like tile drainage and channelization of agricultural streams alter hydrological 

532 flowpaths (Table 3), and more efficiently and directly transport OC and IC to receiving 

533 waterbodies (Royer & David, 2005; Blann et al., 2009; Dalzell et al., 2011; Yang et al., 2022). 

534 Agricultural irrigation that sources groundwater can result in rapid degassing of CO2 

535 (Macpherson, 2009), compared to slower degassing of CO2 from groundwater entering less-

536 disturbed streams (Doctor et al., 2008). However, only one study has quantified this emissions 

537 pathway for a row-crop field in Michigan, USA (McGill et al., 2018), with degassing from 

538 irrigation contributing much less to agricultural C emissions than other components of irrigation 

539 (i.e., agricultural ponds, infrastructure) (Aguilera et al., 2019).

540 Globally, approximately 133 Pg C from soils have been lost due to land conversion to 

541 agriculture, which has been especially pronounced in the past 200 years (Sanderman et al., 

542 2017). (Walmsley et al., 2011). Common agricultural practices such as tilling can increase the 

543 transport of total C in agricultural watersheds due to high erosion rates (Kelsey et al., 2020), 

544 which can be three to four orders of magnitude higher than in undisturbed forested watersheds 

545 (Pimentel et al., 1995; Berhe et al., 2018). However, the effect on individual C forms can vary, 

546 with traditional tillage sometimes reducing the flux of DIC from soils to streams compared to 

547 reduced tillage due to greater losses of CO2 due to soil aeration (Walmsley et al., 2011), while 

548 other studies indicated increased DIC flux in traditional compared to non-tilled agricultural fields 

549 (Kelsey et al., 2020). Similarly, tillage effects on DOC transported to receiving inland waters can 

550 vary from more than doubling in traditional vs. non-tilled fields (Kelsey et al., 2020) to having 

551 no clear effect (Walmsley et al., 2011; Van Gaelen et al., 2014). Various agricultural practices 

552 can also alter the composition of terrestrial OC that can enter water bodies (Wilson & 

553 Xenopoulos, 2008; Graeber et al., 2012; Stanley et al., 2012), as well as the production and 

554 cycling of DOC within agriculturally influenced inland waters (Giling et al., 2014). For example, 

555 streams in agricultural catchments compared to those in forested watersheds had higher seasonal 

556 variability in DOC concentrations with a more complex humic molecular signature, suggesting 

557 lower biolability of exported DOC for in-situ processing (Graeber et al., 2012). In agricultural 

558 areas used for livestock, animal waste containing high OC and DIC can enter nearby 
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559 waterbodies, such as agricultural ponds or streams via runoff; however, this source of C to inland 

560 waters has not been quantified despite the near doubling of livestock production and associated 

561 animal waste since the 1960s globally (Thornton, 2010; United States EPA, 2015). These studies 

562 highlight how interactions between altered hydrologic pathways (i.e., irrigation, tile drainage) 

563 and C quantity and quality (i.e., animal waste, crop detritus, agricultural soils) together can 

564 influence the flux of C from agricultural lands to adjacent inland waters.

565 Agricultural ponds that receive high C inputs have some of the highest OC burial rates 

566 reported for inland waters (Downing et al., 2008; Mendonça et al., 2017). However, the high C 

567 and nutrient inputs that result in high primary productivity and eutrophic conditions, combined 

568 with the small size and depth of these agricultural ponds (Downing et al., 2008), suggest they are 

569 important sources of both CO2 and CH4 emissions (Holgerson & Raymond, 2016; DelSontro et 

570 al., 2018; Beaulieu et al., 2019). While fertilizer application in agricultural watersheds leads to 

571 high nutrient runoff with implications for eutrophication downstream, agricultural liming can 

572 result in increased DIC fluxes (Oh & Raymond, 2006; Barnes & Raymond, 2009) compared to 

573 undisturbed systems where bedrock weathering is the primary DIC input (Regnier et al., 2013). 

574 Lime application increases chemical weathering and interacts with fertilizer application to 

575 increase lime dissolution, both contributing to increased bicarbonate fluxes downstream (Oh & 

576 Raymond, 2006; Barnes & Raymond, 2009). This effect of agricultural liming accounts for 29% 

577 of bicarbonate transport from agricultural watersheds (Oh & Raymond, 2006), which is up to 

578 four times more DIC than transported from undisturbed forested watersheds (Barnes & 

579 Raymond, 2009). Small inland waterbodies, such as agricultural ponds, have a less understood 

580 spatial distribution and understudied C fluxes despite their disproportionately large role in C 

581 burial and C emissions (Figure 2), warranting future research in this area (Box 1).

582

583 3.2.4 Urbanization, wastewater, and sewage

584 As with land conversion to agriculture, land conversion to urban areas is associated with 

585 many anthropogenic practices that influence C fluxes to inland waters (Table 3). Altered 

586 hydrological flowpaths, whether by modification or burial of headwater streams or creation of 

587 engineered waterways, have high connectivity with the urban landscape that facilitates efficient 

588 C transport downstream (Kaushal & Belt, 2012). Impervious surfaces, which dominate urban 

589 landscapes, have rapid rates of organic matter decomposition (Hobbie et al., 2013) that can result 
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590 in increased DOC transport to highly connected urban streams (Kaushal & Belt, 2012). In 

591 contrast to DOC, POC transport from urban areas is generally low in part due to this rapid 

592 decomposition (Hobbie et al., 2013), but also due to removal of vegetation, especially in riparian 

593 zones (Roberts & Bilby, 2009), and yard waste (Templer et al., 2015) that reduces the POC 

594 availability. Though, grass clippings from mowing can produce POC for transport even in the 

595 absence of trees and larger vegetation (Roberts & Bilby, 2009). Urban areas also transport DIC 

596 to receiving waterbodies from weathering of cement, high CO2 production in fertilized lawns, 

597 and wastewater and sewage inputs (Daniel et al., 2002; Scott et al., 2006; Baker et al., 2008; 

598 Barnes & Raymond, 2009; Davies et al., 2010; Moore et al., 2017). In fact, urban transport of 

599 DIC to receiving inland waters is two times greater than in agricultural watersheds used for 

600 croplands and nearly eight times greater than in undisturbed forested watersheds where bedrock 

601 weathering is the dominant DIC source (Barnes & Raymond, 2009; Regnier et al., 2013).

602 Important in heavily populated urban areas is the export of wastewater and sewage. OC 

603 from wastewater tends to be very labile, so it can be rapidly decomposed and emitted as CO2 and 

604 CH4 while traveling downstream (Abril et al., 2002; Daniel et al., 2002; Meng et al., 2013; Hu et 

605 al., 2018; Zhang et al., 2021). Globally, approximately 52% of wastewater is treated, though this 

606 proportion varies substantially by country largely as a function of economic class (Jones et al., 

607 2021). Untreated wastewater, accounting for ~48% of total wastewater generated globally (Jones 

608 et al., 2021), can be up to 31 times more labile than treated wastewater (Kim et al., 2019), but 

609 even treated wastewater transports large quantities of labile OC downstream (Meng et al., 2013; 

610 Kim et al., 2019). Secondary treatment of wastewater can remove an additional 85% of organic 

611 matter (United States EPA, 1998), but rates of secondary treatment of wastewater globally are 

612 unknown due to inconsistent reporting (Jones et al., 2021). Highly labile OC inputs from 

613 wastewater subsequently increase in-situ CO2 and CH4 concentrations in the water column 

614 (Alshboul et al., 2016). In turn, emissions of both CO2 and CH4 increase downstream of 

615 wastewater treatment plants (Alshboul et al., 2016) and are especially high when wastewater is 

616 not treated (Kim et al., 2019). The increased OC and IC inputs from these anthropogenic 

617 practices in urban areas will likely amplify the C emissions from inland waters both within and 

618 downstream of urban areas.

619

620 3.2.5 Impoundments
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621 Construction of impoundments for drinking water, irrigation, flood control, or 

622 hydropower has been an anthropogenic alteration of hydrological flows for decades (Table 3) 

623 (Lehner et al., 2011). Impoundments effectively transition lotic waters to lentic systems, and, as 

624 such, C emissions and burial rates increase following impoundment (Regnier et al., 2013; 

625 Deemer et al., 2016). Young reservoirs may have especially high CO2 and CH4 emissions since 

626 flooded labile terrestrial C becomes available for rapid decomposition (St. Louis et al., 2000; 

627 Barros et al., 2011; Bastien et al., 2011; Demarty & Tremblay, 2019). Planned construction of 

628 new dams and impoundments has surged, with over 3700 dams slated for construction during the 

629 2020s and 2030s (Zarfl et al., 2015), suggesting a potentially important role for young reservoirs 

630 in altering C fluxes in inland waters. Though C emissions can be high from reservoirs (Regnier 

631 et al., 2013; Deemer et al., 2016), they are also hot spots of OC burial, with rates approximately 

632 6.5 times greater than natural lakes (Mendonça et al., 2017). OC burial rates increase with 

633 decreasing surface area (Clow et al., 2015) and can be especially high in small impoundments in 

634 agricultural areas due to high sediment input and rapid sedimentation rates (Downing et al., 

635 2008; Mendonça et al., 2017). While increased OC burial may be a positive consequence of 

636 impoundment construction, dredging of reservoir sediments can limit the time scale in which OC 

637 is buried by mobilizing it downstream or removing it from waterbodies entirely, potentially re-

638 introducing OC into the active pool for processing and emission (Maeck et al., 2013). The 

639 consequences of dredging on C burial and emissions are largely unstudied, contributing to high 

640 uncertainty of OC burial rates in reservoirs and the time scale on which they operate. Combined, 

641 the balance of both increased C emissions and burial in impoundments is a key consideration for 

642 the role of reservoirs as net C sinks vs. sources.

643 Reservoirs are unique in their water-level management, which has important implications 

644 for reduced water depth and drawdown areas. During drawdown, CO2 and CH4 can be emitted 

645 via degassing through turbines and spillways that may have been otherwise processed or buried 

646 within the reservoir (Bastien et al., 2011) – mechanistically similar to degassing of high-DIC 

647 groundwater in streams (Doctor et al., 2008) and due to irrigation practices (McGill et al., 2018). 

648 However, this anthropogenic degassing pathway can more than double total C emissions from 

649 reservoirs (Harrison et al., 2021). Estimates of CO2 and CH4 degassing emissions are poorly 

650 constrained due to high uncertainty (Harrison et al., 2021) and warrant further study. Dried areas 

651 following water-level drawdown have heightened CO2 emissions (Marcé et al., 2019; Keller et 
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652 al., 2020), which can be over six times greater than wetted conditions (Kosten et al., 2018). Dried 

653 areas following drawdown account for approximately 15% of global reservoir surface area 

654 (Keller et al., 2021). When drawdown areas are accounted for, global CO2 emissions from 

655 reservoirs increase by 29% (Table 4) (Keller et al., 2020), and in fact flip reservoirs from net 

656 sinks to sources of C at a global scale (Keller et al., 2021). Further, while drawdown areas 

657 generally contribute little to CH4 emissions (Keller et al., 2021), decreases in water level can lead 

658 to increases in ebullitive CH4 emissions elsewhere in the reservoir (Harrison et al., 2017; 

659 Beaulieu et al., 2018). The reduced hydrostatic pressure and time for CH4 oxidation in the water 

660 column can lead to temporary increases in CH4 emissions by 1.4 to 77 times (Beaulieu et al., 

661 2018). In some systems, CH4 emissions from the drawdown period represent up to 90% of 

662 annual CH4 emissions (Harrison et al., 2017). Hence, a complete understanding of total C 

663 emissions from reservoirs must integrate the drawdown impacts on dried areas and lowered 

664 water depth, but this is only beginning to be explored at a global scale (Box 1).

665

666 4. Future Research Directions and Outlook

667 Our updated global C emissions estimate from inland waters of 4.40 Pg C/y (95% CI:  

668 3.95-4.85 Pg C/y) incorporates the most recently available information on the impacts of 

669 anthropogenically driven climate and landscape changes on C fluxes in inland waters (Figure 1). 

670 However, we have highlighted several responses to anthropogenic pressures that remain 

671 understudied but that can strongly influence these estimates of C fluxes to and from inland 

672 waters. These emerging research priorities and related methodological advancements will be 

673 vital to understanding the full suite of anthropogenic pressures and their interactions on inland 

674 water C fluxes, the associated mechanisms, and specific estimates used for upscaling of global C 

675 fluxes, especially C input from land and C emissions.

676

677 4.1 Key Research Priorities

678 We suggest four specific future research directions that will fill notable data gaps and 

679 improve understanding of global C fluxes from inland waters (Box 1), including some key 

680 effects of anthropogenic climate and landscape changes that are understudied and thus poorly 

681 quantified at this time (Box 2). First, before-and-after measurements of C fluxes can contribute 

682 to better quantification of the net changes in C cycling directly associated with climate change 
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683 events or land-use change (Eddy & Gergel, 2015). Few studies have collected measurements of 

684 C fluxes prior to human alteration of inland waters (Bastien et al., 2011; Demarty & Tremblay, 

685 2019), but these comprehensive measurements more accurately assess the direct net impact of 

686 land-use change on C fluxes (Prairie et al., 2018). However, the paucity of data collected before 

687 an anthropogenic disturbance or modification highlights the difficulty in doing this in practice 

688 (Prairie et al., 2018; Jager et al., 2022); alternatives for assessing the net alterations to C fluxes 

689 due to land-use change include modeling counterfactual scenarios, comparison with similar non-

690 altered ecosystems, or evaluation along an impact gradient.

691 Second, we must improve understanding of anthropogenic impacts specifically on C 

692 inputs to inland waters and effects on C emissions downstream (Figure 1). Nearly all of the 

693 climate and landscape change drivers of C fluxes reviewed here influence C inputs, but 

694 responses of both the quantity and quality of C inputs are understudied at local to global scales, 

695 with global estimates considered highly uncertain (Drake et al., 2018). Global estimates of C 

696 input from land are typically calculated as the remainder of the mass balance equation of C 

697 fluxes in inland waters, rather than direct measurements. Incorporating direct measurements of C 

698 input from land can improve C flux balancing for inland waters, but also refine terrestrial C 

699 accounting with estimates of C loss across the terrestrial-aquatic interface. Studies measuring 

700 terrestrial C cycling and net ecosystem C balance often do not incorporate lateral loss of C from 

701 land to water (Aufdenkampe et al., 2011; Webb et al., 2018; Liu et al., 2022); however, estimates 

702 of lateral C flux to inland waters (often using the mass balance approach described in Section 2) 

703 are increasing, especially in watershed-scale studies (Billett et al., 2004; Genereux et al., 2013; 

704 Zhang et al., 2014; D′Acunha et al., 2019; Nakhavali et al., 2021; Song & Wang, 2021).

705 Third, small waterbodies including headwater streams and ponds are hot spots of C 

706 cycling, especially emissions (Holgerson & Raymond, 2016; Rosentreter et al., 2021), but their 

707 role globally remains difficult to accurately assess given the limitations of satellite imagery in 

708 quantifying their areal coverage (McManamay et al., 2018). Ponds likely have high C burial, 

709 with man-made agricultural ponds having among the highest rates of C burial across all lentic 

710 waterbodies (Downing et al., 2008; Mendonça et al., 2017; Taylor et al., 2019). However, despite 

711 the large number of ponds worldwide (Downing, 2010; Holgerson & Raymond, 2016), no 

712 comprehensive global estimate of C burial in naturally occurring ponds has been conducted 

713 (Figure 2). 
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714 Finally, measurements of dried and drawdowns areas must be integrated into global C 

715 flux estimates for inland waters. Across the United States, for example, intermittent streams are 

716 drying earlier and for longer periods throughout the year (Stokstad, 2021; Zipper et al., 2021). 

717 However, these currently represent a significant “blind spot” in understanding terrestrial-aquatic 

718 C linkages and fluxes (Marcé et al., 2019), with only one existing estimate of global C emissions 

719 from dried and drawdown areas (Keller et al., 2020). A recent international initiative has begun 

720 to research intermittent rivers and ephemeral streams globally (Datry et al., 2016), resulting in 

721 publications highlighting organic matter accumulation, processing, and export in dried areas 

722 from joint experiments (Datry et al., 2018; Schiller et al., 2019; Shumilova et al., 2019). Beyond 

723 this effort, alterations to C fluxes in dried areas, specifically the increase in CO2 emissions and 

724 potential reduction in C burial, have not been broadly assessed. With these suggestions, long-

725 term monitoring at high spatiotemporal resolutions will be able to fill in data gaps in the global 

726 inland water C cycle.

727

728 4.2 Improved Resolution of Spatial & Temporal Variability

729 At regional to global scales, the spatial variability of C fluxes in inland waters requires 

730 further study. There are known spatial biases in measurements of CH4 emissions from reservoirs, 

731 for example, with a bias toward measurements from reservoirs in the tropics and few from Africa 

732 or Australia (Deemer et al., 2016). Improved spatially resolved sampling efforts can identify hot 

733 spots of C emissions, such as in the Amazon (Sawakuchi et al., 2017) and sub-Saharan Africa 

734 (Borges et al., 2015). Conversely, identifying regions that, despite model predictions (Raymond 

735 et al., 2013), are not actually hot spots is an important step for global upscaling efforts. For 

736 example, rivers in southeast Asia were modeled to have high CO2 emissions (Raymond et al., 

737 2013), but empirical measurements indicated these rivers were not hot spots of CO2 emissions 

738 (Wit et al., 2015). Such data can improve empirical relationships between C emissions and 

739 waterbody characteristics used in global upscaling estimations (DelSontro et al., 2018), alongside 

740 refined estimates of inland water surface area from geospatial mapping tools (McManamay et al., 

741 2018). One challenge is the inclusion of small streams, ponds, and dried and drawdown areas 

742 (Holgerson & Raymond, 2016; Marcé et al., 2019; Rosentreter et al., 2021), which have a largely 

743 unknown spatial distribution and are difficult to identify from satellite imagery. The variable 

744 spatial extent and intermittency of these systems complicate global upscaling efforts but are 
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745 significant contributors to inland water C fluxes (Holgerson & Raymond, 2016; Keller et al., 

746 2020; Rosentreter et al., 2021).

747 Within-system spatiotemporal variability of C fluxes can be high, as small sample sizes 

748 in space or time can introduce bias to system-wide C flux estimates. For example, tributary 

749 regions and areas near inflows of reservoirs have amplified CH4 emissions (Beaulieu et al., 

750 2016), fast sedimentation rates, and high C burial rates (Koren & Klein, 2000; Sobek et al., 2009; 

751 Xu et al., 2009; Mendonça et al., 2016) compared to open-water regions. In rivers, CO2 

752 emissions generally decrease downstream while CH4 emissions increase (Battin et al., 2008; 

753 Crawford et al., 2016) following the changing sources of CO2 and CH4 longitudinally throughout 

754 river networks (Hotchkiss et al., 2015). Temporal variability must also be considered given the 

755 impacts of climate change on seasonality, interannual variability, and extreme events. Periods of 

756 spring and autumn mixing can be hot moments of C emissions in many systems (Demarty et al., 

757 2011; Schilder et al., 2016; Vachon et al., 2017; Denfeld et al., 2018), while others, like a 

758 midlatitude eutrophic reservoir, experience the highest C emissions in summertime (Beaulieu et 

759 al., 2014). C inputs to inland waters can also vary temporally, related to wet-dry seasonality or to 

760 less predictable extreme rain or drought events (Dahm et al., 2003; Raymond & Saiers, 2010; 

761 Jennings et al., 2012; Zwart et al., 2016). Temporal variability also plays an important role in the 

762 extent of dried and drawdown areas, which are large contributors to CO2 emissions (Marcé et al., 

763 2019; Keller et al., 2020; Keller et al., 2021; Liu et al., 2022). Advancing sampling designs to 

764 capture the high spatiotemporal variability of C fluxes within inland waters will be key to 

765 accurately upscaling C fluxes regionally and globally.

766

767 4.3 Methodological Advancements

768 Improved methods for comprehensively measuring spatiotemporal variability of C fluxes 

769 in inland waters are necessary to quantify their active role at a global scale. In lakes, ponds, and 

770 reservoirs, CH4 ebullition must be accounted for in addition to CO2 and CH4 diffusion, otherwise 

771 total C emissions can be underestimated by more than 50% (Deemer et al., 2016). Additional or 

772 alternative methods for capturing C emissions pathways include acoustic measurements of CH4 

773 ebullition (e.g., (Ostrovsky et al., 2008; DelSontro et al., 2015; Wilkinson et al., 2019; Linkhorst 

774 et al., 2020; Liu et al., 2020a) and eddy covariance flux towers (Vesala et al., 2006; Eugster et 

775 al., 2011; Huotari et al., 2011; Schubert et al., 2012; Deshmukh et al., 2014), though each has 
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776 their own costs and challenges. Including estimates of CO2 and CH4 degassing emissions can 

777 increase global C emission estimates from reservoirs by 62% (Harrison et al., 2021), though this 

778 pathway is rarely quantified (Abril et al., 2005; Soued & Prairie, 2020). Advances in high-

779 resolution and high-frequency technologies to measure various pathways of C emissions will be 

780 vital to understanding their relative contributions and spatiotemporal patterns.

781 Advancing methods to improve measurements of C fluxes in inland waters over space 

782 and time can be applied to inform inland water C processing in coupled empirical-model 

783 approaches to improve the outdated “passive pipe” model (Cole et al., 2007; Webb et al., 2018). 

784 While incorporation of inland waters in C budgets and Earth System Models has improved (i.e., 

785 (Tian et al., 2015; Nakayama, 2017; Du et al., 2020; Nakayama, 2020), relevant estimates of 

786 their C fluxes beyond C export to oceans remain limited at a global scale. For example, inland 

787 waters were not included in the global C cycle in the IPCC report in 2007 except to transport C 

788 directly to oceans (Denman et al., 2007); in the 2013 report, emissions and burial were 

789 incorporated, though high uncertainty in emission estimates were noted (Ciais et al., 2013). 

790 Further, terrestrial CO2 flux estimates based on upscaled eddy covariance measurements (e.g., 

791 (Zeng et al., 2020) can be biased because they do not account for lateral loss of C across the 

792 terrestrial-aquatic interface. As hydrological connectors of land and oceans, inland waters and 

793 their C fluxes should be more explicitly accounted for in such models with the growing body of 

794 available data, especially given the complex influences of climate and landscape changes that 

795 interact with C fluxes through land, inland waters, and oceans. In fact, C processing by inland 

796 waters can offset 1% to 590% of terrestrial net ecosystem production depending on watershed 

797 ecosystem type (Webb et al., 2018), again stressing the important and active role of inland waters 

798 in accounting for terrestrial C at the watershed scale, global C cycling, and Earth System Models.

799

800 5. Conclusions

801 Inland waters play a dynamic role in the global C cycle, and their C fluxes will continue 

802 to be impacted by the complex and interactive effects of anthropogenically driven climate and 

803 landscape changes. The uncertainty in current estimates of inland water C fluxes due to high 

804 spatiotemporal variability, combined with the future changes in C fluxes due to anthropogenic 

805 pressures, underscores the importance of accurately quantifying and upscaling C fluxes in inland 

806 waters globally. C emission estimates from inland waters should be focal, as these estimates have 
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807 risen substantially due to improved methods capturing spatiotemporal heterogeneity, finer-

808 resolution upscaling, and inclusion of small and dried waterbodies. Our current C emission 

809 estimate of 4.40 Pg C/y (95% CI:  3.95-4.85 Pg C/y) is nearly six times greater than the initial 

810 estimate from Cole et al. (2007) (Figure 4). Continued increases in C inputs to inland waters due 

811 to climate and landscape change (Regnier et al., 2013) have a very high likelihood of returning to 

812 the atmosphere via emissions from inland waters. This is especially important if emitted as 

813 potent CH4, where freshwaters account for 17% of global CH4 emissions despite covering only 

814 ~4% of the global land area (Saunois et al., 2016). This large C flux from inland waters returned 

815 back to the atmosphere alters our understanding of the source-sink balance of these waterbodies 

816 (Keller et al., 2021) and the efficacy of C sequestration in terrestrial systems (Webb et al., 2018). 

817 Four much needed future research priorities (Box 1) for understanding C fluxes in inland waters 

818 and their role in the global C cycle are:  (1) before-and-after measurements of C fluxes 

819 associated with climate change events and landscape changes, (2) quantification of C input from 

820 land, (3) improved assessment of spatial coverage and contributions of small inland waterbodies 

821 to C fluxes, and (4) integration of dried and drawdown areas to global C flux estimates. 

822 Achieving these will require improved sampling designs and methodological and modeling 

823 advancements, as well as measurements that capture spatiotemporal variability within and across 

824 inland waters. The expected responses of C fluxes in inland waters to the vast array of 

825 anthropogenic pressures will alter global C cycling, including the net anthropogenic C emissions 

826 from inland waters feeding back to anthropogenic climate change.
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1943 Boxes:

1944 Box 1.

1945

1946 Box 2.

Four Key Research Priorities to Improve 
Understanding of C Fluxes in Inland Waters:

1) Before-and-after measurements of C fluxes 
associated with climate change events & land-use 
change

2) Improved quantification of C inputs from land to 
inland waters

3) Assessment of the spatial coverage of small 
inland waterbodies (i.e., ponds, streams) and 
their contribution to global C fluxes

4) Integration of C fluxes from dried and drawdown 
areas

Anthropogenically Driven Climate & Landscape 
Changes with Potential to Alter C Fluxes in 
Inland Waters Not Covered in This Review:

 Interactions between climate change drivers and 
landscape changes

 Eutrophication of inland waters affecting primary 
production and C sequestration, including the 
role of elevated atmospheric CO2 on in-situ 
production

 Role of wetlands and wetland loss in global C 
cycling

 Salinity changes in inland waters

 Landslides

 Hurricanes (wind & precipitation)

 Degassing emissions from agricultural irrigation

 Erosion and chemical weathering rates



66

1947 Tables:

1948 Table 1. Terms and specific definitions used in this paper related to inland water C processing 

1949 and fluxes. When using “C”, we are referring to all relevant forms of C for the specific flux or 

1950 pathway being discussed (i.e., “C emissions” refers jointly to CO2 emissions and CH4 

1951 emissions), and clarify specific forms of C when reviewing specific pathways or examples.

1952

Term Definition

Types of C

CO2 carbon dioxide, and the primary form of dissolved inorganic 

carbon and one form of C emitted from inland waters

CH4 methane, which has a 34x greater global warming potential 

than CO2, and one form of C emitted from inland waters

IC inorganic carbon, dominantly in dissolved (DIC) form as 

CO2 in inland waters

OC organic carbon, which can be in dissolved (DOC, typically < 

0.7 μm) or particulate (POC, typically > 0.7 μm) forms

C Fluxes

input organic and inorganic C of terrestrial origin transferred 

laterally from land to inland waters via wind, surface and 

subsurface runoff, or groundwater

aquatic primary production fixation of atmospheric CO2 via photosynthesis by aquatic 

primary producers

burial storage or sequestration of C (primarily organic, but can be 

inorganic) in sediments and removal of C from the active C 

cycle, at decadal to millennial time scales

emissions (also evasion, 

outgassing)

release of CO2 and CH4 from inland waters to the 

atmosphere via diffusion, ebullition, or degassing pathways 

(“C emissions” refers to CO2 plus CH4 emissions)

export organic and inorganic C delivered from inland waters 

downstream to oceans
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Additional Terms

C quality chemical composition of OC in inland waters that influence 

properties such as chromophoricity (color) and lability

degassing pathway of CO2 and CH4 emissions via turbulent diffusion 

such as during water release through turbines or spillways, 

and with irrigation 

diffusion pathway of CO2 and CH4 emissions at the air-water interface 

following a chemical gradient

ebullition pathway of CH4 emissions via bubbles produced in 

sediments, transport through water column, and release to 

the atmosphere

sedimentation decomposition or breakdown of OC followed by settling and 

deposition

1953



68

1954 Table 2. Estimates of global C fluxes by waterbody type. Mean global C flux values as presented 

1955 in each study are listed, followed by minimum and maximum ranges, 95% confidence intervals, 

1956 25-75% quantiles, or standard deviation (SD) if reported in the respective paper. For CH4 

1957 emissions, “D” indicates diffusive CH4 emissions, “E” indicates ebullitive CH4 emissions, and 

1958 “G” indicates degassing CH4 emissions (in reservoirs). Bold indicates the most recent estimate of 

1959 a C flux at a global scale for each waterbody type and these most recent estimates are used in 

1960 Figure 2. Values for Rosentreter et al. (2021) are the median estimates (likely more conservative) 

1961 when both median and mean were reported.

1962

C Flux Type
Estimated Global 

C Flux (Pg C/y)
Reference

Rivers & Streams

CO2 emissions 0.23 (range:  0.15-0.3) Cole et al. (2007)

CO2 emissions 0.32 Battin et al. (2009)

CO2 emissions 0.55 Tranvik et al. (2009)

CO2 emissions 0.92 Aufdenkampe et al. (2011)

CO2 emissions 0.65 Lauerwald et al. (2015)

CO2 emissions 3.56

(1.80 + 0.37 + 1.39)

Raymond et al. (2013) +

Borges et al. (2015) + 

Sawakuchi et al. (2017)

CH4 emissions (D + E) 0.001 Bastviken et al. (2011)

CH4 emissions (D only) 0.020 (range:  -0.026-

0.759)

Stanley et al. (2016)

CH4 emissions (D + E) 0.004 (25-75% quantiles:  

0.001-0.016)

Rosentreter et al. (2021)

C burial assumed negligible Cole et al. (2007)

C export to ocean 0.71 Cole et al. (2007)

C export to ocean 1.04 Cai (2011)

C export to ocean 0.95 Regnier et al. (2013)

C export to ocean 1.06 Li et al. (2017)

Lakes
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CO2 emissions 0.11 (range:  0.07-0.15) Cole et al. (2007)

CO2 emissions 0.53 Tranvik et al. (2009)

CO2 emissions 0.485 Holgerson and Raymond (2016)

CH4 emissions (D + E) 0.054 Bastviken et al. (2011)

CH4 emissions (D only) 0.007 Holgerson and Raymond (2016)

CH4 emissions (D + E) 0.026 Rosentreter et al. (2021)

C burial 0.05 (range:  0.03-0.07) Cole et al. (2007)

C burial 0.09 (range:  0.04-0.18) Mendonça et al. (2017)

Reservoirs

CO2 emissions 0.273 St. Louis et al. (2000)

CO2 emissions 0.28 Cole et al. (2007)

CO2 emissions 0.037 (95% CI:  0.032-

0.043)

Deemer et al. (2016)

CO2 emissions 0.090 (95% CI:  0.075-

0.113)

Harrison et al. (2021)

CH4 emissions (D + E) 0.053 St. Louis et al. (2000)

CH4 emissions (D + E) 0.015 Bastviken et al. (2011)

CH4 emissions (D + E) 0.013 (95% CI:  0.009-

0.022)

Deemer et al. (2016)

CH4 emissions (D + E) 0.011 (25-75% quantiles:  

0.007-0.021)

Rosentreter et al. (2021)

CH4 emissions (D + E) 0.008 (1 SD:  0.005-

0.010)

Johnson et al. (2021)

CH4 emissions (D + E + G) 0.017 (95% CI:  0.010-

0.044)

Harrison et al. (2021)

C burial 0.18 (range:  0.16-0.2) Cole et al. (2007)

C burial 0.06 (range:  0.02-0.11) Mendonça et al. (2017)

Ponds

CO2 emissions 0.086 (25-75% quantiles:  

0.03-0.13)

Holgerson and Raymond (2016)

CH4 emissions (D only) 0.005 (25-75% quantiles:  Holgerson and Raymond (2016)
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0-0.008)

CH4 emissions (D + E) 0.016 (25-75% quantiles:  

0.007-0.040)

Rosentreter et al. (2021)

C burial unknown

1963
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1964 Table 3. Examples of anthropogenic climate and landscape change drivers on C fluxes in inland waters.

1965

Driver

Variable

Response & 

Mechanism

Expected C 

Flux Change

Most Affected

Waterbody 

Type(s)

Example &

Reference

Air 

temperature 

warming

Warmer temperatures and 

longer growing seasons 

promote terrestrial 

“greening”

+ C input All Increased vegetation coverage in Nordic 

watersheds associated with increased DOC 

in lakes due to greater allochthonous inputs 

(Finstad et al., 2016)

Air 

temperature 

warming

Melting permafrost releases 

formerly sequestered C and 

alters hydrology

+ C input

+ C emissions

All Increases in DOC and POC during 

permafrost melt in organic-rich regions 

(Vonk et al., 2015);

Thaw lakes are new locations of C cycling 

by inland waters and are hot 

spots of C emissions, especially CH4 

(Walter et al., 2006)

Air 

temperature 

warming

Warmer environment leads 

to increased metabolic rates 

and thereby faster 

production and respiration 

rates

+ C emissions All Sediment CO2 and CH4 production 

increased exponentially along a temperature 

gradient (Marotta et al., 2014);

Methanogenesis rates and ecosystem-level 

CH4 emissions increased with temperature 

(Yvon-Durocher et al., 2014); 
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Increased CO2 emissions in summer due to 

increased pelagic and benthic metabolism 

(Vachon et al., 2017)

Air 

temperature 

warming

Increased strength of 

stratification and prevalence 

of deepwater anoxia

+ C burial 

+ CH4 emissions

Lakes, reservoirs, 

& ponds

Warming inland waters results in stronger 

thermal stratification (Kraemer et al., 2015; 

Pilla et al., 2020) and is associated with 

increased prevalence of deepwater anoxic 

conditions (Jane et al., 2021) promoting OC 

burial (Sobek et al., 2009; Carey et al., 

2018) and anaerobic CH4 production

Air 

temperature 

warming

Reduced duration of ice 

cover

? C emissions All

(northern systems, 

primarily lentic)

Altered mixing phenology impacts pulse C 

emissions during spring and autumn in 

stratified systems (Denfeld et al., 2018);

Longer open-water periods with warmer 

waters promote greater metabolic rates but 

also greater CO2 and CH4 accumulation in 

deep waters with long and strong thermally 

stratified periods (Kankaala et al., 2006; Pu 

et al., 2020)

Precipitation 

(amount)

Altered flux of C to inland 

waters due to increased 

runoff

+/– C input Rivers & streams 

( downstream 

waterbodies)

(+) Stream water DOC & POC increases 

with discharge, and is disproportionately 

high during precipitation events (i.e., 57% 
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of annual DOC flux from 5% of 

precipitation events, with up to 8 times 

greater POC fluxes) (Raymond & Saiers, 

2010; Dhillon & Inamdar, 2013); (+/–) 

Regions with increased precipitation 

experience increased OC input, and those 

prone to drought decreased OC input 

(Williamson et al., 2016);

(–) Increased discharge generally has 

dilution effect on in-situ CO2 and CH4 

concentrations (Dinsmore et al., 2013)

Precipitation 

(acidity)

Soil recovery from 

acidification and reduced 

ionic strength

+ C input Rivers & streams 

( downstream 

waterbodies)

Increasing soil acidity and reduced ionic 

strength leading to increased OC export 

from soils (Evans et al., 2012; Lawrence & 

Roy, 2021) and resulting in increased DOC 

concentrations in receiving waters 

(Monteith et al., 2007)

Wildfire Aerial deposition of ash and 

particulate C

+ C input All Smoke plumes can transport and deposit 

ash and particulate OC to inland surface 

waters (Scordo et al., 2021)

Wildfire Reduced vegetation cover 

and soil destabilization 

+/– C input Rivers & streams 

( downstream 

POC inputs to receiving waters increase 

following wildfires (Smith et al., 2011a), 
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promotes erosion waterbodies) while DOC inputs are more variable and 

may increase (Minshall et al., 2001), 

decrease (Evans et al., 2017), or show no 

significant change (Carignan et al., 2000; 

Mast & Clow, 2008) following wildfire

Landscape 

change

Deforestation reduces 

litterfall and 

evapotranspiration, and 

increases temperature and 

runoff from forest floors for 

faster decomposition

+/– C input Rivers & streams 

( downstream 

waterbodies)

POC input to receiving waters generally 

decreases following deforestation 

(Kreutzweiser et al., 2008; Kiffney & 

Richardson, 2010; Santiago et al., 2011), 

while DOC input increases (Kreutzweiser et 

al., 2008) 

Landscape 

change

Loss of wetland coverage – C input Rivers & streams 

( downstream 

waterbodies)

Loss of OC-rich wetlands (i.e., drained for 

agriculture) reduces DOC input into 

receiving waters (Royer & David, 2005)

Landscape 

change

Alteration of hydrological 

flowpaths for agricultural 

use

+ C input Rivers & streams 

( downstream 

waterbodies)

Increased erosion (Pimentel et al., 1995) 

combined with tile drainage (Royer & 

David, 2005) and channelized agricultural 

streams (Blann et al., 2009) directly 

transport C from agricultural areas 

downstream

Landscape 

change

Runoff from lime 

application to agricultural 

+ C input Rivers & streams 

( downstream 

Increased DIC fluxes in streams linked with 

agricultural practice of lime applications 
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fields waterbodies) (Oh & Raymond, 2006; Barnes & 

Raymond, 2009)

Landscape 

change

Altered hydrology for 

engineered waterways and 

impervious surfaces in urban 

areas

+/– C input Rivers & streams 

( downstream 

waterbodies)

(+) High connectivity in urban areas with 

engineered waterways facilitates OC 

transport (Kaushal & Belt, 2012); Higher 

DOC transport to receiving waterbodies due 

to greater decomposition on impervious 

surfaces (Hobbie et al., 2013); 

(–) Lower POC transport to receiving 

waterbodies due to removal of riparian 

zones and reduced litterfall (Roberts & 

Bilby, 2009), removal of yard waste 

(Templer et al., 2015) 

Landscape 

change

Weathering of cement and 

high lawn CO2 production 

+ C input Rivers & streams 

( downstream 

waterbodies)

DIC transport to receiving waterbodies 

increases in urban areas, up to 7.8 times 

more than forested watersheds (Barnes & 

Raymond, 2009)

Landscape 

change

Wastewater and sewage 

inputs from urban areas

+ C input

+ C emissions

Rivers & streams 

( downstream 

waterbodies)

Wastewater imports high levels of labile 

OC downstream (Daniel et al., 2002), even 

if treated in many cases (Meng et al., 2013; 

Kim et al., 2019), and enhances levels of in-

situ CO2 and CH4 (Alshboul et al., 2016);
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Emissions of both CO2 and CH4 increased 

downstream of wastewater treatment plants 

(Alshboul et al., 2016), especially with 

untreated wastewater (Kim et al., 2019)

Landscape 

change

Construction of 

impoundments alters 

hydrological flows (i.e., lotic 

to lentic)

+ C burial

+ C emissions

Reservoirs Impoundments have high rates of OC burial 

(Mendonça et al., 2017), especially those 

with small surface areas such as agricultural 

impoundments (Downing et al., 2008);

Impoundments are hot spots of C emissions 

(Regnier et al., 2013; Deemer et al., 2016), 

especially when considering CO2 emissions 

from drawdown areas (Keller et al., 2021)
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1967 Table 4. Previous estimates of CO2 emissions from inland waterbody types when dried, 

1968 intermittent, or drawdown areas are excluded (see Table 2) vs. included; data from Keller et al. 

1969 (2020) and Keller et al. (2021).

1970

Global CO2 Emission Estimates (Pg C/y)

Waterbody 

Type

from Surface Waters 

(without Dried Areas) from Dried Areas Total

Relative 

Increase

Rivers & 

Streams

3.560

(see Table 2)

0.047 3.607 1%

Lakes 0.485 

(Holgerson & Raymond, 2016)

0.026† 0.511 5%

Reservoirs 0.090

(Harrison et al., 2021)

0.026 0.116 29%

Ponds 0.086 

(Holgerson & Raymond, 2016)

0.022 0.108 26%

1971 †Taken as the difference between the value for lakes + reservoirs presented in Keller et al. (2020) 

1972 minus the reservoir-only estimate presented in Keller et al. (2021).
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1973 Figure Legends:

1974 Figure 1. Conceptual diagram linking the described climate and landscape changes to the 

1975 respective altered C fluxes in inland waters as described in detail in Section 3 and Table 3. Grey 

1976 area represents inland waters as a whole, including rivers and streams, lakes, reservoirs, and 

1977 ponds. Estimates of total C inputs from land and C emissions from inland waters are calculated 

1978 from recently published global studies (see Table 2). Estimates for total aquatic primary 

1979 production and burial (*) in inland waters are from Regnier et al. (2013); these estimates in 

1980 particular are not well quantified in inland waters at a global scale nor based on waterbody type. 

1981 Estimate for export (†) is from Li et al. (2017), assumed to be exclusively from streams and 

1982 rivers. Climate-related changes in precipitation and temperature will likely interact with many 

1983 landscape change drivers and disturbances in influencing C fluxes in inland waters at short (i.e., 

1984 drought increases likelihood of wildfire) to longer time frames (i.e., warming alters vegetation 

1985 and related C quality and storage in watersheds), which have the potential to be vast and 

1986 therefore are not detailed in this diagram for clarity (see Box 2).

1987

1988 Figure 2. Relative proportion of estimated global surface area (black) by waterbody type, and 

1989 relative proportion of estimated global C fluxes by waterbody type, including CO2 emissions 

1990 (orange), CH4 emissions (diffusive + ebullitive + degassing (for reservoirs); green), C burial 

1991 (blue), and C export to oceans (brown). Estimates are from the most recent publications of global 

1992 C flux by specific waterbody type that are listed in bold in Table 2. Dashed black lines indicate 

1993 the expected C flux for each waterbody type if they were directly proportional to global surface 

1994 area. Note that no global quantitative estimate of C burial in ponds has been conducted.

1995

1996 Figure 3. Conceptual comparison of the contribution of CO2 (orange) vs. CH4 (green; as CO2-

1997 equivalents) emission pathways for each inland waterbody type. Size of arrows reflect relative 

1998 contributions per waterbody type at a global scale and are for relative (not absolute) comparison 

1999 within and across waterbody types only. Degassing emissions of CO2 and CH4 in reservoirs is 

2000 understudied at a global scale compared to CO2 and CH4 emissions in the main reservoir, and 

2001 relative emissions of CO2 to CH4 due to degassing have high uncertainty (thus are shown 

2002 together as a hatched green/orange arrow).

2003
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2004 Figure 4. Time series of published C emission estimates from inland waters by waterbody type. 

2005 Total height of each series indicates the total CO2 or CH4 (as CO2-equivalents) emissions from 

2006 all inland waters at the time of publication, and individual colors represent the relative 

2007 contribution to each flux from each waterbody type.


