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The lateral expansion and contraction of rivers across their floodplains inextricably links 

aquatic and terrestrial ecosystem processes for part of each year, yet our understanding of the 

ecological responses to this seasonal hydrologic forcing is distinctly incomplete.  The Flood 

Pulse Concept (FPC) predicts how in-situ primary production and respiration respond to this 

forcing.  Although many of its predictions remain untested, the FPC is highly-cited and continues 

to guide hypotheses of ecosystem studies in tropical and subtropical flood-pulse rivers.   

In Chapter 1 of this dissertation, I reviewed the literature published from 1989 to 2019 on 

tropical rivers to provide an updated narrative of how primary production and respiration change 

in response to the seasonal flood-pulse.  The literature shows that the in-situ respiration of a 

combination of aquatic and terrestrial organic carbon (C) exceeds primary production in tropical 

and subtropical flood-pulse rivers (i.e.,ecosystems are net heterotrophic).  For the remainder of 



 

the dissertation, I propose that this net heterotrophy changes in response to flood-pulse 

hydrology and is sustained by both aerobic and anaerobic metabolism, contributing to the 

composition of dissolved C gases in water, atmospheric emissions of C gases, and the energetic 

base of aquatic food webs.  I further propose that such cycling of C in flood-pulse rivers is 

fundamentally changed by hydropower development, which alters the magnitude and timing of 

the seasonal flood-pulse. 

Net heterotrophy within inland waters sustained by terrestrial-aquatic transfers of organic 

C and its subsequent, in-situ aerobic respiration constitutes one of the most significant findings 

by aquatic ecologists over the past thirty years (Cole et al., 1994; del Giorgio and Peters, 1994).    

One of the defining features of net heterotrophy within rivers and lakes is the oversaturation of 

dissolved carbon dioxide (CO2) relative to atmospheric levels as a byproduct of aerobic 

respiration.  When “plumbing” the global C cycle, Cole et al. (2007) posited a unidirectional 

transfer of organic C from terrestrial to aquatic ecosystems, and assigned only three fates to this 

C:  burial within sediments, aerobic respiration and diffusive loss of CO2 to the atmosphere, and 

export to the oceans.  Recently, Abril and Borges (2019) proposed the bidirectional expansion 

and contraction of floodwaters over the terrestrial landscape as a major revision to the model 

presented by Cole et al. (2007).   

In Chapter 2, I hypothesized that the bidirectional expansion and contraction of rivers and 

lakes over the terrestrial landscape for months each year during the flood-pulse would create 

anaerobic floodplain habitat conducive to a fourth fate for organic C and additional cause of CO2 

oversaturation within inland waters:  methane (CH4) production and oxidation.  I further 

hypothesized that net heterotrophy, dissolved CO2 and CH4, and their diffusive fluxes to the 

atmosphere would increase with water levels and floodplain inundation.  I tested these 



 

hypotheses in Tonle Sap Lake (TSL), on a tributary of the Lower Mekong River in Southeast 

Asia.  Each June through September, monsoonal rains in this river basin increase TSL levels by 

up to 7 m and lake surface area by up to 12,000 km2 (Holtgrieve et al., 2013).  I measured the 

concentrations of respiratory gases (O2, CO2, CH4) and isotopic composition of CO2 and CH4 

during different flood stages in the TSL and used these data to model aerobic ecosystem 

metabolism and diffusive fluxes of CO2 and CH4 from TSL to the atmosphere.  Stable C isotopes 

demonstrate that 67-97 % of dissolved CO2 was derived from CH4 oxidation.  Dissolved CO2 and 

CH4 were unrelated to aerobic respiration and inundation time, which shared a strong, negative 

relationship.  The flood-pulse increased net heterotrophy and diffusion, from 3,700 ±500 mg C-

CO2 m-2 d-1 and 0.5 ±0.2 mg C-CH4 m-2 d-1 during the rising-water stage to 10,000 ±1,000 mg C-

CO2 m-2 d-1 and 110 ±40 mg C-CH4 m-2 d-1 during the high-water stage.  These data highlight 

that anaerobic metabolism can play a key role in the oversaturation and diffusive flux of CO2 

within rivers and lakes, particularly when these waters expand and contract across the terrestrial 

landscape. 

The apparent magnitude of CH4 production and oxidation in TSL suggested that this 

anaerobic energetic pathway may—at the same time—sustain net heterotrophy and introduce 

significant amounts of C to the base of the lake’s food web.  Traces of methane-derived C within 

the biomass of chironomids (Jones et al., 1999; Bunn and Boon, 2003), zooplankton (Bastviken 

et al., 2003; Kankaala et al., 2006), and fish (Sanseverino et al., 2013) have been detected in 

other lake food webs using stable C isotopes.  Yet, metabolism measured at the base of lake food 

webs has traditionally focused on photosynthesis and whole-ecosystem aerobic respiration (ER).  

In Chapter 3, I hypothesized that CH4 production would introduce C to the TSL food web at rates 

comparable to photosynthetic gross primary production (GPP), and that CH4 oxidation would 



 

transfer this C to higher trophic levels at rates comparable to net ecosystem production (NPP) 

until it was detectable in the food web using stable isotopes.  I further hypothesized that rates of 

CH4 production, oxidation, and their contribution to ecosystem metabolism in TSL would 

increase with lake level and floodplain duration.  CH4 production comprised up to 36 ±7 % of C 

introduced to the TSL food web through GPP and CH4 oxidation comprised up to 11 ±3 % of 

NPP.  Rates of both CH4 production and oxidation were small compared to ER, suggesting that 

net heterotrophy in TSL is sustained by ER, despite sizeable contributions from CH4.  CH4 

production and oxidation were greatest during full flooding, but neither were correlated with 

floodplain duration as expected.  Certain invertebrates and fish showed unambiguous methane-

derived C within their biomass.  Collectively, these results demonstrate that CH4 production and 

oxidation contribute to the overall energetic base of TSL. 

Flood-pulse rivers like the Lower Mekong are being altered by hydropower development 

at rates higher than anywhere else (Arias et al., 2013; Zarfl et al., 2015).  Some of the highest 

rates of impoundment (>100 dams currently planned) are in China’s Yangtze River basin (Zarfl 

et al., 2015).  The Three Gorges Reservoir (TGR) has notably altered the Yangtze River flood-

pulse; water levels on the TGR floodplain now fluctuate by up to 30 m annually (Chen et al., 

2009).  During low reservoir storage, water levels near Kai Xian are much as they were before 

the TGR, presenting a proxy for pre-dam C cycling on the TGR floodplain.  In Chapter 4, I 

measured this C cycling in terms of atmospheric CO2 and CH4 fluxes from aquatic environments 

(i.e., ponds) on the TGR floodplain during low reservoir storage, and from the reservoir, itself, 

following inundation and high reservoir storage.  I hypothesized that the magnitudes and 

ecosystem drivers of these fluxes would change with hydrology between low reservoir storage 

and high reservoir storage.  Like other studies (Del Sontro et al., 2016), we found that CH4 



 

ebullition comprised a majority of CH4 fluxes (60-68 %) during low reservoir storage, but was 

two orders of magnitude lower during high reservoir storage.  We also found that floodplain 

inundation by the TGR significantly moderated areal atmospheric CO2 and CH4 fluxes (diffusion 

and ebullition).  Linear mixed effects modeling indicated that in-situ respiration was the 

dominant ecosystem driver of fluxes during both low and high reservoir storage.  Thus, these 

data show that the magnitudes, but not the drivers, of atmospheric CO2 and CH4 fluxes have been 

altered along with Yangtze River flood-pulse hydrology by the TGR. 

A central theme that has emerged from the dissertation research presented here is the 

importance of anaerobic metabolism, specifically CH4 production and oxidation, within inland 

waters.  Anaerobic metabolism has been largely ignored in studies of aquatic C cycling and 

ecosystem metabolism, with implications for C accounting in other flood-pulse and anaerobic 

ecosystems, worldwide.  Collectively, this work demonstrates that CH4 production and oxidation 

contribute significantly to CO2 oversaturation, atmospheric C fluxes, and aquatic biota, 

challenging existing assumptions about terrestrial-aquatic transfers, net heterotrophy, and food 

web support within flood-pulse rivers and lakes. 

 



 

Chapter 1 

 

Primary production and respiration on the floodplains of large, tropical rivers—A review of 

predictions by the flood-pulse concept 

 

Benjamin L. Miller1 

Thomas K. Pool1,2 

Gordon W. Holtgrieve1 

 

1. School of Aquatic and Fishery Sciences, University of Washington 

2. Department of Biology, Seattle University 



 

1.0 Abstract 

The Flood-pulse Concept (FPC; 1989) describes the lateral expansion and contraction of 

tropical rivers across their floodplains following annual monsoonal precipitation, and how these 

hydrologic changes affect in-situ primary production and respiration.  Although predictions by 

the FPC are speculative or based largely on observations in a single river, the Amazon, the FPC 

is highly-cited and continues to guide hypotheses of ecosystem studies in tropical flood-pulse 

rivers.  We comprehensively reviewed the literature published from 1989 to 2019 in flood-pulse 

rivers to provide an updated narrative on primary production and respiration in these ecosystems.  

The FPC predicts that the flood-pulse will drive community composition of primary producers 

on the floodplain.  The FPC also predicts that primary production will exceed respiration on the 

floodplain throughout flood pulse.  The FPC further predicts the floodplain will contribute more 

organic carbon (C) to respiration at the base of flood-pulse ecosystems than the “pulsing” river, 

and that this organic carbon will be mobilized by flood waters and respired within microbial and 

benthic food webs under progressively anoxic conditions on the floodplain.  Our literature 

review confirms that the community composition of primary producers on tropical river 

floodplains is driven by flood-pulse hydrology.  In contrast to the predictions by the FPC, the 

literature shows that respiration far exceeds primary production in high-order tropical rivers and 

their floodplains.  The literature also shows that upstream in-situ primary producers are 

important to secondary production and respiration at the base of heterotrophic food webs in 

flood-pulse ecosystems, which also contradicts the FPC.  As the flood-pulse progresses, we show 

that photomineralization—in addition to methanogenesis—becomes an increasingly important 

fate for organic C on tropical river floodplains.  We hypothesize that ecosystem parameters in 

flood-pulse rivers and their floodplains can be described using a hysteresis, in which parameter 



 

response—such as phytoplankton abundance—differs along a rising or falling hydrograph.  We 

speculate how the FPC might be further modified under global change.  This review corrects 

inaccuracies of the FPC, improving theoretical bases for future studies in this globally-important 

class of rivers. 

2.0 Introduction 

Many of the world’s earliest civilizations occurred on the floodplains of large tropical 

and subtropical rivers, such as the Nile, Indus, and Yangtze.  The annual flooding of these rivers 

and resulting agricultural productivity underlaying early Egyptian, Indian, and Chinese societies 

have long been recognized by their inhabitants and archaeologists.  However, the importance of 

floodplain ecosystem dynamics has only recently received attention by ecologists.  All 

ecosystems experience regular pulses of abiotic physical forcing, including temperature, solar 

irradiance, and precipitation (Winemiller et al., 2014).  Temperature and solar irradiance are 

relatively constant in tropical and subtropical ecosystems at annual time scales.  This leaves 

precipitation as the primary physical forcing mechanism affecting tropical and subtropical 

watersheds on an annual basis.  Along the Intertropical Convergence Zone, precipitation is often 

monsoonal and highly predictable, causing similarly predictable annual flooding.  This annual 

predictability, or “rhythmicity,” of floods has been shown to underlay common metrics of 

productivity from one flood stage to another within tropical rivers, such as organic C export and 

fish species richness (Jardine et al., 2015; Sabo et al., 2017).   

Junk et al. (1989) first characterized the annual flooding of the Amazon River across its 

floodplains and the blurring of classical aquatic and terrestrial boundaries as the Flood-pulse 

Concept (FPC).  There were a number of conceptual precursors to the FPC that attempted to 

describe large scale ecological patterns in rivers.  These overwhelmingly focused on spatial 



 

variation based on the unidirectional flow of water in temperate rivers.  As early as 1945, the 

Fish Zones Concept predicted a change in the spatial distribution of fishes from high gradient, 

fast-moving waters upstream to low gradient, slow-moving waters downstream, according to 

their life histories and morphological traits (Gerking, 1945).  The River Continuum Concept 

(RCC) also operates on a longitudinal basis, but includes predictions about the energetic base of 

the food web (Vannote et al., 1980).  Vannote et al. (1980) were fundamentally concerned with 

inputs of terrestrial organic carbon (C) from upstream to downstream, and the implications this 

has for the balance of primary production and respiration and community composition of benthic 

insects.  The RCC predicted that respiration would exceed production in mid-order rivers due to 

riparian shading and terrestrial organic C inputs, but that rivers would become increasingly net 

autotrophic (i.e., primary production will exceed respiration) as they broadened at high orders 

(Vannote et al., 1980). 

The FPC was proposed as an alternative to the RCC nine years later (Junk et al., 1989).  

The major departure of the FPC from the RCC is the integration of space and time as a river 

overflows its banks on an annual basis, creating lateral connectivity between the main channel 

and floodplain.  The FPC makes several predictions about in-situ primary production and 

respiration at the base of “pulsing” tropical river ecosystems.  Notably, the FPC predicts that (i) 

the flood-pulse will drive community composition of primary producers on floodplains.  The 

FPC also predicts that (ii) primary production will exceed respiration on the floodplain 

throughout the annual flood pulse.  The FPC further predicts (iii) the floodplain will contribute 

more organic carbon (C) to respiration at the base of flood-pulse ecosystems than the “pulsing” 

river, and that (iv) this organic carbon will be mobilized by the flood waters and respired within 

microbial and benthic food webs under progressively anoxic conditions on the floodplain.  



 

However, many of these predictions are speculative or based largely on observations in a single 

river, the Amazon.  Others have reviewed the applicability of the FPC to modified river-

floodplain ecosystems (Bayley, 1995), fisheries (Junk and Bayley, 2007), and floodplain lakes 

(Wantzen et al., 2008), but none have synthesized recent findings in the tropical flood-pulse 

rivers that first inspired the FPC.   

Predictions by the original FPC have been cited over 6,500 times, yet primary production 

and respiration in tropical and subtropical rivers remains significantly understudied relative to 

temperate rivers (Raymond et al., 2013).  Tropical flood-pulse rivers are responsible for up to 48 

% of mean annual riverine discharge, and their ecosystem dynamics collectively describe over 

half of the freshwater resources on Earth.  Updating predictions made by the original FPC about 

these ecosystem dynamics is critical to guiding future, much-needed research in tropical and sub-

tropical rivers. 

We comprehensively reviewed the literature on primary production and respiration in 

flood-pulse rivers from 1989 to 2019.  From this, we provide an updated narrative on primary 

production and respiration in these ecosystems with reference to predictions by the original FPC.  

Like Junk et al. (1989), this review focuses on tropical flood-pulse watersheds, though 

information from temperate flood-pulse watersheds is included where potentially useful, or 

where information from the tropics is scarce.  We confirm that (i) the community composition of 

primary producers is driven by flood-pulse hydrology. We hypothesize that these and other 

ecosystem dynamics can be succinctly described a hysteresis, in which rising- and falling-water 

dynamics differ.  In contrast to the predictions by both the FPC and RCC, the literature shows 

(ii) consistent net heterotrophy (i.e., respiration exceeding primary production) in high-order 

tropical rivers and their floodplains, but (iii) highlights the importance of upstream in-situ 



 

primary producers to respiration at the base of heterotrophic food webs.  (iv) 

Photomineralization, unrecognized by the original FPC, and methanogenesis become 

increasingly important fates for organic C on the floodplain during later stages of the flood-

pulse.  An updated understanding of flood-pulse ecosystem dynamics will aid in (v) predicting 

the effects of rapidly changing land use and climate on tropical flood-pulse hydrology, and the 

numerous ecosystems services humans have long relied on from the world’s largest rivers.    

(i) As predicted by the FPC, flood-pulse hydrology drives community composition of 

primary producers on the floodplain. 

During the rising-water stage of the flood pulse, riverine discharge increases dramatically 

(Figure 1).  In low-gradient tropical flood-pulse rivers, this water rapidly exceeds bank-full in the 

main channel and expands laterally over adjacent floodplains (Figures 2a and 2b).  At the same 

time, mean water depth decreases as it incorporates the shallows of inundated floodplains.   

 

 



 

 

Figure 1.  An increase in riverine discharge, in m3 s-1, during the rising-water stage of the flood-
pulse (blue line) results in a lagged increase in the area of inundated floodplain, in m2 (grey line).  
As discharge and water level exceeds bank-full in the main channel and expands laterally over 
adjacent floodplains, the area of inundated floodplain increases.  As the area of inundated 
floodplain increases, mean water depth-in m—decreases.   
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Figure 2.  The low-water (a), rising-water (b), high-water (c), and falling-water (d) stages of the 
flood-pulse in tropical rivers.  A discharge relationship is included for each flood stage panel.  
During the falling-water stage, two discharges are included to emphasize the return of falling-
water discharge to a level last seen during the rising-water stage.  Arrows represent net diffusion 
of carbon dioxide (CO2) and methane (CH4) between the “pulsing” water body and the 
atmosphere. 



 

 
The FPC predicts that the rising-water stage of the flood-pulse will lead to blooms of 

phytoplankton on the floodplain (Junk et al., 1989).  The FPC attributes these blooms to the 

mobilization of riverine and floodplain organic C by advancing floodwaters, and the subsequent 

release of limiting nutrients within organic C compounds as they are respired by the microbial 

community (Junk et al., 1989).  Such increases in phytoplankton biomass have since been 

observed on the Orinoco (Venezuela; Montoya et al., 2006), Amazon (Brazil; Oliveira and 

Calheiros, 2000), Murray (Australia; Cook et al., 2015), and Ayapel floodplains (Montoya et al., 

2010) during the rising-water stage of the flood-pulse (Figure 2b).  Microbial respiration of 

suspended organic C during the rising-water stage of the flood pulse (McClain et al., 2003; 

Mladenov et al., 2005) has been shown to stimulate primary production by 1) releasing inorganic 

nutrients (Jones et al., 1988; Klug, 2002; Kinsman-Costello et al., 2014), 2) providing respiratory 

as well as atmospheric DIC for photosynthesis (Jansson et al., 2012; Lapierre and del Giorgio, 

2012), and 3) attenuating ultraviolet radiation harmful to primary producers at shallow depths 

(Maloney et al., 2005).  Mladenov et al. (2005) and Oliveira et al. (2010) observed sharp 

increases in dissolved organic C (DOC), phytoplankton, nitrogen, and phosphorus as the tropical 

Okavango and Amazon rivers expanded onto their respective floodplains.  Additionally, 

Kobayashi et al. (2013) found that organic C was the best predictor of phytoplankton production 

on a temperate Australian floodplain.  Overall, there is strong literature support for the FPC’s 

predicted mobilization of organic C, nutrient release, and resulting increase in phytoplankton 

production during the rising-water stage of the flood-pulse. 

During the high-water stage of the flood-pulse, the FPC predicts that that low water 

velocity and depositional environments on the floodplain would allow for a deeper euphotic 

zone, greater macrophyte and periphyton abundance, and less rooted terrestrial vegetation (Junk 



 

et al., 1989).  Studies have shown an increase in floating, submerged, and emergent macrophytes 

during the high-water stage on temperate (Keruzore et al., 2013) and tropical (Sousa et al., 2011; 

Gomes et al., 2012; Chapparo et al., 2014; Ward et al., 2016) floodplains.  Others have verified 

that the composition and succession of certain primary producers varies with inundation time, or 

the amount of time river waters have submerged the floodplain.  Sousa et al. (2011) showed a 

positive relationship between inundation time and macrophyte abundance.  Arias et al. (2013; 

2018) showed a negative relationship between inundation time and terrestrial plant diversity on 

floodplains of the Lower Mekong (Figures 2b and 2c); up to 11 terrestrial plant species per 100 

m2 grew in areas flooded for 1-5 months, compared with just 3-5 species in areas flooded for 8-

10 months.  In the Brazilian Pantanal, Ferreira-Junior et al. (2016) further documented a small 

fraction (8 %) of local tree species in areas of the floodplain experiencing the longest inundation 

times.  Among the trees that grow in these areas of the floodplain, annual growth rings indicate a 

physiological winter when inundation deprives roots of oxygen (Gottsberger, 1978).  The flood-

pulse may therefore be viewed as a disturbance regime that simplifies the terrestrial plant 

community, facilitating the invasion of floating and submerged macrophytes and the 

establishment of early successional terrestrial species, such as shrubs (Dorado-Rodrigues et al., 

2015; Toth, 2015).   

Until recently, few have investigated the relative contribution of periphyton to primary 

production on the floodplain, though periphyton production was long ago estimated to equal 

phytoplankton production on the floodplain by Junk et al. (1989) and Bayley et al. (1989).  

Ample surface area on macrophytes, trees, and on the shallow benthos may provide extensive 

habitat for epiphytic periphyton during the high-water stage of the flood-pulse.  Additionally, 

settling of suspended organic C as water residence time increases on the floodplain, due in part 



 

to flow resistance by emergent macrophytes and other vegetation (Vastila et al., 2016), may 

support expansion of the euphotic zone for periphyton production (Junk et al., 1989; Tockner et 

al., 1999).  Accordingly, Dunck et al. (2015) showed development of a more abundant and 

diverse community of periphyton on the Parana floodplain (Brazil) following 18 days of 

flooding.  Working on the Kakadu (Australia) floodplain, Ward et al. (2016) and Pettit et al. 

(2016) presented the more nuanced findings that emergent macrophytes and those with floating 

leaves, such as grasses and lotuses, both shade the water column provide a less structurally 

complex surface for development of epiphytic periphyton communities during the high-water 

stage.  By contrast, greater structural complexity of submerged macrophytes within the euphotic 

zone allowed for denser coverings of periphyton than could be found on emergent macrophytes 

(Pettit et al., 2016).  This may also explain why areas of the Amazon floodplain (Brazil) with 

dense tree cover were shown to have low periphyton production, compared to other study sites 

(Bleich et al., 2015).  Thus, growth of periphyton and primary producers as a whole may be 

patchy on the floodplain (Montoya et al., 2006).  

The FPC includes few predictions about primary or secondary production during the 

falling-water stage of the flood-pulse (Junk et al., 1989).  Increases in both phytoplankton 

production and respiration have been observed from the high- to falling-water stage on 

Columbian and Australian floodplains (Figure 3d; Montoya et al., 2010; Wallace and Furst, 

2016)).  Phytoplankton, floating and submerged macrophytes, seeds and propagules of floodplain 

plants (Boedeltje et al., 2004), fish (Teixeira-de Mello et al., 2016), and other floodplain 

organisms have been shown to be mobilized by receding floodwaters.  Suspension, 

consolidation, and respiration of this and other organic C in progressively smaller aquatic 



 

floodplain environments (Yurek et al., 2016) likely results in the same nutrient release described 

previously for the rising-water stage of the flood pulse, stimulating phytoplankton production.   

Increases in blue-green algae, or cyanobacteria from the high- to falling-water stage have 

also been observed on the tropical Tonle Sap (Holtgrieve, pers. comm.) and temperate Danube 

(Mihaljevic et al., 2011) floodplains during the falling-water stage of the flood pulse (Figure 2d).  

Cyanobacteria are competitive in ecological niches that have low light and are nitrogen limited.  

Water on the floodplain during this flood stage can become light-limited due to mobilization of 

organic C (see above).  At the same time, dynamic water levels can create alternately aerobic to 

anaerobic sediment redox conditions and increased phosphorus release (Keitel et al., 2016).  This 

may change nutrient stoichiometry, lead to nitrogen limitation, and facilitate growth of 

cyanobacteria as floodwaters recede during this stage.   

The trajectories of primary producer abundance over the course of the flood-pulse can be 

hypothesized based on the literature reviewed using a hysteresis.  A hysteresis is a well-known 

description in hydrology of nonlinear parameter response to an increase and subsequent decrease 

in discharge (Caleta et al., 1991).  In the case of the flood-pulse, the response trajectory of an 

ecosystem parameter to the disturbance represented by the rising-water stage may be different 

than its recovery trajectory during the falling-water stage.  Accordingly, the literature reviewed 

shows different abundances of the same primary producers during the rising-, and falling-water 

stages of the flood-pulse.  Differences occur even when discharge in the central, “pulsing” water 

returns to a similar or identical magnitude during these flood stages (Figure 2d).  For example, 

phytoplankton blooms during the rising-water stage (Figure 3a).  Phytoplankton then declines 

with the mobilization of floodplain organic C and development of macrophyte communities 

during the high-water stage, blooming again—to a lesser extent—during the falling-water stage.  



 

Terrestrial plant abundance and diversity are greatest during the low-water stage of the flood 

pulse, but decline with inundation during subsequent flood stages (Figure 3b).  Macrophytes and 

periphyton bloom during the high-water stage (Figure 3c and Figure 3d), but are low during the 

subsequent falling- and low-water stages.  Blue-green algae blooms during the falling-water 

stage (Figure 3e). 

 

Figure 3.  Hypothesized trajectories of primary producer abundance using a hysteresis, based on 
the literature reviewed.  Green dashed lines indicate different primary producer abundances at 
the same level of discharge during different flood stages.  
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(ii) Respiration exceeds in-situ primary production on the floodplains of tropical rivers, in 

contrast to predictions by the original FPC. 

The FPC posits that seasonal increases in different primary producers on the floodplain 

will result in “high P / R ratios for large river-floodplain systems,” meaning that primary 

production will exceed respiration (Junk et al., 1989).  Data on these metabolic ratios are scarce 

in flood-pulse ecosystems, but consistently show the opposite of what the FPC predicts.  Cook et 

al. (2015) showed that gross primary production (GPP) in the subtropical Murray River basin 

increased two-fold during the flood pulse relative to low-water or base flow, consistent with 

predictions by the FPC; however, ecosystem respiration (ER) increased five-fold during the same 

period, leading to net heterotrophy (GPP < ER).  As shown in Table 1, ER also consistently 

exceeded GPP during the flood-pulse when measured on floodplains of the San Francisco 

(temperate United States; Lehman et al., 2008), the Mekong (tropical Cambodia; Holtgrieve et 

al., 2013), Yellow (temperate China; Sun et al., 2016), and Mitchell Rivers (tropical Australia; 

Hunt et al., 2012).  In some areas of the Mekong, Yellow, and Mitchell Rivers, ER was an order 

of magnitude greater than GPP. 

 



 

Table 1.  Comparison of mean GPP and ER rates measured in main channel, lake, and 
floodplain environments of the San Francisco, Mekong, Yellow, and Mitchell Rivers during the 
flood-pulse.  Units vary; ecosystem metabolism measured within aquatic environments and 
expressed in terms of m2 has been multiplied by mixing depth (Winslow et al., 2016). 

 
Study 

 

 
Continent 

 
Watershed 

 
Environment 
 

 
GPP 

 
ER 
 

 
Units 

       
Lehman et al.,  
2008 

North 
America 

San 
Francisco 
River 

Main Channel 
Floodplain 
 

0.11 ±0.03 
0.4 ±0.1 

 

-0.5 ±0.1 
-0.5 ±0.1 

 

g C m-2 d-1 

Holtgrieve et al., 
2013 

Asia Mekong 
River 

Lake-1 
Floodplain-1 
 

4 ±3 
4 ±1 

 

-30 ±20 
-4 ±1 

 

g O2 m-3 d-1 

   Lake-2 
Floodplain-2 
 

3 ±1 
30 ±10 

 

-4 ±1 
-4 ±1 

 

 

Sun et al.,  
2016 

Asia Yellow  
River 

Floodplain-1 
 

2 ±1 
 

-9 ±4 
 

g O2 m-3 d-1 

   Floodplain-2 
 

3 ±2 
 

-10 ±3 
 

g O2 m-3 d-1 

Hunt et al.,  
2012 

Australia Mitchell  
River 

Main Channel-
1 

2.1 ±0.6 
 

-5 ±1 
 

g O2 m-2 d-1 

   Main Channel-
2 
 

2.3 ±0.5 
 

-4.4 ±0.8 
 

 

   Main Channel-
3 
 

4 ±2 
 

-17 ±7 
 

 

 
Each of these studies measures the balance of GPP and ER using fluctuations in 

dissolved oxygen (O2) over a discrete time period (usually a daily cycle).  However, there are a 

suite of respiratory pathways that do not involve the consumption of dissolved O2 and occur in 

the absence of O2.  These include denitrification, the reduction of iron, manganese, and sulfate, 

and methanogenesis.  Thus, the high rates of ER relative to GPP measured by the studies, above, 

actually represent a minimum estimate of ER.  There are no studies within inland waters that 

incorporate the full suite of anaerobic respiratory pathways into estimates of ER. 

Widespread CO2 supersaturation and atmospheric emissions from inland waters, globally, 

and tropical rivers, particularly, further indicate net heterotrophy.  CO2 supersaturation typically 

occurs when ER exceeds GPP, leading to diffusive emissions of CO2 across the air-water 

interface to the atmosphere.  This is considered a strong indicator of net heterotrophy within an 

ecosystem (Cole and Caraco, 2001).  Measured PCO2 in rivers typically ranges from 1,000 µatm 



 

to almost 17,000 µatm, compared to an atmospheric equilibrium value of roughly 370 to 410 

µatm depending on local atmospheric pressure, temperature, and when the sampling occurred 

(Cole and Caraco, 2001; Richey et al., 2002; Johnson et al., 2008; Humborg et al., 2010; Borges 

et al., 2015).  The tropics, alone, are responsible for 80 % of global riverine CO2 emissions 

(Raymond et al., 2013; Hartmann et al., 2014; Lauerwald et al., 2015; Abril and Borges, 2019).  

In the Amazon River, CO2-C emissions have been shown to be 13-fold higher than other organic 

and inorganic C export mechanisms (Richey et al., 2002).  Junk et al. (1989) briefly 

acknowledged atmospheric C emissions as a fate for floodplain organic C by citing work by 

Melack and Fisher (1983) in the Amazon, but included no predictions about how C emissions 

might be driven by flood-pulse hydrology, or its relationship to net metabolic balance.  As Abril 

and Borges (2019) highlighted in a recent review, it is unclear whether a majority of C emissions 

originate from the main channel of rivers or from their floodplains.  Raymond et al. (2013) 

identified “fringing wetlands” in Amazonia and Southeast Asia as major sources of uncertainty 

for global C emissions from inland waters to the atmosphere.  Abril et al. (2014) and Borges et 

al. (2015) have since shown that riverine C emissions increase with areal coverage of the 

“fringing wetlands” described by Raymond et al. (2013) on floodplains of the Amazon and 

Congo Rivers.  Such wetlands are estimated to occupy between 60 % and 75 % of tropical 

watersheds (Abril and Borges et al., 2019), necessitating further study on how C emissions may 

be driven by flood-pulse hydrology.  

(iii) Contrary to predictions by the FPC, upstream in-situ primary production can be 

important to secondary production in tropical rivers and their floodplains as it is 

respired at the base of heterotrophic food webs. 



 

The FPC predicts that high water velocity and suspended solids will limit in-situ primary 

production by phytoplankton, macrophytes, and periphyton in the main channel of high-order 

tropical rivers, rendering these relatively unimportant to heterotrophic food webs on the 

floodplain (Junk et al., 1989).  Thus, the FPC discounts the importance of this in-situ primary 

production in favor of pre-flood, “antecedent” terrestrial primary production.  The FPC predicts 

that antecedent terrestrial organic C will be mobilized by advancing flood waters, reaching the 

greatest concentrations during the rising-water stage of the flood-pulse (Junk et al., 1989; 

Bayley, 1995).  Despite these predictions, there are few data on “partitioning respiration between 

a river or its floodplain (Battin et al. 2009).” 

In contrast to predictions by the original FPC, evidence suggests organic C originating 

from aquatic primary production in the main channel of tropical rivers may fuel the high rates of 

respiration and net heterotrophy observed on the floodplains of tropical flood-pulse rivers.  River 

waters tend to carry more particulate organic C (POC) and DOC than has been shown to leach 

from floodplain sediments during the rising-water stage of the flood-pulse in the tropical 

Mekong (Cambodia), Fitzroy (Australia), and Amazon Rivers (Ellis et al., 2012; Fellman et al., 

2013; Moreira-Turq et al., 2013).  Based on a combination of C/N, elemental, and carbon stable 

isotope analyses, POC and DOC sampled on the floodplain was shown to originate primarily 

from phytoplankton in the main channel (Thorp, 2002; Ellis et al., 2011; Moreira-Turcq et al., 

2013).  Another study by Fellman et al. (2013) concluded that the 13C/12C of DOC was 

indistinguishable between a tropical Australian river and its floodplain following bankfull, 

emphasizing the connectivity of these environments during the rising-water stage.  

 



 

The source of organic C influences its susceptibility to microbial respiration, or “lability.”  

Floodplain POC and DOC originating from lignin-rich formerly terrestrial plant tissues has a 

higher ratio of C to nitrogen than POC and DOC derived from in-situ primary production.  In the 

original FPC paper, itself, Junk et al. (1989) cited low biological oxygen demand (a proxy for 

microbial respiration rates) at their sampling sites in the Amazon as evidence for the presence of 

relatively recalcitrant humic organic C.  Humic organic C results from the incomplete respiration 

of lignin-rich plants.  It is aromatic in structure (Weishaar et al., 2003), characterized by stable 

conjugated rings of unsaturated bonds, and relatively recalcitrant to further microbial respiration.  

This means that organic C derived from in-situ production by phytoplankton, periphyton, or even 

macrophytes the main channel is likely to be more labile than floodplain POC and DOC. 

DOC concentrations have been shown to spike immediately following inundation during 

the rising-water stage of the flood-pulse in subtropical, tropical, and Mediterranean floodplains 

(Burns and Ryder, 2001; Wainright et al., 1992; Vasquez et al., 2015; Zuijdgeest et al., 2016).  

None of these studies explicitly compared DOC concentrations measured during the low-water 

stage, in the main channel, to DOC concentrations measured during the rising-water stage, on the 

floodplain.  We made this comparison for four, high-order tropical rivers (Table 2).  Assuming 

DOC concentrations in the main channel remain the same during the rising-water stage from 

constant upstream inflow and resupply, the main channel tended to introduce more DOC to the 

water column than the floodplain (Castillo, 2000; Carvahlo et al., 2003; Mladenov et al., 2005; 

Amado et al., 2006; Farjalla et al., 2006; Mackay et al., 2011).  This was represented by a <100 

% change in DOC concentrations from the low-water stage, in the main channel, to the rising-

water stage, on the floodplain.  A notable exception was the Oubangui River (Bouillon et al., 

2012; Mann et al., 2014), which receives not just one peak in precipitation but at least two per 



 

year (Alsdorf et al., 2016).  Collectively, these studies suggest that riverine inputs of DOC could 

be a more important driver of floodplain respiration than previously acknowledged by the FPC. 

  



 

Table 2.  Comparison of mean DOC concentrations measured in the main channel of the large, 
tropical Okavango, Oubangui, Amazon, and Orinoco Rivers during the low-water stage of the 
flood-pulse, and mean DOC concentrations measured on the floodplain during the rising-water 
stage.   

 
Study 

 

 
Continent 

 
Watershed 

 
Environment 

 
mg DOC L-1 

 
     
Mackay et al., 2014 Africa Okavango Main Channel 

Floodplain 
Percent Change 

8.1 
9.1 

12 % 
Mann et al., 2014 Africa Oubangui Main Channel 

Floodplain 
Percent Change 

6.3 
10.1 

60 % 
Mann et al., 2014 Africa Oubangui Main Channel 

Floodplain 
Percent Change 

4.3 
9.2 

114 % 
Mann et al., 2014 Africa Oubangui Main Channel 

Floodplain 
Percent Change 

12.7 
42.2 

232 % 
Bouillion et al., 2012 Africa Oubangui Main Channel 

Floodplain 
Percent Change 

2.5 
11.0 

340 % 
Mladenov et al., 2005 Africa Okavango Main Channel 

Floodplain 
Percent Change 

5.0 
6.5 

30 % 
Mladenov et al., 2005 Africa Okavango Main Channel 

Floodplain 
Percent Change 

6.0 
8.0 

33 % 
Mladenov et al., 2005 Africa Okavango Main Channel 

Floodplain 
Percent Change 

9.0 
9.5 

6 % 
Mladenov et al., 2005 Africa Okavango Main Channel 

Floodplain 
Percent Change 

9.0 
13.5 

50 % 
Mladenov et al., 2005 Africa Okavango Main Channel 

Floodplain 
Percent Change 

11.0 
13.0 

18 % 
Farjalla et al., 2006 South America Amazon Main Channel 

Floodplain 
Percent Change 

18.5 
31.2 

69 % 
Amado et al., 2006 South America Amazon Main Channel 

Floodplain 
Percent Change 

4.1 
5.5 

36 % 
de Melo et al., 2020 South America Amazon Main Channel 

Floodplain 
Percent Change 

3.7 
4.5 

22 % 
Carvahlo et al., 2003 South America Amazon Main Channel 

Floodplain 
Percent Change 

3.5 
7.0 

97 % 
Castillo et al., 2005 South America Orinoco Main Channel 

Floodplain 
Percent Change 

6.6 
8.7 

32 % 
Castillo et al., 2000 South America Orinoco Main Channel 

Floodplain 
Percent Change 

8.1 
9.6 

19 % 
     

 



 

The introduction of relatively labile riverine DOC and the mobilization of relatively 

recalcitrant floodplain (i.e., formerly terrestrial) DOC is likely to lead to greater diversity and 

respiration rates among microbial community members adapted to metabolize both (Adams et 

al., 2014).  Members of the riverine microbial community have been shown to increase on the 

floodplain during the rising-water stage of the flood-pulse (de Melo et al., 2019).  Burns and 

Ryder (2001) show that the “activity” of extracellular enzymes secreted by that microbial 

community is highest during the first 7 days of inundation on a tropical Australian floodplain, 

dropping from Day 7 to Day 21.  Microbial community composition was also found to consist of 

fast growing, abundant R-strategists during the rising water stage, which rapidly metabolized 

DOC (Schutz et al., 2010).  Microbial diversity is subject environmental heterogeneity on the 

floodplain, and few studies have combined microbial community metrics with respiration 

measurements.  However, Bodmer et al. (2016) indicates that introductions of labile riverine 

DOC and increased microbial diversity stimulate respiration, possibly priming recalcitrant 

terrestrial organic C compounds to undergo further breakdown during the rising-stage. 

The FPC anticipates respiration of in-situ (e.g., algal) primary production on the 

floodplain at the base of localized heterotrophic food webs, and export within the biomass of 

mobile higher-trophic level consumers such as fish and invertebrates (Junk et al., 1989).  

However, phytoplankton exported from the floodplain in contracting flood waters may also be an 

important C source to riverine food webs downstream.  Elemental analyses by Ellis et al. (2011) 

and Moreira-Turq et al. (2013) have indicated sizeable exports of phytoplankton cells from the 

floodplain to the main channel during this flood stage in the Mekong and Amazon Rivers, 

respectively.  In the San Francisco River, up to 37 % of floodplain phytoplankton cells were 

exported downstream (Lehman et al., 2008).  A recent review of 26 studies of high-order river 



 

food webs by Roach et al. (2013) suggested that phytoplankton and periphyton contribute more 

C to upper trophic levels when compared to terrestrial plants.  Accordingly, another review of 

several studies conducted in the Orinoco River and its floodplain showed that phytoplankton and 

periphyton were the predominant C sources for fish and invertebrates, even though macrophytes 

and terrestrial organic C comprised 98 % of available C (Lewis et al., 2001).  These studies 

support predictions by the FPC that made about respiration of in-situ primary production at the 

base of heterotrophic food webs, albeit downstream of the floodplain and in the main channel of 

tropical rivers.   

The literature supports a synthesis of the FPC and Thorp and Delong’s Riverine 

Productivity Model (RPM; 1994), which acknowledges the importance of upstream in-situ 

primary production in supporting respiration at the base of heterotrophic food webs downstream.  

The most recent iteration of the RPM states that "the primary annual energy source supporting 

overall metazoan production and species diversity in mid-to higher-trophic levels of most rivers 

(>4th order) is [in-situ] primary production entering food webs via algal-grazer and decomposer 

pathways" (Thorp, 2002).  Thus, 1) upstream, in-situ primary production from the main channel 

is important to respiration on the floodplain during the rising-water stage of the flood-pulse, and 

2) later blooms of in-situ primary producers on the floodplain during the falling-water stage is 

likewise important to respiration in the main channel following downstream export. 

(iv) Photomineralization, unrecognized by the FPC, and methanogenesis become 

increasingly important fates for organic C on the floodplain during later stages of the 

flood-pulse. 

The literature also shows that the source, structure, and size of dominant fractions of 

organic C may change over the course of the flood-pulse.  During the high-water stage of the 



 

flood pulse, respiration may stabilize or even decline as labile organic carbon is depleted and 

more recalcitrant terrestrial POC and DOC remains in the water column (Moreira-Turq et al., 

2013; de Melo et al., 2020).  There is ample evidence in the literature for the limited utilization 

of this terrestrial POC and DOC by the microbial community.  On the Amazon floodplain, an 

increase in fatty acids associated with relatively recalcitrant, terrestrial DOC and POC was 

documented by Mortillaro et al. (2012) during the high-water stage of the flood pulse, with fatty 

acids associated with more labile organic C decreasing proportionately throughout the flood 

pulse.  Increasing recalcitrance of organic C has been shown to limit both denitrification 

(Fellows et al., 2011) and other respiratory pathways (Amon and Benner, 1996; de Melo et al., 

2020).  A lack of labile organic C, progressively unfavorable redox conditions (Junk et al., 

1989), and low pH resulting from the buildup of organic acids (Abril et al., 2014) may limit 

microbial respiration during the high-water stage.   

 Studies of floodplain lakes in the Amazon comparing rates of microbial respiration and 

photomineralization illustrate the relative importance of the photomineralization as an oxidative 

pathway for organic C.  Photomineralization was entirely unrecognized by the original FPC 

(Junk et al., 1989).  Floodplain lakes are unconnected to the main channel during low-water, but 

become connected during the rising- and high-water stages of the flood-pulse.  During the low-

water stage, in-situ primary production by macrophytes and phytoplankton contribute more labile 

DOC to the water column (Moreira-Turq et al., 2013), allowing for higher rates of microbial 

respiration (Waichmann et al., 1996; Castillo et al., 2000; Amado et al., 2006; Farjalla et al., 

2006).  During later stages of the flood-pulse, more floodplain POC and DOC are mobilized and 

lability decreases (Amon and Benner, 1996; Amado et al., 2006; Farjalla et al., 2006).  As 

microbial respiration decreases, photomineralization becomes an increasingly important 



 

oxidative pathway for organic C (Amado et al., 2006).  In a study by Amado et al. (2006), CO2 

production by microbial respiration and photomineralization were roughly equal during the low-

water stage of the flood-pulse (54 % and 46 %, respectively).  During the subsequent high-water 

stage, microbial respiration accounted for just 10 % of CO2 production, while 

photomineralization accounted for 90 % and led to an 18 % increase in total CO2 produced 

(Amado et al., 2006).  An earlier study by Amon and Benner (1996) demonstrated that 

photomineralization consumed seven times more oxygen in surface waters than microbial 

respiration during the high-water stage, with the important caveat that light attenuation limited 

photomineralization, though not microbial respiration, at greater depths.  As a result, microbial 

respiration was responsible for most oxygen and DOC consumption when this consumption was 

integrated throughout the water column (Amon and Benner, 2006).  Furthermore, incomplete 

photo-oxidation can make relatively recalcitrant floodplain POC and DOC more labile (David et 

al., 2018; Haywood et al., 2018), enhancing microbial respiration via both aerobic (Amado et al., 

2006) and anaerobic pathways (Bianchi et al., 1996).  These studies of floodplain lakes 

collectively highlight that photomineralization is an important oxidative pathway for organic C 

during the high-water stage of the flood-pulse. 

The FPC predicts that increasing water residence time on the floodplain during the high-

water stage of the flood-pulse will result in aerobic microbial respiration and dissolved O2 

depletion, which has since been shown empirically (Mann et al., 2014; Kaller et al., 2015).  As 

water depth increases during the high-water stage, oxygen depletion and vertical stratification 

can evolve, particularly as suspended sediments and DOC attenuate light in the water column.  

This has led to dramatic vertical and horizontal redox gradients in the Amazon (Richey et al., 

1988), Pantanal (Devol et al., 1996; Hamilton et al., 1997), Mekong (Holtgrieve et al., 2013; 



 

Arias et al., 2014), and other tropical rivers, and with them different oxidative pathways for 

organic C.   

The FPC predicts that methanogenesis, specifically, will become a thermodynamically 

favorable oxidative pathway for organic C on the floodplain during the high-water stage of the 

flood-pulse.  In temperate lakes, methanogenesis has been estimated to represent 0.5 % to 17 % 

of heterotrophic bacterial production, measured using incorporation of labelled organic C into 

bacterial biomass (Bastviken and Tranvik, 2001; Bastviken et al., 2003).  The thousands of km2 

over which the Amazon, Oubangui, Mekong, and other flood-pulses occur makes even greater 

contributions by methanogenesis to microbial production likely in these ecosystems.  Richey et 

al. (1988) estimated that 50 % of respiration on the Amazon floodplain is anaerobic.  Since, 

measurements of anaerobic respiration relative to aerobic respiration within inland waters and 

the floodplains of tropical rivers have been sparse or non-existent.   

Like primary production, we hypothesize the trajectories of ecosystem parameters related 

to respiration over the course of the flood-pulse using a hysteresis, based on the literature 

reviewed.  The balance of GPP and ER, or NEP, reaches its maximum during the rising-water 

stage of the flood-pulse, tracking phytoplankton blooms (Figure 5a).  Riverine DOC is 

introduced to the floodplain throughout the rising- and early high-water stages (Figure 5b).  

Floodplain DOC, by contrast, is mobilized primarily during the rising- and falling-water stages 

by expanding and contracting flood waters (Figure 5c).  A combination of labile riverine organic 

C and mobilized floodplain organic C lead to increased microbial respiration and PCO2 during 

the rising-water stages, peaking during the falling-water stage as floodplain waters are again 

mixed and consolidated (Figure 5d).  During the rising- and high-water stage, methanogenesis 

becomes an increasingly favorable oxidative pathway as dissolved O2 is depleted (Figure 5e).   



 

 

Figure 4.  Hypothesized trajectories of ecosystem parameters related to the respiration of organic 
C using a hysteresis, based on the literature reviewed.  Orange dashed lines indicate different 
rates or concentrations at the same level of discharge during different flood stages.   
 

Notably, dissolved O2, PCO2, and DOC have been shown to follow a hysteresis through 

deployment of continuous sensors by Zuijdgeest et al. (2016).  However, the trajectories 

measured by Zuijdgeest et al. (2016) varied slightly from those we hypothesized, based on the 

literature.  In Zuijdgeest et al. (2016) and the Upper Zambezi River, dissolved O2 was higher 

during the falling-water stage, rather than during the rising-water stage as we expected.  Riverine 
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DOC followed the same trajectory we expected (Zuigdgeest et al., 2016). PCO2 reached its 

maximum in the Upper Zambezi River during the rising-water stage, rather than during the 

falling-water stage as we hypothesized.  These data confirm that ecosystem parameters related to 

the respiration of organic C follow a hysteresis during the flood-pulse, though trajectories may 

be watershed-specific. 

(v) The FPC can be further modified to reflect rapidly changing land use and climate in 

the tropics. 

The subtropics and tropics between 35 degrees north and 35 degrees south are home to 

many high-order flood-pulse rivers, such as the Amazon, Orinoco, Parana, Nile, Okavango, 

Zambezi, Oubangui, Ganges, Indus, Yangtze, Irrawady, and Mekong, which are collectively 

responsible for much of global, mean annual discharge (Figure 6).  In addition, the tropics are 

home to 54% of the world’s renewable water resources, 40% of its population, and accelerating 

land-use change (State of the Tropics, 2019), including floodplain modification (Hamilton, 

2010).   

 



 

 

Figure 5.  Subtropical and tropical rivers between 35 degrees north and 35 degrees south, by 
contribution to global, mean annual riverine discharge.  Population density, per km2, is also 
shown to highlight that many tropical rivers are adjacent to densely-populated areas. 
 

Most of the literature available for our review has been conducted in Australian rivers 

and the Okavango, Oubangui, Orinoco, and Amazon watersheds.  These watersheds are 

relatively undisturbed compared to the world’s other, great flood-pulse rivers, such as the 

Yangtze, Mekong, Irrawaddy, Ganges, Indus, and Brahmaputra.  These rivers have some of the 

oldest continuous human habitation and highest population densities on the planet, yet the 

mechanisms for their productivity, on which billions of people have relied, have not been 

distinguished from the Amazon, for example.  The ways in which large numbers of people have 

altered these watersheds and manipulated their productivity for thousands of years is beyond the 

scope of this review.  We can, however, speculate on how hydropower development and other 

land use changes could impact C cycling within flood-pulse watersheds.     

One significant way that contemporary populations are altering flood pulse rivers is 

hydropower development.  The rate of hydropower development is greatest in tropical flood-



 

pulse rivers (Zarfl et al., 2015).  The highest rates of impoundment (>100 dams currently 

planned) are in the Amazon-La Plata River basins of Brazil, the Ganges-Bramaputra River basins 

of India and Nepal, and the Yangzte River basin of China (Zarfl et al., 2015).  Hydropower 

development on the lower Mekong is predicted to change the extent and duration of the lower 

Mekong flood-pulse (Arias et al., 2014), increasing water levels over a longer low-water stage 

and decreasing water levels over a shorter high-water stage (Sabo et al., 2017; Dang et al., 2018).  

According to this review, a shorter and less extensive high-water stage may decrease seasonal 

maxima in macrophytes and periphyton.  This may be offset slightly by fewer losses in terrestrial 

plants on the floodplain, though—as the literature shows—terrestrial organic C is less labile that 

in-situ aquatic primary production. The effects on phytoplankton production are less clear; 

blooms of this primary producer, which appear to be important to respiration, occur during the 

rising- and falling-water stages.  If the extent and duration of the flood-pulse is abbreviated with 

hydropower development, these flood stages will presumably be shortened, as well.  However, 

apart from rising- and falling-water dynamics, reservoirs also slow riverine flow, leading to 

sediment and organic C deposition and perhaps greater phytoplankton production (Jacinthe et al. 

2012).  For the respiration of C, a smaller floodplain area may decrease the area over which 

aerobic and anaerobic respiration (e.g., methanogenesis) can occur.  The connectivity of these 

environments is crucial to the high rates of respiration observed in flood-pulse ecosystems; 

without it, respiration at the base of the heterotrophic food web is likely to decrease. 

  Changes in precipitation patterns and land use have implications for how water flows 

across and is filtered through landscapes after it falls as rain, further affecting organic C transport 

and transformation.  Monsoonal precipitation is projected to increase in magnitude by 2 % by 

2020, 4 % by 2050, and 8 % by 2020, as well as in intensity (i.e., magnitude per time) (Costa-



 

Cabral et al., 2008).  Land use change in the tropical Southeast Asia and the tropics, more 

generally, can be characterized by deforestation, peatland degradation, agricultural and pastoral 

expansion and contraction, and urbanization.  Throughout the 1990s, Southeast Asia experienced 

the highest level of deforestation of any tropical region (Meittenen et al., 2011).  Zhang et al. 

(2017) show that increases in annual runoff associated with deforestation are statistically 

significant, and Sanders et al. (2018) show peaks in organic C burial within Amazonian 

floodplain lakes during periods of deforestation.  Runoff from deforested land may increase 

organic C transport overall, but decrease its transformation, resulting in the delivery of greater 

quantities of less labile, more recalcitrant terrestrial organic C to flood-pulse watersheds.  At the 

same time, runoff from urban areas and wastewater treatment effluent may become sources of 

labile organic C (Hosen et al., 2014; Kaushal et al., 2014) and dissolved CO2 and CH4 (Wang et 

al., 2017; Yoon et al., 2017).  The FPC should be modified along with other paradigms of large 

river ecology to reflect impoundment and other land use changes in increasingly densely-

populated regions (Park et al., 2018). 

3.0 Conclusion 

Using the literature on tropical flood-pulse rivers published since 1989, we can begin to 

modify the predictions of the FPC (Junk et al., 1989).  Several of the FPC’s highly cited 

predictions have been borne out by subsequent studies that we reviewed (Table 3).  These 

include the structuring of floodplain vegetation by the flood-pulse, the mobilization and 

respiration of floodplain organic C by the flood-pulse, the subsequent transfer of this organic C 

into the heterotrophic food web, and the development of anaerobic conditions and CH4 

production on the floodplain as the flood-pulse progresses (Table 3).  Importantly, this review 

demonstrates that—in contrast to the original FPC—respiration far exceeds production on the 



 

floodplains of tropical rivers.  The FPC also underestimated the importance of in-situ primary 

production to respiration at the base of heterotrophic food webs, both on the floodplain during 

the rising-water stage and in the main channel during the falling-water stage.  The FPC correctly 

identified methanogenesis as an increasingly important oxidative pathway for organic C during 

the high-water stage, but did not account for photomineralization (Junk et al., 1989).  We 

hypothesize the trajectories of ecosystem parameters related to primary production and 

respiration over the course of the flood-pulse using a hysteresis, based on the literature reviewed; 

however, more directed field studies are necessary to confirm these hypotheses.  The 

modification of predictions by the FPC updates this seminal paradigm in aquatic ecology and 

points to important future research directions, including how hydropower development affects 

primary production and respiration in a modified flood-pulse ecosystem. 



 

Table 3.  Junk et al. (1989)’s predictions for primary production and respiration during the 
flood-pulse, compared with the more recent findings published by the literature reviewed. 

 
Junk et al., 1989 

 
This synthesis 

 
 
Flood-pulse drives vegetative composition on floodplain 
 
Phytoplankton blooms throughout flood-pulse 

 
⊠ 

 
Phytoplankton blooms during rising- & falling-water, 
macrophytes & periphyton blooms during high-water 
stage 

 
Photosynthesis > respiration on floodplain throughout 
flood-pulse 

 
Photosynthesis < respiration on the floodplain 
throughout flood-pulse 

 
In-situ production in main channel unimportant to 
heterotrophic food webs relative to antecedent 
floodplain DOC during rising-water stage 
 

 
Labile DOC from in-situ production in main channel 
exceeds more recalcitrant antecedent floodplain DOC 
during rising-water stage 

 
Both riverine and floodplain organic C mobilized during 
rising- & falling-water stages 

 
⊠ 

 
 
Progressively anaerobic conditions develop during 
high-water 

 
⊠ 

 
 
Microbial respiration of floodplain organic C  

 
Microbial respiration and photomineralization of 
floodplain organic C 

 
Export of organic C from floodplain within biomass of 
fish & invertebrates 
 

 
Export of organic C from floodplain via atmospheric 
emissions of CO2 & CH4 and phytoplankton, in addition 
to fish & invertebrates 
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1.0 Abstract 

The oversaturation and resulting flux of carbon dioxide (CO2) to the atmosphere within 

lakes and rivers worldwide has long been attributed to terrestrial-aquatic transfers of inorganic 

and organic C and subsequent, in-situ aerobic respiration.  However, anaerobic respiration such 

as methane production (methanogenesis) and oxidation also results in dissolved CO2.  Tropical 

rivers like the Mekong have a distinct flood-pulse hydrology, seasonally inundating large 

floodplains and establishing reducing conditions over thousands of km2.  Incorporating anaerobic 

respiration from seasonally inundated floodplains may reframe the nature of CO2 oversaturation 

within inland waters and challenge our understanding of terrestrial-aquatic transfers, thought to 

comprise 60 % of terrestrial net ecosystem production.  Cambodia’s Tonle Sap Lake (TSL) is a 

little studied flood-pulse ecosystem that inundates >9,000 km2 of floodplain annually.  We 

hypothesized that CO2 oversaturation would arise in part from CH4 production and oxidation in 

this reduced ecosystem during the high-water flood stage.  We also predicted that net 

heterotrophy and diffusive fluxes of CO2 and CH4 would differ by flood stage and lake 

environment, and show a positive relationship to the amount of time that the TSL floodplain was 

inundated.  We measured the concentrations of respiratory gases (O2, CO2, CH4) and isotopic 

composition of CO2 and CH4 during different flood stages in the TSL.  We used these data to 

model aerobic ecosystem metabolism and diffusive fluxes of CO2 and CH4 from TSL to the 

atmosphere.  Stable C isotopes demonstrate that 67-97 % of dissolved CO2 was derived from 

oxidation of CH4.  Dissolved CO2 and CH4 were unrelated to aerobic respiration and inundation 

time, which shared a strong, negative relationship.  CO2 and CH4 diffusion varied with local 

shifts towards reducing conditions and availability of dissolved O2 and NO3- as electron 

acceptors.  The flood-pulse increased net heterotrophy and diffusion, from 3,700 ±500 mg C-



 

CO2 m-2 d-1 and 0.5 ±0.2 mg C-CH4 m-2 d-1 during the rising-water stage to 10,000 ±1,000 mg C-

CO2 m-2 d-1 and 110 ±40 mg C-CH4 m-2 d-1 during the high-water stage.  These data highlight 

that anaerobic metabolism can play a key role in the oversaturation and diffusive flux of CO2 

within inland waters, particularly when these waters expand across the terrestrial landscape. 

2.0 Introduction 

Globally, most lakes are oversaturated with dissolved carbon dioxide (CO2) relative to 

atmospheric concentrations, and few are within +20 % of atmospheric equilibrium (Cole et al., 

1994; Tranvik et al., 2009).  Most rivers are also a source of CO2 to the atmosphere (Park et al., 

1969; Raymond et al., 2013).  This oversaturation has been attributed to transfers of terrestrial 

net ecosystem production to aquatic ecosystems (Richey et al., 1988; Kling et al., 1991).  Of 4.5 

net petagrams of C per year (Pg C y-1) that are fixed by terrestrial ecosystems, 2.7 Pg C y-1 are 

transferred to lakes and rivers (Battin et al., 2009).   This transfer can take the form of respiratory 

CO2 dissolved within terrestrial ground- and surface waters (Richey et al., 1988; Kling et al., 

1991; Jones and Mulholland, 1998), or organic C that is subsequently respired within lakes and 

rivers (del Giorgio et al., 1999; Cole et al., 2001; Raymond et al., 2016).  Of the 2.7 Pg C y-1 

transferred to lakes and rivers, 2.0 Pg C are returned to the atmosphere each year from the 

surface of these inland waters (Tarnocai et al., 2009).  Accounting for terrestrial-aquatic transfers 

of C in global mass balances therefore decreases terrestrial net ecosystem production by 60 %.   

Tropical rivers contribute disproportionately to these global mass balances (Raymond et 

al., 2013).  The Amazon River alone is responsible for >20 % of mean annual riverine discharge 

(Ward et al., 2015).  Yet, few studies focus on the mechanisms of terrestrial-aquatic transfers and 

respiration of C by tropical rivers relative to temperate watersheds (Raymond et al., 2013), with 



 

most of these conducted in one watershed, the Amazon (Richey et al., 1988; Devol et al., 1988; 

Mayorga et al., 2005; see Borges et al., 2015 for a notable exception in the Congo).   

Terrestrial-aquatic transfers and respiration of C in tropical rivers are likely influenced by 

their unique hydrology.  Temperature and solar irradiance are relatively constant in tropical 

ecosystems, leaving changes in precipitation as the primary physical variable affecting these 

watersheds on an annual basis (Winemiller et al., 2014).  Along the Intertropical Convergence 

Zone, precipitation is often monsoonal and predictable, causing similarly predictable expansion 

and contraction of rivers over their surrounding terrestrial landscapes.  “Intermittently flooded 

land” makes up 10 % of continental surface area, with floodplains associated with tropical rivers 

and lakes constituting an even smaller share (Downing, 2009; Abril and Borges, 2019).  This 

means that a small amount of continental surface area is potentially highly reactive for terrestrial-

aquatic transfers and respiration of C. 

Junk et al. (1989) first characterized the predictable annual flooding of tropical rivers 

across their floodplains and the blurring of classical aquatic and terrestrial boundaries as the 

Flood-pulse Concept (FPC).  Junk et al. (1989) hypothesized that, as river waters inundate 

floodplain soils, methanogenesis and other forms of anaerobic respiration will become up-

regulated.  During floodplain inundation, steadily increasing CH4 diffusion as redox conditions 

conducive to its production develop has been observed (Bianchi et al., 1996; Hamilton et al., 

1997).  Vertical and horizontal redox gradients have also been observed in the Amazon (Richey 

et al., 1988), Pantanal (Devol et al., 1995; Hamilton et al., 1997), Mekong (Holtgrieve et al., 

2013), and other tropical watersheds, and with them the anaerobic respiration of floodplain 

organic C.  Richey et al. (1988) estimated that 50 % of Amazonian organic C respiration is 

anaerobic.  Others have estimated that methanogenesis and other forms of anaerobic respiration 



 

comprise 30-80 % of bacterial production in temperate lakes (Rudd and Hamilton, 1978; Fallon 

et al., 1980; Kuivila et al., 1988; Bedard and Knowles, 1991).  Methanogenesis rates are highly 

correlated to temperature, and may be higher and more persistent in the tropics (Yvon-Durocher 

et al., 2012; Yvon-Durocher et al., 2014).  However, none have quantified the relative 

contribution of methanogenesis to dissolved C gases and atmospheric fluxes throughout the 

flood-pulse in large tropical rivers.  

The Mekong River is a dramatic example of a flood-pulse ecosystem.  Each June through 

September, monsoonal rains in this watershed increase water levels by up to 15 m, and discharge 

from 16,000 m3 s-1 to 39,000 m3 s-1 (Arias et al., 2013).  Increases in discharge in the lower 

Mekong cause flows in one tributary, the Tonle Sap River, to reverse from southeast to 

northwest, flooding Tonle Sap Lake (TSL).  During the TSL flood-pulse, lake depths increase by 

up to 7 m and surface area increases five-fold, from approximately 3,000 km2 to 15,000 km2 

(Holtgrieve et al., 2013).  It is largely unknown how dissolved C gases, atmospheric fluxes, and 

ecosystem metabolism vary throughout the flood-pulse, and between flood-pulse lakes and their 

floodplains.  Holtgrieve et al. (2013) show that respiration is consistently greater than primary 

production (i.e., net heterotrophy) throughout the flood-pulse in TSL, and that rates of primary 

production change little over the flood-pulse.  However, they present no metabolism estimates 

from different environments created by the TSL flood-pulse for comparison, nor do they include 

information on dissolved C gases and atmospheric fluxes during different flood stages.   

Until recently, the Mekong was one of the world’s last, largely free-flowing tropical 

flood-pulse rivers (Stone et al., 2011; Hetch et al., 2019).  Arias et al. (2013) project that a 

combination of climate change and hydropower development on the Mekong will decrease 



 

flood-pulse extent in TSL by 60 ±30 %.  This makes understanding how the lake’s natural 

flooding transfers C timely and important.   

To determine how this dramatic seasonal hydrologic regime drives aerobic and anaerobic 

respiration, we measured the concentrations and isotopic composition of respiratory gases (O2, 

CO2, CH4) during different stages of the TSL flood-pulse, and across different lake 

environments. We hypothesized that CH4 production and oxidation during the high-water stage 

of the flood-pulse would contribute to the lake’s oversaturation in CO2, and the subsequent 

diffusion of this gas to the atmosphere.  We further predicted that net heterotrophy, dissolved C 

gases, and their diffusive fluxes to the atmosphere would increase with water levels and 

floodplain inundation.  We find that a high percentage of dissolved CO2 sampled was derived 

from CH4.  We also show that the expanse of the flood-pulse over floodplain environments 

during the high-water stage results in sharp increases in ecosystem respiration and diffusive 

fluxes of CO2 and CH4 to the atmosphere.  These results highlight that widespread oversaturation 

of CO2 within inland waters and resulting atmospheric fluxes may arise in part from anaerobic 

metabolism. 

3.0 Methods 

3.1 Sampling Locations 

Field sampling occurred during the rising-water, high-water, and falling-water stages of 

two annual flood-pulses, from September 2014 to September 2016.  Lake level data—by which 

broad flood stages are defined—have been collected from a gauging station at Kampong Luong 

since 1990 (Figure 1).  The rising-water stage of the flood-pulse is characterized by increasing 

discharge in the Mekong as a result of the monsoon, and course-reversal of the Tonle Sap River 

from downstream to upstream into TSL from May through September of each year.  Lake level 



 

and area reach their maximum in October and November, the high-water stage.  Floodwaters 

contract or “fall” from December through April.   

 

Figure 1.  Sampling locations and location of the gauging station at Kampong Luong in TSL, 
Cambodia, with relative extent of lake and floodplain environments. 
 

Lake sampling focused on three, core locations broadly corresponding to the southwest 

(Kampong Preah), central (Anlang Reang) and northwest (Prek Konteil) regions of the lake basin 

(Figure 1).  Each of these sampling locations consisted of a transect of six points extending from 

the open water environment (Transect Point 1), through the edge environment (Transect Point 2) 

and into the floodplain (Transect Points 4-6).   The edge environment is characterized by a 

transition from the open water environment to rooted terrestrial floodplain vegetation.  Two 

additional locations were sampled for greater spatial coverage corresponding to the southeast 

(Phat Sanday) and northeast (Kampong Kleang) region of the lake; these locations consisted of 

three transect points at open water, transitional edge, and floodplain environments.  Where water 



 

depth exceeded 0.5 m, discrete samples were drawn from both 0.1 m below the water surface and 

at 0.5 m above the lake bottom. 

3.2 Dissolved Carbon Gases  

At each sampling event, partial pressures of CO2 and CH4 were quantified as the average 

of three 74 mL gas-tight serum bottles of water collected at each site and depth.  To avoid 

pseudo-replication in statistical analyses, averaged values measured at each site, depth, and flood 

stage were considered a single value for that site, depth, and flood stage.  Single values across 

the five sampling locations were considered “true” replicates (n=5).  The same applies to all 

sampling described hereafter.   

  Samples (n=83, total) were preserved in the field with 74 uL of 50 % m/v zinc chloride 

solution and placed on ice for transport to the Royal University of Phnom Penh Department of 

Chemistry where they were stored at 4° C until analysis.  For analysis, samples were displaced 

with helium to roughly equal parts headspace and water, left to equilibrate for 12 h, and analyzed 

for headspace CO2 and CH4 using a gas chromatograph with a flame ionization detector (FID) 

and nitrogen carrier (SRI 8610c GC).  Prior to sample analysis, standard curves were generated 

using 305.0 and 2,030.0 ppm CO2 in balance with nitrogen and 10.1, 50.5, and 497.0 ppm CH4 in 

balance with nitrogen.   

3.3 Isotopic Composition of Dissolved Carbon Gases 

Following analysis for dissolved C gases, a subset of samples (n=47) from the transects at 

Prek Konteil, Anlang Reang, and Kampong Preah during high- and falling-water stages of the 

flood-pulse were inverted, placed on ice, and transported to the University of Washington for 

isotopic analysis.  A 1 mL headspace sample was analyzed for 13C/12C of CO2 and CH4 

simultaneously using a cavity ring-down spectrometer (Picarro G2201i) with a small sample 



 

introduction module (Picarro A0314 SSIM, School of Environmental and Forest Sciences).  

Isotopic compositions of C-CO2 and C-CH4 are reported in delta notation following the equation: 

"#$% = ' ()*+,-.

()/*01*21
− 15 × 10$        (1) 

Where "13C is the isotopic signature of dissolved C-CO2 or C-CH4 in units of per mil (‰), 

Rsample is the ratio of heavy to light isotope in the samples (13C/12C of CO2 or CH4), and Rstandard is 

the 13C/12C value of Vienna Pee Dee Belemnite standard (VPDB equal to 98.9:1.1).   

The respiratory C gases resulting from methanogenesis are extremely depleted in 13C 

relative to other sources of these gases in aquatic ecosystems, such as the aerobic respiration of 

phytoplankton, periphyton, macrophytes, and terrestrial C3 and C4 plants (Hedges, 1986; 

Whiticar and Faber, 1986; Hecky and Hesslein, 1995; Vuorio et al., 2006).  This extreme 

depletion results from discrimination against 13C in favor of 12C during acetate fermentation and 

carbonate reduction, the two primary methanogenic pathways (Whiticar, 1999).  Magnitudes of 

this fractionation vary by methanogenic pathway, which is easily distinguishable using the 

difference fraction factor, 8C, between "13C-CO2 and "13C-CH4 (simply, "13C-CO2 minus "13C-

CH4; Whiticar, 1999).  The isotopic composition of C-CH4 and C-CO2 produced during 

methanogenesis by acetate fermentation have a 8C values ranging from 39 to 58 ‰.  For 

methanogenesis by carbonate reduction, which is less common in freshwaters and associated 

with substrate depletion, 8C ranges from 49 to 95 ‰ (Whiticar, 1999).  For oxidation of CH4 to 

CO2, 8C ranges from <5 to 30 ‰ (Whiticar, 1999).   

To verify methanogenic pathway, we also calculated the apparent fractionation factor, 

9app, during methanogenesis following Conrad (2005): 

9:;; = 	
=(>?@A
=(>BCA

           (2) 



 

where values of 9app <1.06 indicate methanogenesis by acetate fermentation and values >1.06 

indicate carbonate reduction.  

3.4 Carbon Gas Fluxes 

Net diffusive fluxes of CO2 and CH4 (mg C m-2 d-1) from TSL to the atmosphere were 

modeled using surface water partial pressures and the thin boundary-layer equation: 

DE = F	 × 	GH(JKLMN − JKLM:)        (3) 

where k is the gas transfer velocity (cm h-1), pGasw is the partial pressure of a gas in water 

(µatm), pGasa is the partial pressure of a gas in water at equilibrium with ambient air (µatm), and 

KH is a water temperature-dependent Henry’s constant (mmol kg-1 atm-1; Wilhelm et al., 1977) 

(n=83).  The gas transfer velocity, k (cm h-1), was determined using the following relationships: 

F = 	FPQQ '
RS
PQQ
5
TQ.PP

          (4) 

VW = L − XY + WY[ − \Y$         (5) 

where Sc is the Schmidt number, T is the water temperature (ºC), a, b, c, and d are dimensionless 

constants for CO2 and CH4 (Wanninkhof, 1992; Crusius and Wanninkhof, 2003), and k600 (cm h-

1) is the gas transfer velocity at a Schmidt number of 600.  Although Crusius and Wanninkhof 

(2003) assume a k600 of 1.0 cm h-1 at wind speeds <3.7 m s-1, k600 was calculated using wind 

speed following Cole and Caracao (1998): 

FPQQ = 2.07 + 0.215	( #̀Q)#.a        (6) 

where U10 is the wind speed at 10 m above the water surface.  Wind speed was measured from a 

height of 10 m every 30 minutes at Phnom Penh International Airport, the site of the only 

continuous, archived wind speed measurements in Cambodia.  Daily means and standard 

deviations of windspeed were run through 10,000 Monte Carlo simulations in R, and the error 

from these simulations was applied to flux estimates following Taylor (1997). 



 

Importantly, our study omits CH4 bubbling or ebullition, shown to be a large fraction of 

total CH4 emissions from inland waters in recent years (Joyce and Jewel, 2003; Del Sontro et al., 

2011).  Omission was based on logistical constraints and tested hypotheses.  The mean water 

depth of our sampling locations was 0.6 m, precluding the 2-m inverted funnels typically used to 

measure ebullition in lakes (though Crawford et al., 2014 presents a novel construction for 

ebullition measurements in shallow streams).  In addition, oxidation of CH4 within bubbles is 

minimal during their rapid ascent from sediments to the surface means that oxidation (Ostrovsky 

et al., 2008), meaning that they unlikely to contribute to dissolved CO2 in the water column. 

3.5 Dissolved Oxygen 

Dissolved O2 (mg L-1) and water temperature (°C) at each site and depth were quantified 

using a multi-parameter sonde calibrated just prior to sampling with water-saturated air (YSI 

6920) (n=279).  Additionally, we collected water samples (n=83) to measure the ratio of 

dissolved O2 to argon (Ar) at a subset of sites and depths during the rising-, high-, and falling-

water stages of the flood-pulse.  Dissolved O2 and Ar occur in the atmosphere at a ratio of 

approximately 22.5 to 1, with in-situ production and respiration in water increasing and 

decreasing this ratio, allowing the ratio to be used as an indicator for metabolic state.  Samples 

were collected using 12 mL exetainers (Labco) pre-sparged with helium and submerged 

completely to avoid interference by atmospheric O2, killed with 12 uL of of 50 % m/v zinc 

chloride solution, inverted, placed on ice, and transported to the University of Washington for 

analysis using a continuous flow isotope ratio mass spectrometer following Holtgrieve et al. 

(2010) (ThermoFisher Scientific Delta V IRMS, School of Oceanography). 

We also deployed continuously logging dissolved O2 (mg L-1) and water temperature 

(°C) sensors for a minimum of 20 h in open, edge, and floodplain environments of Prek Konteil, 



 

Anlang Reang, and Kampong Preah during the rising-, high-, and falling-water stages of the 

flood-pulse (n=24).  We modeled the ecosystem metabolic parameters aerobic gross primary 

production (GPP), aerobic ecosystem respiration (ER), and aerobic net ecosystem production 

(NEP) using these diel data in the “LakeMetabolizer” R package (Winslow et al., 2016; R Core 

Team, 2019).  Model inputs include hourly dissolved oxygen (mg L-1), hourly water temperature 

(°C), and hourly photon flux for photosynthetically active radiation (PAR; uE s-1 m-2).  The 

model performs maximum likelihood parameter estimation for GPP per unit PAR and ER per 

unit log-transformed water temperature, as well as the variance of observational and process 

error.  It incorporates a log-linear light saturation function, an Arrhenius temperature dependence 

for respiration, and k600 for reaeration of dissolved O2 using windspeed following Cole and 

Caraco (1998).  PAR was not measured directly, but calculated from full-spectrum irradiance 

based on latitude, longitude, aspect, slope, transmissivity data and the “astrocalc4r” function in 

the “fishmethods” R package (Gates, 1966; Jellison and Melack, 1993; Nelson, 2019; R Core 

Team, 2019).   

3.6 Hypothesis Tests 

All hypothesis tests were conducted using the statistical and data visualization software R 

(R Core Team, 2019).  We assessed normality in the data using quantile-quantile plots and 

Shapiro-Wilk Tests, and heteroscedasticity in the data using Bartlett Tests for Homogeneity of 

Variance.  Partial pressures and diffusive fluxes of CO2 and CH4 followed non-normal 

distributions with unequal variances.  We compared mean partial pressures and diffusive fluxes 

across sites and flood stages using non-parametric Wilcoxon Rank-sum Tests.  We used a 

Bonferroni correction to initial critical 9-values of 0.05 in order to compensate for loss in 



 

statistical power over subsequent comparisons (Zar, 2010).  The corrected 9 for comparisons 

between flood stages and sampling environments was 0.025.   

To assess whether differences between means were independent of sample size and 

ecologically as well as statistically significant, we calculated effect sizes following Cohen 

(1988): 

\ = 	 bcTbd
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           (8) 

Where \	is a descriptive measure corresponding to a small (0.0-0.4), medium (0.5-0.7), or large 

(0.8-2.0) effect size, hi,k is the mean, and li,k  is the standard deviation.  Large effect sizes are 

considered ecologically significant.  Absolute Cohen’s d-values for effect size are reported with 

each 9-value.  

We investigated controls on net CO2 and CH4 diffusion during the high-water stage of the 

flood-pulse using mixed effects models.  Mixed effects models allowed our heteroscedastic data 

to vary independently across the random effects of site.  The slope of each fixed effect relative to 

each random effect was also allowed to vary independently following Bates et al. (2015): 

mi = nQ,i + 	nioi …+ (1	|	ri) +	(0 +	oi	|	ri)…+ 8s     (9) 

Where	mi is diffusive flux of CO2 or CH4, nQ,i is the intercept of mi, ni	is the coefficient for each 

effect, oi, and ri is a random effect, site, and 8s is the error associated with mi.  Small sample 

size-corrected Akaike Information Criterion (AICC) was used for model selection following 

Burnham and Anderson (2004).  The likelihood of each model in describing CO2 and CH4 

diffusion relative to the other models was expressed in terms of ∆uv%S and ∆uv%S weight, wi, 

following Burnham and Anderson (2004): 

∆uv%S = uv%S,i − uv%S,xiy          (10) 
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          (11) 

Where uv%S,xiy is the lowest AICc value in a group of candidate models.  Information on all 

model covariates, including election acceptors, nutrients, chlorophyll, and inundation time, is 

included in Appendix 2A. 

4.0 Results 

4.1 Dissolved Gas Partial Pressures by Flood Stage 

Aqueous PCO2 at all sites was above atmospheric equilibrium throughout the flood-

pulse, but increased sharply from 4,700 ±500 uatm during the rising-water stage to 12,000 

±1,000 uatm during the high-water stage (p<0.001, d=1.5) (Table 2; Figure 2a).  PCO2 over the 

course of the flood-pulse showed a second increase during falling-water in March, when some of 

the highest partial pressures of this gas were measured, though this change was not significant 

from the previous stage.  Aqueous PCH4 also increased sharply from 50 ±20 uatm during the 

rising-water stage to 9,000 ±4,000 uatm during the high-water stage (p<0.001, d=0.9) (Figure 

2b).  Despite relatively high PCH4, near-atmospheric equilibrium (~1.9 ±1 uatm) was measured 

at 25 % of sites sampled during the rising and falling water stages of the flood-pulse.  



 

Table 2.  Mean aqueous partial pressures (uatm ) ±SE, diffusive fluxes (mg C m-2 d-1) ±SE, and k600 (cm h-1) ±SE for CO2 and CH4 at 
the surface of TSL in open-water, edge, and floodplain environments during the rising-, high-, and falling-water stages of the flood-
pulse.  Wilcoxon p-values for statistical differences and absolute Cohen’s d-values for effect sizes are shown for pairwise comparisons 
across environments and flood stages.  Means that are significantly different according to the Bonferroni-corrected ! of 0.025 with 
low, medium, and high effect size are starred.   

  
k600 
(cm h-1) 
 

 
PCO2 
(uatm) 
 

 
CO2 Diffusion 
(mg C m-2 d-1) 
 

 
PCH4 
(uatm) 
 

 
CH4 Diffusion 
(mg C m-2 d-1) 
 

 
n 

Rising 2.51 ±0.02 4700 ±500 3700 ±500 50 ±20 0.5 ±0.2 20 
Open 2.50 ±0.04 3800 ±600 2900 ±500 20 ±9 0.19 ±0.08 7 
Edge 2.55 ±0.03 5000 ±1000 4000 ±1000 30 ±10 0.2 ±0.1 6 
Floodplain 2.48 ±0.02 6000 ±1000 4500 ±900 110 ±50 1.2 ±0.5 7 
       
Open, Edge       
Edge, Floodplain       
Open, Floodplain    p= 0.025, d=1.0*** p=0.025, d=1.0***  
       
High 2.71 ±0.04 12000 ±1000 10000 ±1000 9000 ±4000 110 ±40 18 
Open 2.72 ±0.05 14000 ±1000 12000 ±1000 5000 ±2000 50 ±20 3 
Edge 2.71 ±0.06 13000 ±2000 11000 ±2000 19000 ±9000 200 ±100 3 
Floodplain 2.71 ±0.03 12000 ±1000 10000 ±900 9000 ±2000 100 ±20 12 
       
Open, Edge       
Edge, Floodplain       
Open, Floodplain       
       
Falling 2.47 ±0.02 9000 ±2000 7000 ±2000 400 ±300 4 ±3 22 
Open 2.47 ±0.01 8000 ±1000 6000 ±1000 30 ±10 0.3 ±0.1 10 
Edge 2.47 ±0.02 10000 ±2000 8000 ±2000 900 ±400 9 ±4 9 
Floodplain 2.440 ±0.001 5100 ±400 3600 ±300 19 ±4 0.17 ±0.04 3 
       
Open, Edge       
Edge, Floodplain       
Open, Floodplain       
       
Rising, High p<0.001, d=1.5*** p<0.001, d=1.6*** p<0.001, d=1.6*** p<0.001, d=0.9*** p<0.001, d=0.9***  
High, Falling p<0.001, d=1.8*** p=0.029, d=0.4 p=0.015, d=0.5** p<0.001, d=0.8*** p<0.001, d=0.8***  
Rising, Falling       
       
Statistically different with low effect size (d=0.0-0.4)*, medium effect size (d=0.5-0.7)**, and high effect size (d>0.8)*** 



 

 

Figure 2.  (a) Aqueous PCO2 (uatm), (b) aqueous PCH4 (uatm), and (c) O2 / Ar (± SE) in open, 
edge, and floodplain environments of TSL throughout the flood-pulse.  Historic lake area (from 
2007, in 103 km2) throughout the flood-pulse estimated from water levels recorded from the 
Kampong Luong gauging station is shown on a secondary y-axis.  A red trendline follows 
monthly means for these values, and a purple dashed line marks atmospheric equilibrium. 
 

Sharp increases in PCO2 and PCH4 during the high-water stage coincided with a 

substantial decline in dissolved oxygen (O2; Figure 2c).  O2/Ar of <22.5 indicated net 

heterotrophy throughout the flood-pulse, but decreased significantly from the rising- to high-

water stage (p<0.001, d=0.9) (Figure 2c).  By contrast, the sharp increase in PCO2 during the 

falling-water stage coincided with a similar increase in O2/Ar to near atmospheric equilibrium. 

4.2 Sources of Dissolved Gases by Flood Stage 

Dissolved CO2 was decoupled from dissolved O2 during all flood stages.  An equimolar 

consumption of dissolved O2 and production of dissolved CO2 is expected in aquatic ecosystems 

during in-situ aerobic respiration under steady state conditions (m=-1.0).  By contrast, there were 

approximately 0.6 mmol O2 L-1 consumed for each mmol CO2 produced in TSL during the 

rising-water stage of the flood-pulse, and very little of this O2 deficit could account for the 

excess CO2 measured during the high- and falling-water stages (Figure 3).   
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Figure 3.  Dissolved O2 deficit and excess dissolved CO2 relative to atmospheric equilibrium in 
open, edge, and floodplain environments of TSL during the rising-, high-, and falling water 
stages of the flood-pulse.  Grey lines show atmospheric equilibrium at 0 mmol L-1 excess CO2 or 
O2 deficit.  A slope (m) of -1.0 for represents the equimolar consumption of dissolved O2 and 
production of dissolved CO2 expected during in-situ aerobic respiration (black dashed line).  
Subsequent m-values for the rising-, high-, and falling-water stages of the flood-pulse likewise 
represent mmol O2 L-1 consumed in the numerator for each mmol CO2 L-1 produced in the 
denominator. 
 

Nearly all aqueous PCO2 measured at Prek Konteil, Anlang Reang, and Kampong Preah 

during the high- and falling-water stages of the flood-pulse was highly depleted in 13C relative to 

other sources of this gas in aquatic ecosystems.  Here, we define high relative depletion of !13C-

CO2 as <-35 ‰.  During the high-water stage, ! 13C-CO2 ranged from -78 ‰ to -11 ‰, with few 

values above -35 ‰ (n=5 of 30) (Figure 4a).  During the high-water stage, there was also a 

strong relationship between ! 13C-CO2 and aqueous PCH4 (R2=0.41, p<0.001).  During the 

falling-water stage, !13C-CO2 ranged from -49 ‰ to -31 ‰, with 42 % of values above -35 ‰ 

(n=7 of 12) (Figure 4b).   
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Figure 4.  Relationships between !13C-CO2 and PCH4 measured in open, edge, and floodplain 
environments at Prek Konteil, Anlang Reang, and Kampong Preah during the (a) high- and (b) 
falling-water stages of the flood-pulse.  A grey line marks depletion of !13C-CO2 at -35 ‰, 
values below which indicate an anaerobic or methanogenic origin.  !13C-CO2 and !13C-CH4, as 
well as the differences between the two (!13C-CO2 – !13C-CH4, or "C), are shown for (c) high- 
and (d) falling-water stages of the flood-pulse.  Zones of CH4 oxidation, methanogenesis by 
acetate fermentation, and methanogenesis by carbonate reduction are shaded in grey.  The 
apparent fraction (#app) between !13C-CO2 and !13C-CH4 during methanogenesis in open, edge, 
and floodplain environments during the (e) high- and (f) falling-water stages of the flood-pulse 
are also shown. 
 

Nearly all aqueous PCH4 measured at Prek Konteil, Anlang Reang, and Kampong Preah 

during the high- and falling-water stages of the flood-pulse was enriched in 13C relative to values 

expected from the two primary methanogenic pathways.  The !13C-CH4 produced via the acetate 

fermentation pathway of methanogenesis ranges from -65 to -50 ‰, while carbonate reduction 



 

produces !13C-CH4 ranging from -110 to -60 ‰ (Whiticar and Faber, 1986).  During the high-

water stage, !13C-CH4 ranged from -78 ‰ to as high as -11 ‰, with few values below -50 ‰ 

(n=6 of 35), indicating oxidation of CH4.  All values below -50 ‰ were sampled along the 

Anlang Reang transect.  During the falling-water stage, !13C-CH4 was considerably more 

depleted and ranged from -94 ‰ to -38 ‰, with most values below -50 ‰ (n=8 of 12).  This 

corresponded with less depletion in the !13C-CO2 during this stage. 

Differences between !13C-CO2 and !13C-CH4, or "C values, of <31 ‰ also indicated 

oxidation of CH4 (Barker and Fritz, 1981; Whiticar, 1999).  During the high-water stage, 97 % of 

"C values were <31 ‰ (Figure 4c).  This proportion fell to 67 % of "C values <31 ‰ during the 

falling-water stage of the flood-pulse (Figure 4d).  Of the "C values above 31 ‰ during the high- 

and falling-water stages, only one exceeded 58 ‰, indicating acetate fermentation as the 

predominant methanogenic pathway. 

An #app of <1.06 during the high-water stage of the flood-pulse further indicated 

methanogenesis via acetate fermentation.  This #app increased from floodplain to edge to open 

environments, perhaps as a result of increasing substrate limitation where sites were inundated 

longer (i.e., open; Figure 4e).  During the falling-water stage, increasing #app suggests that 

acetate became limiting to the production of CH4 across sampling environments, leading to 

methanogenic inputs to aqueous PCH4 via carbonate reduction (Figure 4f). 

4.3 Diffusive CO2 and CH4 Fluxes by Flood Stage  

Partial pressures of CO2 above atmospheric equilibrium in surface waters led to net 

diffusive fluxes from TSL to the atmosphere, ranging from 1,095 to 36,748 mg C-CO2 m-2 d-1 

(Table 2).  The flood-pulse nearly tripled mean CO2 diffusion, from 3,700 ±500 mg C m-2 d-1 

during the rising-water stage to 10,000 ±1,000 mg C m-2 d-1 during the high-water stage 



 

(p<0.001, d=1.6) (Figures 5a and 5b).  CO2 diffusion then declined during falling-water (10,000 

±1,000 mg C m-2 d-1 to 7,000 ±2,000 mg C m-2 d-1; p=0.015, d=0.5) to rates not significantly 

different from those measured during the rising-water stage of the flood-pulse (Figure 5c).   

 

Figure 5.   CO2 diffusion from TSL to the atmosphere.  Values are given for open, edge, and 
floodplain environments during the (a) rising- (May-September), (b) high- (October-November), 
and (c) falling-water (December-April) stages of the flood-pulse.  CH4 diffusion from Tonle Sap 
Lake to the atmosphere is also shown for each environment during the (d) rising-, (e) high-, and 
(f) falling-water stages.  CH4 diffusion during the high-water stage is skewed by high values 
measured at Prek Konteil and Anlang Reang.   
 

Mean CH4 diffusion from the lake to the atmosphere was low during the rising-water 

stage (0.5 ±0.2 mg C m-2 d-1), but increased by approximately 21,900 % during the high-water 

stage to 110 ±40 mg C m-2 d-1.  As with CO2, diffusive CH4 fluxes were significantly greater 
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during the high-water stage (Figure 5e) than during the rising- (p<0.001, d=0.9) (Figure 5d) and 

falling-water (p<0.001, d=0.8) (Figure 5f) stages.  Because partial pressures and diffusive fluxes 

of CO2 and CH4 were not significantly different during the rising- and falling-water stages, they 

did not appear to follow hysteresis patterns with flood stage; magnitudes were comparable 

during flood stages with different rising or falling trajectories but identical water levels.   

CO2 and CH4 diffusion resulted both from large partial pressure gradients between the 

lake and atmosphere and gas transfer velocities mediated by local meteorological conditions 

(k600; Table 2).  Mean k600, which is dependent on wind speed, increased significantly from 

rising- to high-water (2.51±0.02 cm h-1 to 2.71 ±0.04 cm h-1; p<0.001, d=1.5).  Mean k600 

decreased significantly from high- to falling-water (2.71 ±0.04 cm h-1 to 2.47 ±0.02 cm h-1; 

p<0.001, d=1.8).   

4.4 Diffusive CO2 and CH4 Fluxes by Environment 

Both aqueous PCH4 and resulting CH4 diffusion were higher on the floodplain than in 

open environments during the falling-water stage of the flood-pulse (p=0.025, d=1.0).  There 

were no other significant differences in net diffusive CO2 and CH4 fluxes by environment, 

meaning that there was greater variation in these fluxes by flood stage.  Inundation time 

integrates spatial and temporal elements of the flood-pulse; each of the different environments 

sampled—open, edge, and floodplain—was inundated by flood waters for different amounts of 

time.  Open environments were located in the main body of TSL, and thus were inundated for 

periods of time ranging from 281 to 365 days.  Edge environments were inundated from 281 to 

301 days per year.  Floodplain environments experienced the largest range of inundation times as 

the flood-pulse advanced during the rising-water stage and receded during the falling-water 



 

stage, from 54 to 275 days per year.  However, there were no significant relationships between 

CO2 and CH4 diffusion and inundation time (Figures 6a and 6b). 

 

Figure 6.  Relationships between (a) diffusive CO2 fluxes, b) diffusive CH4 fluxes, (c) aerobic 
GPP, (d) aerobic ER, (e) aerobic NEP, and inundation time in open, edge, and floodplain 
environments of TSL during the rising-, high-, and falling-water stages of the flood-pulse.  CO2 
and CH4 diffusion include errors propagated from variance in aqueous PCO2, PCH4, and Monte 
Carlo simulations of k600. 
 

GPP was also constant throughout the flood-pulse at sites experiencing variable 

inundation times (Figure 6c).  However, there were significant linear model fits between 

inundation time, aerobic ER, and aerobic NEP (Figures 6d and 4e).  Aerobic ER was greatest in 

floodplain sites inundated for <170 days per year, ranging from -5 to -25 mg O2 L-1 d-1 and 
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driving negative NEP (i.e., net heterotrophy).  The slopes (m) for inundation time and aerobic 

NEP increased as the flood-pulse progressed throughout the rising- (m=0.06, R2=0.84, p=0.003), 

high- (m=0.06, R2=0.56, p=0.086), and falling-water (m=0.12, R2=0.79, p=0.003) stages.  Thus, 

ER and net heterotrophy increased in floodplain environments throughout the flood-pulse. 

4.5 Controls on CO2 and CH4 Diffusion 

Mixed effects modeling at Prek Konteil, Anlang Reang, and Kampong Preah during the 

high-water stage of the flood-pulse suggested that net diffusive fluxes of CO2 and CH4 were 

most likely controlled by changing redox conditions between bottom and surface waters.  AICc 

model selection revealed that CO2 diffusion was most strongly related to total manganese 

concentrations within bottom waters (MnTot; AICc weight=0.89, R2=0.81, p<0.001) (Table S1).  

Diffusive CO2 fluxes from the surface of the lake to the atmosphere increased with MnTot 

concentrations within bottom waters (Figure 7a).  CH4 diffusion declined dramatically when 

dissolved O2 within surface waters was above 1 mg L-1 (AICc weight=0.99, R2=0.38, p<0.001) 

(Figure 7b).  Diffusive fluxes of both CO2 and CH4 were also related to changing bottom water 

NO3- concentrations (AICc weight=0.05, R2=0.42, p<0.001 for CO2 and AICc weight=0.005, 

R2=0.22, p=0.002 for CH4).  CO2 and CH4 diffusion decreased as bottom water NO3- 

concentrations increased.  Collectively, these results show that the greatest diffusive fluxes of 

CO2 and CH4 occurred under strongly reducing conditions and lower concentrations of the 

thermodynamically favorable electron acceptors O2 and NO3-. 

 

 

 



 

 

Figure 7.  Relationships between (a) CO2 and (b) CH4 diffusion (mg C L-1 d-1) and the two most 
important covariates as indicated by AICc model selection in open, edge, and floodplain 
environments at Prek Konteil, Anlang Reang, and Kampong Preah during the high-water stage of 
the flood-pulse.  CO2 and CH4 diffusion include errors propagated from variance in aqueous 
PCO2, PCH4, and Monte Carlo simulations of k600. 
 
5.0 Discussion 

5.1 Respiratory gases (CO2, CH4, O2) show flood-driven net heterotrophy in TSL 

Ecologists have attributed supersaturation of inland waters with CO2 to transfers of this gas from 

terrestrial groundwaters (Richey et al., 1988; Kling et al., 1991; Jones and Mulholland, 1998), 

terrestrial surface runoff (Raymond et al., 2016), or respiration of terrestrial organic C in-situ 

(Cole et al., 1994; del Giorgio and Peters, 1994).  When “plumbing” the global C cycle, Cole et 

al. (2007) assumed a unidirectional transfer of C from land to water, and assigned only three 

fates to this C:  Burial within sediments, diffusive flux of CO2 to the atmosphere, and export to 

the oceans.  Recently, Abril and Borges (2019) proposed the bidirectional expansion and 

contraction of floodwaters over the terrestrial landscape as a major revision to the “active pipe” 

model presented by Cole et al. (2007).   

Our data, collected from the extensively flooded environments in and around TSL, 

supports this conceptual revision by showing the importance of the flood-pulse to 

remineralization of terrestrial organic C through both aerobic and anaerobic pathways.  

Measurements throughout two annual Lower Mekong and TSL flood-pulses showed that 
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aqueous PCO2 increased dramatically with water levels during the high-water stage (Figure 2a).  

This increase is consistent with results by Richey et al. (2002) from the Amazon River, who 

document a similar increase in aqueous PCO2 with water level and floodplain area inundated 

(2,950 to >44,000 uatm, compared with 1,058 to 44,516 uatm measured by our study; Table 2).  

Aqueous PCO2 spanning several orders of magnitude has also been measured in African flood-

pulse rivers, ranging from 300 to 16,492 uatm in the Congo (Borges et al., 2015) and from 

atmospheric equilibrium (400 uatm) to over 12,500 uatm in Senegal’s Lukulu River (Zuijdgeest 

et al., 2016).  Though aqueous PCO2 data from the Amazon closely tracks the hydrograph of this 

river (Devol et al., 1995), mean aqueous PCO2 does not decrease immediately during the falling-

water stage of the Lukulu River or TSL flood-pulses.  Instead, aqueous PCO2 in the Lukulu 

remains elevated, and in TSL shows a second sharp increase during the falling-water stage in 

March, when some of the highest partial pressures of this gas were measured both years of 

sampling (Figure 2a).  The sharp increase in aqueous PCO2 during the falling-water stage 

corresponds to a similar increase in O2/Ar to near atmospheric equilibrium (Figure 2c).  An 

increase in O2/Ar indicates greater primary production and/or gas exchange.  Based on their 

review of the flood-pulse literature, Miller et al. (in review; see Chapter 1) find that receding 

flood waters consolidate floodplain organic matter and re-oxygenate stratified and hypoxic 

floodplain water masses, leading to greater respiration.  This respiration leads to the release of 

inorganic nutrients via remineralization, blooms of cyanobacteria and other phytoplankton, 

and—subsequently—respiration of this new and relatively labile biomass, (Miller et al., in 

review; see Chapter 1).   

We hypothesized that diffusive CO2 and CH4 fluxes, GPP, ER, and finally NEP would 

trend with the amount of time sites were submerged, i.e., inundation time.  Weak net 



 

heterotrophy in open-water environments together with strong net heterotrophy in floodplain 

environments established and maintained increasingly negative aerobic NEP across a gradient of 

flooding throughout the flood pulse (Figures 6d and 6e).  GPP did not change (Figure 6c), which 

is consistent with previous findings by Holtgrieve et al. (2013).  We are aware of no other studies 

that report aerobic metabolic parameters across a gradient of inundation time in a tropical flood 

pulse system.  Our hypothesis that diffusive C gas fluxes would trend with inundation time along 

with these aerobic metabolic parameters was not supported by our data (Figures 6a and 6b); 

anaerobic respiration and changing redox conditions were likely greater controls on diffusion of 

respiratory C gases at the surface. 

5.2 Dissolved CO2 and its subsequent flux to the atmosphere are derived in large part from 

oxidation of CH4 

Sharp increases in aqueous PCO2 during the high-water stage of the flood-pulse in TSL 

corresponded to similar increases in aqueous PCH4 (Table 2; Figure 2b).  Junk et al. (1989) early 

predicted that flood-pulse river waters expanding over their surrounding floodplains would 

create large expanses of saturated and reduced soils, and redox conditions favorable to anaerobic 

respiration.  Such predictions are consistent with findings by early studies in the Amazon by 

Richey et al. (1988) and Devol et al. (1988), who use balance of dissolved CO2, CH4, and O2 to 

estimate that anaerobic respiration comprises 50% of total respiration in their study system.  

Dissolved CO2 throughout the TSL flood-pulse was out of balance with dissolved O2 deficits.  

During the rising-water stage, 0.6 mmol O2 was consumed for each mmol CO2 produced (m=0.6 

in Figure 3), meaning that 40 % of dissolved CO2 during rising-water originated from sources 

other than in-situ aerobic respiration.  The proportion of dissolved CO2 originating from sources 

other than in-situ aerobic respiration increased to 90% throughout the high- and falling-water 



 

stages of the flood-pulse (m=-0.1 and m=-0.1, respectively, in Figure 3).  These other sources 

include the groundwater inputs documented by Richey et al. (1988), Kling et al. (1991), and 

Jones and Mulholland (1998), the terrestrial surface runoff documented by Raymond et al. 

(2016) among others, or anaerobic respiration.   

Our isotopic data shows that some of the CO2 supersaturation long observed within 

inland waters may actually result from in-situ production and oxidation of CH4.  Measurements 

of !13C-CO2 indicated that much of the dissolved CO2 sampled originated from anaerobic 

metabolism of organic C to CH4, and its subsequent oxidation to CO2.  Much of the aqueous 

PCO2 measured in open, edge, and floodplain environments at Prek Konteil, Anlang Reang, and 

Kampong Preah during the high- and falling-water stages of the flood-pulse (86 % and 63 %, 

respectively) was depleted in 13C/12C to -35 ‰ or less, reaching -77 ‰ (mean -41.9 ±0.8 ‰) 

(Figures 4a and 4b).  We attribute this depletion in 13C/12C-CO2 to a methanogenic origin.  In a 

review of isotopic values for different primary producers in tropical and temperate lakes, 

including unpublished data for phytoplankton, periphyton, macrophytes, and terrestrial plants 

collected throughout the 2010 flood pulse in TSL by Holtgrieve, none exceed -35 ‰ (Table 3).  

There is little to no fractionation during respiration; !13C values are conserved from C fixation at 

the base of the food web through higher trophic levels (Emerson and Hedges, 2008).  Although 

some have reported !13C values for phytoplankton that exceed -40 ‰ (McCallister and del 

Giorgio, 2008; De Kluijver et al., 2014), respiratory δ13C-CO2 reported for the De Kluiver et al. 

(2014) dataset is comparatively enriched (-9 to -21 ‰), suggesting that these depleted 

phytoplankton do not contribute appreciably to dissolved CO2 relative to terrestrial vegetation in 

these net heterotrophic lakes.  According to these values, aerobic respiration of phytoplankton, 



 

periphyton, macrophytes, and terrestrial C3 and C4 plants cannot alone explain the level of !13C-

CO2 depletion measured in TSL. 



 

Table 3.  Ranges of !13C (‰) values for phytoplankton, periphyton, macrophytes, terrestrial C3 
plants, and terrestrial C4 plants measured in tropical and temperate lakes and the Amazon River.  
Assuming little or no fractionation during respiration, these values would be reflected in any 
resulting respiratory !13C-CO2. 

  
Location 

 

 
!13C (‰) 

 
Study 

 
n 

Phytoplankton Lake Malawi,  

Africa (Transboundary) 

-25 to -21 Hecky and Hesslein, 1995 3 

 Tonle Sap Lake,  

Cambodia 

-30 to -19 Holtgrieve, unpubl. 6 

 Pyhajarvi Lake, 

Finland 

-30 to -6 Vuorio et al., 2006 32 

 Koylionjarvi Lake, 

Finland 

-32 to -24 Vuorio et al., 2006 47 

 Kirkkojarvi Lake, 

Finland 

-32 to -18 Vuorio et al., 2006 39 

 Kuralanjarvi Lake, 

Finland 

 

-34 to -22 Vuorio et al., 2006 25 

Periphyton Lake Malawi,  

Africa (Transboundary) 

-15 to -8 Hecky and Hesslein, 1995 5 

 Tonle Sap Lake,  

Cambodia 

-33 to -21 Holtgrieve, unpubl. 17 

 ELA 240, 

Ontario 

 

-20 to -17 Hecky and Hesslein, 1995 4 

Macrophytes Lake Malawi,  

Africa (Transboundary) 

-20 to -10 Hecky and Hesslein, 1995 2 

 Lake Kyoga,  

Uganda 

-28 to -12 Hecky and Hesslein, 1995 5 

 Amazon River, 

Brazil 

-28 to -12 Hedges et al., 1986 4 

 ELA 240, 

Ontario 

 

-12 to -11 Hecky and Hesslein, 1995 2 

Terrestrial C3 plants Amazon River, 

Brazil 

-30 to -25 Hedges et al., 1986 16 

 Tonle Sap Lake,  

Cambodia 

-31 to -26 Holtgrieve, unpubl. 7 

 ELA 240, 

Ontario 

-29 to -28 Hecky and Hesslein, 1995 2 

 ELA 373, 

Ontario 

 

-29 Hecky and Hesslein, 1995 1 

Terrestrial C4 plants Amazon River, 

Brazil 

-12 Hedges et al., 1986 1 

     



 

The #app between !13C-CO2 and !13C-CH4 showed that the predominant methanogenic 

pathway in TSL is likely acetate fermentation (Figures 4d and 4e), which has been shown to 

produce !13C-CH4 values in tropical lake sediments from the Amazon and Pantanal ranging from 

-84 ±2 to -62.3 ±0.9 ‰ (Conrad et al., 2010; Conrad et al., 2011).  The same study inhibited 

acetate fermentation in favor of carbonate reduction, which produced C-CH4 even more depleted 

in 13C / 12C (Conrad, 2010).  This is compared with a mean δ13C-CH4 of -43 ±2 ‰ measured at 

our sampling sites, with !13C-CH4 values reaching -11 ‰ (Figures 4c and 4d).  These 

comparatively enriched !13C-CH4 values indicate the preferential oxidation of lighter, 12C-CH4 

by methanotrophic bacteria and archaea (Whiticar and Faber, 1986).   

Difference fractionation factors between !13C-CO2 and !13C-CH4 further support 

oxidation; for methanotrophy in natural systems, the magnitudes of isotope effects between 

!13C-CO2 and !13C-CH4 ranges from "C=5-20 ‰ (Whiticar, 1999), with laboratory experiments 

yielding values of "C as high as 31 ‰ (Barker and Fritz, 1981).  Most of our "C values were less 

than 31 ‰ during the high-water (97  %) and falling-water (67 %) stages. 

The contribution of anaerobic processes is largely ignored in studies of C cycling in 

freshwaters, but this contribution is likely to be large given the areal extent and discharge of 

flood-pulse rivers, globally.  The subtropics and tropics are home to many high order flood pulse 

rivers, such as the Amazon, Orinoco, Parana, Congo, Okavango, Zambezi, Oubangui, Ganges, 

Indus, Yangtze, Irrawaddy, and Mekong, which are collectively responsible for much of global, 

mean annual discharge (Ward et al., 2015).  Cole et al. (2007) acknowledge that inclusion of 

floodplains in “plumbing” the global C cycle would increase their land-water flux estimate by 

some 48 %, from 1.9 to 2.8 Pg C y-1 (Richey et al., 2002).  They further acknowledge that CH4 

diffusion comprises a small part of the annual water-atmosphere C flux (Melack et al., 2004), 



 

though Bastviken et al. (2011) have since estimated that CH4 diffusion from freshwaters 

corresponds to 0.65 Pg C y-1.  This number is only increasing with attention to CH4 bubbling or 

ebullition (Joyce and Jewel, 2003; Del Sontro et al., 2011), which our study omits.  Fluxes of 

CH4 as a greenhouse gas from the surfaces of lakes (e.g., Sanches et al., 2019), rivers (e.g., 

Streigl et al., 2012), and reservoirs (e.g., St. Louis et al., 2000) to the atmosphere have been often 

studied in recent years.  Few have studied the contribution of oxidized methanogenic C to DIC 

(Rudd and Hamilton, 1978; Gu et al., 2004), or how coupled methanogenesis and methanotrophy 

contribute C to aquatic food webs (Bastviken et al., 2003; Kankaala et al., 2006).   

There is a broader lack of accounting for anaerobic processes in studies of ecosystem 

metabolism.  Current estimates of ER in the literature rely almost exclusively on daily 

measurements of net oxygen depletion, the electron acceptor for the aerobic respiration of 

organic C.  These estimates fail to include methanogenesis and anaerobic methanotrophy as 

respiratory pathways.  Given the massive, hypoxic aquatic ecosystem represented by the Amazon 

River floodplain, alone (>100,000 km2; Richey et al., 1988), anaerobic processes generally and 

methanogenesis and methanotrophy specifically are likely to be important to the overall balance 

of primary production and respiration in flood-pulse ecosystems and perhaps beyond.  This raises 

central questions about accounting for C in aquatic ecosystems, and alters conventional 

understanding of NEP.  Revised C accounting is needed for tropical flood-pulse rivers and lakes 

with sizeable contributions to the DIC and heterotrophic food web by CH4. 

5.3 Changes in local redox environments appear to control CO2 and CH4 diffusion 

Mixed effects modeling of data collected during the high-water stage of the flood pulse 

provided another line of evidence that much of the dissolved CO2 measured was derived from 

methanogenesis and methanotrophy, rather than aerobic respiration.  Diffusive CO2 fluxes from 



 

the surface of TSL to the atmosphere increased with MnTot concentrations in bottom waters 

(Figure 7a).  This may have resulted from Mn-dependent anaerobic oxidation of CH4 in the 

hypoxic (<4 mg O2 L-1) water column of TSL.  Aerobic oxidation of CH4 is a well-known fate 

for CH4 in lake water columns (Bastviken et al., 2002), but anaerobic oxidation has only recently 

been reported at the sediment-water interface of freshwater lakes (Deutzmann et al., 2011; 

Martinez-Cruz et al., 2018; Su et al., 2019).  Many of the anaerobic oxidation pathways reported 

by these authors are mediated by sulfate and iron, rather than Mn, as electron acceptors.  Mn-

dependent anaerobic oxidation of CH4 has been shown in reduced wetland (Liu et al., 2019) and 

marine sediments (Beal et al., 2009).  However, a large fraction of dissolved MnTot, Mn2+, is also 

simply more soluble in hypoxic waters.  Thus, anaerobic oxidation of CH4 may not necessarily 

be driven by changes in MnTot, but by changes to its solubility and the local redox environment.  

CO2 and CH4 diffusion also decreased as bottom water NO3- and surface water O2 concentrations 

increased (Figures 7a and 7b).  The introduction of NO3- to bottom waters and dissolved O2 to 

surface waters marks a further shift in the local redox environment.  In a hypoxic ecosystem 

where flood waters inundate soils to create anaerobic conditions, NO3- would be quickly 

removed not only as the primary substrate for denitrification, but also as a thermodynamically-

favorable electron acceptor (along with O2).  Any introductions of NO3- and O2 would alter local 

redox conditions and make methanogenesis, CH4 diffusion, and CH4-derived CO2 diffusion less 

likely to occur.   

6.0 Conclusion 

The Lower Mekong and TSL flood-pulse blurs classical ecosystem boundaries between 

the terrestrial and the aquatic.  This and other tropical flood pulses around the world inundate 

floodplains many times the spatial extent of the rivers, themselves, affecting ecosystem function 



 

in profound ways.   Contrary to the predictions of Junk and others (1989) from work in the 

Amazon, we show that the flood-pulse drives net heterotrophy in Tonle Sap Lake.  Resulting C 

gas fluxes to the atmosphere are derived in large part from anaerobic oxidation of floodplain C.  

Anaerobic metabolism has been largely ignored in studies of freshwater C cycling and ecosystem 

metabolism, with implications for C accounting in other flood pulse and hypoxic ecosystems, 

worldwide. 
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1.0 Abstract 

Lake food webs can receive carbon (C) from multiple aerobic and anaerobic energetic pathways, 

including methane (CH4) production and oxidation.  Metabolism measured at the base of lake food webs 

to date has focused on photosynthesis and whole-ecosystem aerobic respiration (ER).  However, the 

anaerobic production and subsequent oxidation of CH4 (methanogenesis and methanotrophy, 

respectively) may be particularly important in tropical lakes and rivers that annually expand over their 

surrounding floodplains, creating thousands of km2 of reduced habitat.  We hypothesized that rates of 

methanogenesis, methanotrophy, and their contribution to ecosystem metabolism in a “flood-pulse” lake 

would increase with flood duration, and differ across lake environments.  We also predicted that upper 

trophic levels would incorporate this methanogenic C into their biomass.  To evaluate these hypotheses, 

we quantified areal rates of methanogenesis and methanotrophy using bottle incubations and a vertical 

advection model, and compared them to diel oxygen estimates of gross primary production (GPP), net 

primary production (NPP), and ER.  We also sampled invertebrates, several fish species, and other 

members of the local food web for 13C/12C as a tracer of methanogenic C at higher trophic levels.  

Methanogenesis comprised up to 36 ±7 % of C fixed through GPP and methanotrophy comprised up to 

11 ±3 % of NPP.  Rates of both methanogenesis and methanotrophy were small compared to ER.   

Methanogenesis and GPP were each significantly greater at the edge of Tonle Sap Lake than in open-

water or floodplain environments, perhaps due to greater water column stability here.  Methanogenesis 

and methanotrophy were greatest during full flooding, but neither were correlated with flood duration as 

expected.  By contrast, ER was strongly related to inundation time.  Certain invertebrates and fish 

species were highly depleted in 13C/12C (!13C<-35 ‰), indicating transfer of methanogenic C to higher 

trophic levels.  Collectively, these results demonstrate that there is significant cycling of C through 
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anaerobic pathways during the flood pulse, contributing to the overall energetic base of this lake food 

web. 

2.0 Introduction 

Traces of methanogenic carbon (C) detected within the biomass of chironomids (Jones et al., 

1999; Bunn and Boon, 2003), zooplankton (Bastviken et al., 2003; Kankaala et al., 2006), and fish 

(Sanseverino et al., 2013) offer tantalizing evidence for partial support of lake food webs by CH4 

production (i.e., methanogenesis).  Yet, studies of the energetic base of lake food webs have traditionally 

focused on photosynthesis and whole-ecosystem aerobic respiration (ER).  The fraction of food web 

support by methanogenesis relative to aerobic metabolism is therefore almost entirely unresolved in 

lakes and other freshwaters (Shelley et al., 2014).  

Methanogenesis can introduce C to lake food webs in the absence of O2 via two primary 

pathways, CO2 reduction (eq. 1) and acetate fermentation (eq. 2; Whiticar and Faber, 1986): 

%&' + 8*
+
+ 8,

-
→ %*/ + 2*'&         (1) 

%*1%&&* → %*/ + %&'          (2) 

Acetate fermentation is predominant in lake sediments, and has also been shown in the water column in 

recent years (Bogard et al., 2014).  It is estimated that roughly 70 % of the methanogenesis in freshwater 

sediments is carried out via acetate fermentation (Winfrey et al., 1977; Whiticar, 1999).  The Wood-

Ljungdhal pathway is common form of acetogenesis involving the reduction of two CO2 molecules to 

form an essential precursor for acetate fermentation (Ljungdahl, 1986; Berg, 2011).  Furthermore, recent 

work on floodplains of the Brazilian Pantanal showed that between 50 % and 90 % of methanogenesis 

was carried out via CO2 reduction (Conrad et al., 2011).  Both the Wood-Ljungdahl pathway and 

prevalence of CO2 reduction in the Pantanal highlight that methanogenesis can involve the reduction of 

CO2 in freshwaters, a defining feature of autotrophy.  
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Methanogenesis is alternately presented in the oceanographic and limnological literatures as 1) a 

form of autotrophy involving the reduction of CO2 not unlike photosynthesis (Dilling and Cypionka, 

1990; Kellermann et al., 2012; Greening et al., 2016) or 2) the terminal process for respiration of organic 

matter when dissolved O2 and all other electron acceptors are depleted (Zeikus and Winfrey, 1976; 

Bastviken et al., 2003).  Those who have measured methanogenesis in lakes typically consider it a 

fraction of respiration, ranging from 20 % to 100 % of ER (Rudd and Hamilton, 1978; Heesen and 

Nygaard, 1992; Mattson and Likens, 1993; Boon and Mitchell, 1995; Hamilton et al., 1995; Utsumi et 

al., 1998; Bastviken et al., 2003).  This disciplinary divide may stem from the predominance of CO2 

reduction in marine ecosystems and acetate fermentation in freshwater ecosystems.  In either case, 

methanogenesis “fixes” inorganic C (CO2 reduction) or introduces C that is otherwise unavailable 

(acetate fermentation) to the base of the food web.  Thus, it is comparable to photosynthetic Gross 

Primary Production (GPP; Figure 1). 

    

Figure 1.  a) Methanogenesis via CO2 reduction and acetate fermentation, and oxidation by 
methanotrophs.  b) GPP by primary producers and ER by other members of the microbial community 
are also shown.  Methanogenesis and GPP are processes that lead to the fixation of C (black).  
Methanotrophy and ER are processes that transfer C to higher trophic levels, such as fish (gray). 
 

DIC CH3COOH

Methanogenesis
CO2 Reduction

Methanogenesis
Acetate Ferm.

air

water

water

sediment

CH4

MethanotrophyCO2

a)

Invertebrates, 
Fish

C

GPP NPP

CO2
Invertebrates, 

Fish

Fixation of C

Transfer of C to Higher 
Trophic Levels

b)

Microbial
Respiration

C



 101 

Methanogenic C can subsequently be oxidized by methanotrophic bacteria in a variety of lake 

environments: 

%*/ + (2 − 4)&' → (1 − 4)%&' + 4%*'& + (2 − 4)*'&      (3) 

Where x is the C conversion efficiency of methanotrophy, or the fraction of CH4 oxidized actually 

assimilated into methanotrophic biomass, CH2O (Urmann et al., 2009; Trimmer et al., 2015) (Figure 1a, 

Table 1).  This fraction has recently been shown to be approximately 50 % (Trimmer et al., 2015), which 

is within the range reported by others previously (Whalen et al., 1990; Roslev et al., 1997; Bastviken et 

al., 2003).  As shown in eq. 3, methanotrophic bacteria typically utilize dissolved O2 as an electron 

acceptor where freshwaters transition from anaerobic to aerobic conditions.  In lakes, such transitions 

occur at the sediment-water interface (Kuivila et al., 1991), between bottom and surface waters in lakes 

that undergo thermal stratification (Bedard and Knowles, 1991), and so-called microzones of anoxia in 

the water column (Carlton and Wetzel, 1988).  Anaerobic methanotrophy utilizing a diverse array of 

electron acceptors, including nitrate, iron, and sulfate has also been shown at the sediment-water 

interface in temperate lakes (Deutzmann et al., 2011; Martinex-Cruz et al., 2018; Su et al., 2019).  

Collectively, these studies show that lakes can harbor a wide range of potential methanotrophic habitats.   

Table 1.  Summary of pathways for C fixation at the base of freshwater food webs, and—
subsequently—transfer to higher trophic levels.  Both were measured and compared in this study. 

 
Fixation of C at the Base of Food 

Webs 
(mg C m

-2
 d

-1
) 

 

Transfer of C to Higher Trophic 
Levels 

(mg C m
-2
 d

-1
) 

 

 

Gross Primary Production (GPP)  

 

 

Net Primary Production (NPP)  

Methanogenesis  

 

Methanotrophy  

   

Methanogenesis and methanotrophy may be particularly important to the overall energetic base 

of food webs in tropical flood-pulse lakes and rivers.  Tropical flood-pulse lakes and rivers fed by 

monsoonal precipitation expand over their surrounding floodplains on a highly predictable, annual basis 
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(Junk et al., 1989; Wantzen et al., 2008).  Respiration of abundant floodplain organic matter 

progressively depletes dissolved O2 and other electron acceptors in the overlying water column (Junk et 

al., 1989).  This leads to vertical redox gradients between bottom and surface waters and horizontal 

redox gradients from the central “pulsing” water body through its floodplain, widespread 

methanogenesis and methanotrophy may be widespread (Junk et al., 1989; Holtgrieve et al., 2013).   

Cambodia’s Tonle Sap Lake (TSL), on a tributary of the Lower Mekong, is a flood-pulse ecosystem that 

also harbors one of the most productive freshwater fisheries in the world (Arias et al., 2014; Sabo et al., 

2017).  Preliminary measurements of GPP suggest that photosynthesis cannot alone account for the fish 

biomass caught annually in TSL, implicating other energetic pathways on a floodplain spanning >9,000 

km2 as being critically important to local food web productivity (Holtgrieve et al., 2013).   

The biomass of methanotrophic bacteria available for transfer to higher trophic levels can be 

compared to the fraction of GPP ultimately available to heterotrophic organisms after metabolic 

requirements of primary producers have been met, namely, Net Primary Production (NPP): 

788 = :88 − ;<           (4) 

Where RA is autotrophic respiration.  RA is commonly assumed—and recently empirically shown—to be 

approximately 40 % of GPP (Hall and Beaulieu, 2013; Holtgrieve et al., 2013).  NPP is transferred to 

higher trophic levels directly or following microbial respiration (Figure 1b, Table 1).   

Stable isotopes of C (13C/12C) provide a useful tracer for methanogenic C at higher trophic levels 

in lake food webs (Bastviken et al., 2003; Kankaala et al., 2006).  Methanogenic C is highly depleted in 

13C relative to 12C compared to other C sources to lake food webs (Whiticar and Faber, 1986).  This 

depletion in 13C/12C is conserved from methanotrophs to higher trophic levels (Peterson and Fry, 1987; 

Jones et al., 1999).  In lake sediments, invertebrate chironomid larvae highly depleted in 13C relative to 

12C were among the first indications of methanogenic C in lake food webs (Jones et al., 1999; Bunn and 
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Boon, 2003).  Later, it was suggested that the 13C/12C depletion of zooplankton indicated feeding on 

methanotrophic bacteria (Bastviken et al., 2003; Kankaala et al., 2006).  Evidence for methanotrophy 

within the biomass of higher-trophic level consumers, such as invertebrates and fish, remains 

understudied (Sanseverino et al., 2013). 

We compared 1) the fixation of C by methanogenesis and GPP and 2) the transfer of C to higher 

trophic levels by methanotrophy and NPP in TSL.  We carried out these metabolic measurements during 

two flood stages, in different lake environments, and across a gradient of inundation time.  We 

hypothesized that rates of methanogenesis, methanotrophy, their importance to ecosystem metabolism 

would be greatest during the high-water stage of the flood-pulse, and increase from the central “pulsing” 

body of TSL through its floodplain.  We predicted that methanogenic C would be detectable at higher 

trophic levels of the TSL food web using 13C/12C.  We show high methanogenic fixation of C relative to 

GPP throughout the flood-pulse, as well as trophic transfers methanogenic C by methanotrophy great 

enough be detected within TSL invertebrates and fishes.  A strong correlation between inundation time 

and ER further demonstrates contributions of C through both aerobic and anaerobic pathways to the 

overall energetic base of this lake food web during the flood-pulse. 

3.0 Methods 

3.1 Sampling Locations 

Field sampling occurred during the high-water and falling-water stages of the TSL flood-pulse in 

October 2015 and March 2016, respectively.  Lake level data—by which broad flood stages are 

defined—have been collected from a gauging station at Kampong Luong since 1990 (Figure 2).  The 

flood-pulse begins with an increase in discharge within the Mekong River following the monsoon and 

course-reversal of its tributary, the Tonle Sap River, from downstream to upstream into TSL from May 
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through September of each year.  Lake level and area reach their maximum in October and November, 

the full flooding or “high-water” stage.  Floodwaters contract or “fall” from December through April.   

 

 

Figure 2.  Sampling locations At Prek Konteil, Anlang Reang, and Kampong Preah and location of the 
gauging station at Kampong Luong in TSL, Cambodia. 
 

Field sampling focused on three, core sampling locations broadly corresponding to the southwest 

(Kampong Preah), central (Anlang Reang) and northwest (Prek Konteil) lake basin (Figure 1).  Each of 

these sampling locations consisted of a transect of six points extending from the open-water 

environment (Transect Point 1), through the edge environment (Transect Point 2) and into the floodplain 

(Transect Points 4-6).   The edge environment is characterized by a transition from the open-water 

environment to rooted terrestrial floodplain vegetation.   

3.2 Dissolved CH4 and CO2 
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  Partial pressures of CH4 were quantified as the average of three 74 mL gas-tight serum bottles of 

water collected at each transect point and depth during the high-water (n=54) and falling-water (n=18) 

stages of the flood-pulse.  Samples were collected in vertical profile at six transect points during the 

high-water stage and two transect points during the falling-water stage, when the extent of the flood-

pulse extended only as far as Transect Point 2.  Vertical profiles consisted of samples drawn from 0.1 m 

depth (lake surface) and 0.5 m above sediments (lake bottom), and up to 3 depths in between at a 

minimum of 0.25 m increments.  Samples were preserved in the field with 74 uL of 50 % m/v zinc 

chloride solution and placed on ice for transport to the Royal University of Phnom Penh Department of 

Chemistry, where they were stored at 4 °C until analysis.  For analysis, samples were displaced with 

helium to roughly equal parts headspace and water, left to equilibrate for 12 h, and analyzed for 

headspace CH4 using a gas chromatograph with a flame ionization detector (FID) and nitrogen carrier 

(SRI 8610c GC).  Prior to sample analysis, standard curves were generated using 10.1, 50.5, and 497.0 

ppm CH4 in balance with nitrogen.   

3.4 Isotopic Composition of CH4 and CO2 

Following analysis for PCH4, samples (n=72) from the transects at Prek Konteil, Anlang Reang, 

and Kampong Preah were sealed with Apiezon grease, inverted, placed on ice, and transported back to 

the University of Washington for analysis of isotopic composition of C-CH4 and C-CO2 using a cavity 

ring-down mass spectrometer (Picarro G2201i combined CO2-CH4 Isotopic Analyzer) with a small 

sample introduction module (Picarro A0314 SSIM).  Isotopic compositions of C-CH4 and C-CO2 are 

reported in delta notation (‰) following the equation: 

!
=1
% = >

?@ABCDE

?@FAGHAIH

− 1J × 10
1         (5) 
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Where ! 13C is the isotopic signature of dissolved C-CO2 or C-CH4 in units of per mil (‰), Rsample is the 

ratio of heavy to light isotope in the samples (13C/12C of CO2 or CH4), and Rstandard is the 13C/12C value of 

Vienna Pee Dee Belemnite standard (VPDB equal to 98.9:1.1).   

To determine methanogenic pathway, we calculated the apparent fractionation factor, #app, 

during methanogenesis following Conrad (2005): 

#MNN = 	
P?QRS

T

P?QUV
T
            (6) 

where values of #app <1.06 indicate methanogenesis by acetate fermentation and values >1.06 indicate 

carbonate reduction.  

3.3 Methanogenesis 

Methanogenesis in lake sediments was measured by sealing three, 1 cm3 sediment cores taken 

with a stainless-steel corer in three 74 mL gas-tight serum bottles at each transect point during the high-

water (n=54) and falling-water (n=18) stages of the flood-pulse.  The remaining volume of these bottles 

was filled with bottom water collected 0.5 m above the sediments.  Three, additional bottles were filled 

with bottom water, only.  All bottles were incubated at ambient temperatures and sampled from a 50 % 

helium headspace displaced with degassed water each day, for seven days.  PCH4 was analyzed as 

described previously and corrected for progressively decreasing headspace-to-water ratios.  Net 

oxidation of CH4 measured in bottles containing bottom water, only, was added to net production of CH4 

measured in the bottles containing a combination of sediment cores and bottom water and considered 

gross production.  Each sediment core was dried at 100 °C for three hours and weighed.  Gross 

production rates were then corrected for sediment core weight and scaled to mg C-CH4 m-3 d-1.  

Previously published studies of CH4 production in lake sediment cores show that rates measured at the 

sediment-water interface are relatively consistent to a sediment depth of 0.1 m (Thebrath et al., 1993; 

Whiticar, 1999).  Thus, this volumetric rate was multiplied by 0.1 m to obtain an areal rate in terms of 
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mg C-CH4 m-2 d-1.  Each transect sampled during the high- and falling-water stages included negative 

control incubations amended with a 74 uL of 50 % m/v zinc chloride solution.   

As stated previously, methanogenesis can also occur in the water column.  We estimated gross 

water column methanogenesis using the vertical depletion of !13C-CH4 (see Section 3.4).  Although 

rates of water column methanogenesis were comparatively minor, we added the two rates to obtain total 

methanogenesis (mg C-CH4 m-2 d-1).   

3.4 Methanotrophy 

Methanotrophy in the water column was measured using an open-system vertical advection 

model following Happel et al. (1994), and since Bastviken et al. (2002) and Barbosa et al. (2018): 

WXNYZ =
([@-[\)

P(]-=)	=^^^T
           (7) 

where fOpen is the fraction of !13C-CH4 in bottom waters that is subsequently depleted via water column 

methanogenesis or enriched via methanotrophy, !s is the !13C-CH4 measured at the surface, !b is the 

!13C-CH4 measured at the bottom, # is the fractionation factor of 1.02 for oxidation estimated by 

Bastviken et al. (2002).  We modified fOpen as expressed by Equation 5 to reflect discrete changes over a 

vertical depth profile of !13C-CH4: 

WXNYZ =
([_`-[_`ab)

P(]-=)	=^^^T
           (8) 

Where Zi is the shallower depth measured in profile and Zi-1 is the deeper depth.  The diffusive flux of 

CH4 from TSL to the atmosphere is effectively the fraction of CH4 from sediments that evades oxidation 

by methanotrophs within the water column.  Using the open-system, vertical advection model expressed 

by Equation 7, it can be related to the fraction of CH4 produced or oxidized within the water column, 

such that: 

:cdee	f,gℎijdgcdkℎl	mMnYo	pqrstZ = uvM	P∑WXNYZ,yZozp{tYZn	|oqt	}z-=	nq	}z	T	%%~  (9) 
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:cdee	f,gℎijd�,j,eÄe	mMnYo	pqrstZ = uvM	P∑WXNYZ,ÅYNrYnzqZ	|oqt	}z-=	nq	}z	T   (10) 

where Fwa is the diffusive flux of CH4 from TSL described elsewhere (Miller et al., in review) and CCE 

is the C conversion efficiency for methanotrophy (0.5; Trimmer et al., 2015).   

3.5 Aerobic Metabolic Parameters 

The aerobic metabolic parameters GPP, NPP, ER, and net ecosystem production (NEP), or the 

difference between GPP and ER, were estimated using diel dissolved O2 data and the “LakeMetabolizer” 

R package (Winslow et al., 2016; R Core Team, 2019).  We deployed continuously logging dissolved O2 

(mg L-1) and water temperature (°C) sensors for a minimum of 20 h in open-water, edge, and floodplain 

environments during the high-water and falling-water stages of the flood pulse (n=20).  The metabolism 

model incorporates a log-linear light saturation function, an Arrhenius temperature dependence for 

respiration, and a k600 for reaeration of dissolved O2 following Cole and Caraco (1998), all within a 

maximum likelihood framework.  Other model inputs include hourly photon flux for photosynthetically 

active radiation (uE s-1 m-2).  Photosynthetically active radiation was not measured directly, but 

calculated from full-spectrum irradiance (Gates, 1966; Jellison and Melack, 1993).  We modeled hourly 

irradiance using latitude, longitude, aspect, slope, transmissivity data and the “astrocalc4r” function in 

the “fishmethods” R package (Nelson, 2019; R Core Team, 2019).  The model returns a metabolism 

estimate in terms of mg O2 m-3 d-1.  RA was assumed to be 40 % of GPP, yielding NPP (Hall and 

Beaulieu, 2013).  For GPP and NPP, we assumed an assimilation of 1.2 mol CO2 for each mol O2 

produced during photosynthesis following Holtgrieve et al. (2013).  For ER, we assumed an equimolar 

consumption of O2 and production of CO2.  CO2 was then converted to C-CO2 in order to express 

aerobic metabolic parameters in terms of mg C m-3 d-1.  We then multiplied this volumetric rate by 

mixing depth to obtain an areal rate in terms of mg C m-2 d-1.  By this accounting, a positive GPP value 

represents fixation or gain of C and a negative ER value represents a loss of C. 
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Mixing depths during the high-water stage of the flood-pulse were evaluated with dissolved O2 

(mg L-1) profiles measured at each transect point using a multi-parameter sonde calibrated just prior to 

sampling with water-saturated air (YSI 6920).  Dissolved O2 data were plotted over depth (m) using the 

statistical and data visualization software R (R Core Team, 2019), smoothed using a loess spanning 

function of 0.2, and interrogated for inflection points.  The depth of these inflection points at each 

transect was considered the mixing depth.  Stratification of dissolved O2 occurred during the high-water 

stage despite negligible temperature differences of <1-2 °C between bottom and surface waters, which 

always exceeded 25 ºC in this tropical lake.  Stratification did not occur during the falling-water stage, 

when total water depth was used rather than mixing depth to obtain an areal rate in terms of mg C m-2 d-

1.   

3.6 Food Web Samples 

Zooplankton were collected using three vertical tows from 0.5 m above the sediments to the 

surface (80 um mesh) in open-water, edge, and floodplain environments during the high-water and 

falling-water stages of the flood pulse.  In the same environments, gill nets and locally-made bamboo 

shrimp traps were deployed for a minimum of 10 hours.  Captured representatives from each fish and 

snake species (n=4, each) were subsampled and dissected for 2 cm2 of dorsal muscle tissue.  All shrimp 

and mollusks were collected from bamboo traps.  To avoid pseudo-replication, averaged values 

measured at each site and flood stage were considered a single value for that site and flood stage.  Single 

values across sites were considered “true” replicates.   

All zooplankton, invertebrate, and fish tissues were placed on ice, transported back to the 

Cambodian Inland Fisheries Research and Development Institute, and were freeze-dried for 48 hours 

(VirTis BenchTop, SLC).  Exoskeletons and shells were removed from the shrimps and mollusks, 

respectively. These tissues were then transported back to the University of Washington, where they were 
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homogenized in a ball mill, packed into tin capsules (~0.340mg), and run using an elemental analyzer 

(CE Instruments 2500 NA Elemental Analyzer, Conflo IV) interfaced with an Isotope Ratio Mass 

Spectrometer (DeltaV IRMS) for a continuous flow-based measure for carbon (13C/12C) and nitrogen 

(15N/14N) stable isotope ratios.  Laboratory working standards were glutamic acid 1 (!13C=-28.3 ‰ vs 

VPDB, !15N=-4.6 ‰ vs air), glutamic acid 2 (!13C=-13.7 ‰, !15N=-5.7 ‰), and sockeye salmon 

(!13C=-21.3 ‰, !15N=11.3 ‰). Resulting data are reported in delta notation following Equation 1, 

which describes the per mil (‰) deviation in the ratio of the heavy-to-light isotope relative to 

international standards, in this case Vienna Pee Dee Belemnite (VPDB) for C and air for nitrogen (N2).   

3.7 Hypothesis Tests 

All hypothesis tests were conducted using the statistical and data visualization software R (R 

Core Team, 2019).  We assessed normality in the data using quantile-quantile plots and Shapiro-Wilk 

Tests, and heteroscedasticity in the data using Bartlett Tests for Homogeneity of Variance.  Rates of 

methanogenesis, methanotrophy, GPP, and ER followed non-normal distributions with unequal 

variances.  We compared the means of these metabolic rates across sites and flood stages using non-

parametric Wilcoxon Rank-sum Tests.  We used a Bonferroni correction to initial critical #-values of 

0.05 in order to compensate for loss in statistical power over subsequent comparisons (Zar, 2010).  The 

corrected # for comparisons between flood stages and lake environments was 0.025.   

To assess whether differences between means were independent of sample size and ecologically 

as well as statistically significant, we calculated effect sizes following Cohen (1988): 

Ç = 	
É`-ÉÑ

Ö
Ü
`
S
áÜ

Ñ
S

S

            (11) 
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Where Ç	is a descriptive measure corresponding to a small (0.0-0.4), medium (0.5-0.7), or large (0.8-

2.0) effect size, àz,â is the mean, and äz,â  is the standard deviation.  Absolute Cohen’s d-values for effect 

size are reported with each #-value.  

We investigated potential biogeochemical controls on methanogenesis and methanotrophy 

during the high-water stage of the flood-pulse using mixed effects models.  Mixed effects models 

allowed our heteroscedastic data to vary independently across the random effects of site.  The slope of 

each fixed effect relative to each random effect was also allowed to vary independently following Bates 

et al. (2015): 

lz = ã^,z + 	ãz4z …+ (1	|	�z) +	(0 +	4z	|	�z)…+ "é      (12) 

Where	lz is the metabolic rate, ã^,z is the intercept of lz, ãz	is the coefficient for each effect, 4z, and �z is 

a random effect, site, and "é is the error associated with lz.  Small sample size-corrected Akaike 

Information Criterion (AICC) was used for model selection following Burnham and Anderson (2004).  

The likelihood of each model in describing metabolic rates relative to the other models was expressed in 

terms of ∆êë%p and ∆êë%p weight, íz, following Burnham and Anderson (2004): 

∆êë%p = êë%p,z − êë%p,tzZ           (13) 

íz =
Y
aì.ï∆ñóQò,`

∑ Y
aì.ï∆ñóQò,`

           (14) 

Where êë%p,tzZ is the lowest AICc value in a group of candidate models.  Information on all model 

covariates, including election acceptors, nutrients, chlorophyll, and inundation time, is included in 

Appendix 3A. 

4.0 Results 

4.1 Distribution of δ 13C-CH4 within the Water Column 

The open-system vertical advection model indicated both methanotrophy and methanogenesis in 

the water column of TSL.  According to the distribution of !13C-CH4 in the water column, between 0 % 
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to >100 % of dissolved CH4 was oxidized by methanotrophic bacteria from 0.5 m above the sediments 

to 0.1 m below the surface.  Net methanogenesis in this column of water ranged from 0 % to 56 % 

(Table 2).   

Like others in recent years, we measured gross methanogenesis within the water column under 

wide-ranging dissolved O2 levels (Grossart et al., 2011; Bogard et al., 2014; Li et al., 2019).  Dissolved 

O2 at Kampong Preah during the high-water stage, for example, ranged from 73.8 ±0.9 % saturation in 

the open-water environment to 14 ±2 % in the floodplain environment.  Depth profiles of !13C-CH4 here 

indicated alternating zones of methanotrophy and methanogenesis (Figure 2; see Figures S1 and S2 for 

Anlang Reang and Prek Konteil).  On the floodplain at Kampong Preah, the preferential consumption of 

12C by methanotrophs and vertical enrichment in 13C-CH4 toward the surface appeared to roughly 

correspond with increases in dissolved O2.  Water column methanogenesis was 22 ±5 % of CH4 

production in the sediments.  The greatest gross water column methanogenesis rates, 18 ±2 and 15 ±2 

mg C-CH4 m-2 d-1, were measured at Prek Konteil during the high-water stage.  



 113 

Table 2.  Mean !13C-CH4 ±SE (‰) in bottom and surface waters, net percent change in !13C-CH4 between bottom and surface waters, 
mean C-CH4 diffusion (mg m-2 d-1) from sediments to water, mean C-CH4 diffusion (mg m-2 d-1) from water to the atmosphere, water 
depth (m), and mean gross C-CH4 methanogenesis and methanotrophy ±SE (mg m-2 d-1) within the water column calculated using 
percent change in !13C-CH4 by each depth sampled at Prek Konteil, Anlang Reang, and Kampong Preah. 

  
Bottom 
!13C-CH4  

(‰) 
 

 
Surface 
!13C-CH4  

(‰) 

 
Net Change in 
!13C-CH4 

(%) 
 

 
Water-atm. 
Diffusion 

(mg C-CH4 m-2 d-1) 
 

 
Water 
Depth 

(m) 

 
Gross Water 

Column 
Methanogenesis 
(mg C-CH4 m-2 d-1) 

 
Gross Water 

Column 
Methanotrophy 

(mg C-CH4 m-2 d-1) 
Prek Konteil        

High-water        
T1 -26 ±1 -27.02 ±0.02 +7 %  120 ±10 4.00 18 ±2 -4.5 ±0.5 
T2 -50.7 ±0.3 -49.65 ±0.04 -5 % 630 ±70 4.25 7.6 ±0.9 -21 ±3 
T3 -45.68 ±0.07 -15.0 ±0.3 -100 %a 72 ±8 3.00 3.6 ±0.4 -60 ±10 
T4 -37.10 ±0.06 -33.16 ±0.07 -20 % 100 ±10 2.00 0 -10 ±2 
T5 -36.75 ±0.04 -37.35 ±0.06 +3 % 310 ±40 1.75 15 ±2 -2.6 ±0.3 
T6 -35.33 ±0.09 -29.7 ±0.4 -28 % 180 ±20 1.25 4.9 ±0.6 -27 ±3 

Falling-water        
T1 -64 ±1 -76 ±6 +56 % 0.041 ±0.004 0.75 0.051 ±0.003 -0.013 ±0.002 
T2 -94 ±2 -66 ±1 a-100 % 79 ±7 0.50 0 -1.1 ±0.1 

Anlang Reang        
High-water        

T1 -78 ±6 -80 ±10 +9 % 0.07 ±0.02 5.50 0.079 ±0.5 -0.035 ±0.001 
T2 -53.6 ±0.3 -17 ±1 -100 %a 2.4 ±0.3 4.00 3.9 ±0.01 -4.1 ±0.5 
T3 -49.7 ±0.2 -46.45 ±0.04 -16 % 490 ±60 1.75 0 -40 ±5 
T4 -50.56 ±0.04 -10 ±10 -100 %a 2.1 ±0.2 3.50 0 -0.62 ±0.05 
T5 -48.8 ±0.2 -20 ±20 -100 %a 6.7 ±0.8 1.50 1.1 ±0.1 -2.8 ±0.4 
T6 -44 ±3 -39.5 ±0.4 -21 % 10 ±1 1.00 2.2 ±0.3 -2.2 ±0.3 

Falling-water        
T1 -59.6 ±0.8 -58 ±2 -9 % 0.041 ±0.004 1.50 0.012 ±0.001 -0.075 ±0.001 
T2 -49.5 ±0.2 -49.7 ±0.5 0 % 79 ±7 0.50 0.63 ±0.0.6 0 

Kampong Preah        
High-water        

T1 -70 ±20 -33 ±2 -100 %a 1.4 ±0.1 6.75 2.9 ±0.2 -1.3 ±0.1 
T2 -34.4 ±0.4 -23.46 ±0.09 -55 % 2.6 ±0.2 3.00 0.41 ±0.04 -0.9 ±0.1 
T3 -19.6 ±0.2 -25 ±2 +28 % 9.0 ±0.8 2.75 2.7 ±0.2 -0.12 ±0.01 
T4 -52.08 ±0.04 -32.0 ±0.6 -100 %a 8.9 ±0.8 2.75 1.4 ±0.2 -5.2 ±0.5 
T5 -40 ±4 -13.1 ±0.7 -100 %a 5.8 ±0.5 2.25 1.4 ±0.1 -4.5 ±0.4 
T6 -34.8 ±0.7 -33.9 ±0.3 -4 % 14 ±1 0.50 1.1 ±0.1 -0.25 ±0.03 

Falling-water        
T1 -38 ±2 -46 ±7 +42 % 2.9 ±0.3 1.75 2.1 ±0.2 -0.45 ±0.04 
T2 -76 ±2 -69 ±3 -37 % 21 ±2 0.75 0 -3.9 ±0.4 

         
aChange exceeded 100% within the water column 
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a
Change exceeded 100% within the water column 

Figure 3.  Methanotrophy and methanogenesis in the water column expressed as a percent change 
between the !13C-CH4 ±SE (‰) measured at each depth based on an open-system vertical advection 
model in open-water, edge, and floodplain environments during the high-water stage of the TSL flood-
pulse along the Kampong Preah transect (T1-T6).  Depletion of 13C-CH4 indicates water column 
methanogenesis, whereas enrichment of 13C-CH4 indicates preferential consumption of 12C-CH4 by 
methanotrophic bacteria.  Methanotrophy frequently coincided with increases in dissolved O2 (mg L-1) at 
depth.  
 
4.2 Fixation of C by Environment and Flood Stage 

Areal C fixation rates varied by environment, though not flood stage, in TSL.  During the high-

water stage of the flood-pulse, an average of 100 ±20 mg C-CH4 m-2 d-1 was fixed through 

methanogenesis compared to 400 ±70 mg C-CO2 m-2 d-1 through photosynthesis (Table 3).  Rates of 

methanogenesis were significantly greater at the edge of TSL than in open-water (p=0.010, d=1.6) or 

floodplain (p<0.001, d=1.3) environments during this flood stage.  Methanogenesis was 9 ±3 % of GPP 

in open-water environments, 36 ±7 % of GPP in edge environments, and 20 ±4 % of GPP in floodplain 
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environments during the high-water stage, making it an important component of ecosystem metabolism 

(Figure 3a).  Mixed effects modeling showed that methanogenesis shared a strong positive relationship 

with floodplain water depth, which was greatest at the edge of TSL during this flood stage (AICc 

weight=0.99, R2=0.30, p<0.001; Table S1).    GPP was also significantly greater at the edge than in 

open-water (p=0.010, d=1.6) or floodplain (p<0.001, d=1.3) environments, making the edge of TSL a 

hotspot for C fixation during the high-water stage.   

Table 3.  Mean methanogenesis (mg C-CH4 m-2 d-1) ±SE, GPP (mg C-CO2 m-2 d-1) ±SE, and the 
fraction that methanogenesis comprises of GPP (%) ±SE in TSL.  Values are given for open-water, 
edge, and floodplain environments during the high- (October) and falling-water (March) stages of the 
flood pulse.  Wilcoxon p-values for statistical differences and absolute Cohen’s d-values for effect sizes 
are shown for pairwise comparisons across lake environments and flood stages.  Means that are 
significantly different according to the Bonferroni-corrected " of 0.025 with low, medium, and high 
effect size across lake environments and flood stages are starred.  Effect sizes exceed 0.8, indicating 
both statistical and ecological significance.   

  
Methanogenesis 
(mg C-CH4 m

-2
 d

-1
) 

 

 
GPP 

(mg C-CO2 m
-2

 d
-1

) 

 

 
Fraction 

Methanogenesis  
of GPP 

 

 
n 

     

High-watera  100 ±20 400 ±50 25 ±6 % 51 

Open-water  33 ±9 360 ±60 9 ±3 % 8 

Edge  270 ±40 750 ±100 36 ±7 % 9 

Floodplain  70 ±10 350 ±60 20 ±4 % 34 

     

Open-water, Edge p=0.010, d=1.6*** p=0.010, d=1.6*** -  

Edge, Floodplain p<0.001, d=1.3*** p<0.001, d=1.3*** -  

Open-water, Floodplain - - -  

     

Falling-watera
 130 ±70 500 ±200 30 ±20 % 17 

Open-water  200 ±100 900 ±200 20 ±10 % 8 

Edge  30 ±20 140 ±50 20 ±20 % 9 

     

Open-water, Edge p=0.010, d=1.4*** p=0.010, d=1.4*** -  

     

High-water, Falling-
water 

- - -  

     
Statistically different with low effect size (d=0.0-0.4)*, medium effect size (d=0.5-0.7)**, and high effect size (d>0.8)*** 

Overall mean across sites
a 
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Figure 3.  a) Ratios of C fixed through methanogenesis (mg C-CH4 m-2 d-1) and GPP and b) ratios of C 
transferred to higher trophic levels through methanotrophy (mg C-CH4 m-2 d-1) and NPP (mg C-CO2 m-2 
d-1) in TSL. 
 

Neither methanogenesis nor GPP changed significantly from the high-water stage to the falling-

water stage.  In contrast to the high-water stage, falling-water methanogenesis was significantly greater 

in the open-water environment (200 ±20 mg C-CH2 m-2 d-1) than at the edge of TSL (30 ±20 mg C-CH2 

m-2 d-1; p=0.010, d=1.4).  This was also true of GPP.  Thus, lake environment was a more important 

driver of C fixation through methanogenesis and GPP at the base of the TSL food web than flood stage. 

The production pathway for CH4 seemed to vary slightly by flood stage. An "app of <1.06 during 

the high-water stage indicated that most methanogenic C was produced via acetate fermentation (Figure 

4a).  This "app increased from floodplain to edge to open environments, perhaps as a result of increasing 

substrate limitation where sites were inundated longer (i.e., open-water, see below; Whiticar and Faber, 

1986).  During the falling-water stage, increasing "app suggests that acetate became limiting to the 

production of CH4 across lake environments, leading to increasing inputs of methanogenic C produced 

via CO2 reduction (Figure 4b). 
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Figure 4.  The apparent fractionation ("app) between !13C-CO2 and !13C-CH4 during methanogenesis in 

open-water, edge, and floodplain environments during the a) high- and b) falling-water stages of the 

flood-pulse.  An "app<1.06 (grey line) indicates methanogenesis via acetate fermentation, and "app>1.06 

indicates methanogenesis via CO2 reduction. 

4.3 Transfer of C to Higher Trophic Levels by Environment and Flood Stage 

Unlike methanogenesis, methanotrophy was remarkably consistent across lake environments 

during the high-water stage of the flood-pulse (Table 4).  Because of its relationship to GPP (see eq. 4), 

NPP was significantly greater at the edge of TSL than in open-water (p=0.009, d=1.6) or floodplain 

(p<0.001, d=1.3) environments during this flood stage.  Methanotrophy transferred C to higher trophic 

levels at rates that were an order of magnitude lower than C transferred by NPP during the high-water 

stage.  Methanotrophy comprised 10 ±4 % of NPP in open-water environments, 13 ±4 % of NPP in edge 

environments, and 16 ±4 % of NPP in floodplain environments during this flood stage (Figure 3b).  

Throughout the high-water stage, methanotrophy comprised a smaller but still measurable share of NPP 

(4 ±1 % to 11 ±3 %) compared with methanogenesis relative to GPP (25 ±6 % to 36 ±7 %).   

Methanotrophy decreased significantly from 10 ±2 mg C-CH2 m-2 d-1 during the high-water stage 

to 1.5 ±0.6 mg C-CH2 m-2 d-1 during the falling-water stage (p<0.001, d=1.1).  Methanotrophy as a 

percentage of NPP decreased from 6 ±1 % during the high-water stage to 0.8 ±0.4 % during the falling-
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water stage.  Declining methanotrophy as a share of C transfers to higher trophic levels was due in part 

to NPP—like GPP—remaining relatively consistent over this period. 

Table 4.  Mean methanotrophy (mg C-CH4 m-2 d-1) ±SE, NPP (mg C-CO2 m-2 d-1) ±SE, and the fraction 
that methanotrophy comprises of NPP (%) ±SE in TSL.  Values are given for open-water, edge, and 
floodplain environments during the high- (October) and falling-water (February) stages of the flood 
pulse.  Wilcoxon p-values for statistical differences and absolute Cohen’s d-values for effect sizes are 
shown for pairwise comparisons across environments and flood stages.  Means that are significantly 
different according to the Bonferroni-corrected " of 0.025 with low, medium, and high effect size across 
environments and flood stages are starred.  Effect sizes exceed 0.8, indicating both statistical and 
ecological significance.   

  
Methanotrophy 

(mg C-CH4 m
-2

 d
-1
) 

 

 
NPP 

(mg C-CO2 m
-2

 d
-1

) 

 

 
Fraction 

Methanotrophy 
of NPP 

 

 
n 

     

High-watera  10 ±2 170 ±20 6 ±1 % 51 

Open-water  10 ±4 140 ±30 7 ±3 % 8 

Edge  13 ±4 300 ±40 4 ±1 % 9 

Floodplain  16 ±3 140 ±20 11 ±3 % 34 

     

Open-water, Edge - p=0.009, d=1.6*** -  

Edge, Floodplain - p<0.001, d=1.3*** -  

Open-water, Floodplain - - -  

     

Fallinga
 1.5 ±0.6 200 ±60 0.8 ±0.4 % 17 

Open-water  0.9 ±0.5 400 ±100 0.2 ±0.1 % 8 

Edge  2 ±1 60 ±20 3 ±2 % 9 

     

Open-water, Edge - p=0.010, d=1.4*** -  

     

High, Falling p<0.001, d=1.1*** - -  

     
Statistically different with low effect size (d=0.0-0.4)*, medium effect size (d=0.5-0.7)**, and high effect size (d>0.8)*** 

Mean across sites
a 

 
Methanotrophy showed a strong positive relationship to its substrate, PCH4 (R2=0.49, p<0.001; 

Figure 5a).   Methanotrophy also shared a strong negative relationship with dissolved O2 during the 

high-water stage (AICc weight=0.99, R2=0.33, p<0.001; Table S1) and overall (R2=0.33, p<0.001; 

Figure 5b).  Because dissolved O2 is the electron acceptor for aerobic CH4 oxidation in freshwaters, this 

relationship was the inverse of what would be expected for this reaction.  The greatest rates of 

methanotrophy occurred in hypoxic waters (<2 mg O2 L-1) under strongly reducing conditions (Figure 

5c), indicating the potential importance of anaerobic methanotrophy in TSL.
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Figure 5.  a) Rates of methanotrophy increase with greater availability of dissolved CH4, b) 
though not dissolved O2, which is the electron acceptor for aerobic CH4 oxidation.  Gray shading 
represents 95 % confidence interval of the regression line.  c) The greatest rates of 
methanotrophy occurred under strongly reducing conditions. 
 
4.4 Metabolic Parameters Across a Gradient of Inundation Time 

Inundation time integrates spatial and temporal elements of the flood-pulse; each of the 

different environments sampled—open-water, edge, and floodplain—was inundated by flood 

waters for different amounts of time.  Open environments were located in the main body of TSL, 

and thus were inundated for periods of time ranging from 281 to 365 days.  Edge environments 

were inundated from 281 to 301 days per year.  Floodplain environments experienced the largest 

range of inundation times as the flood-pulse advanced during the rising-water stage and receded 

during the falling-water stage, from 54 to 275 days per year.   

There were no significant relationships between methanogenesis, methanotrophy, and 

inundation time.  GPP and NPP were similarly consistent across a gradient of flooding (Figure 

6a).  However, there was a strong linear relationship between aerboic ER and inundation time 

(m=5.5, R2=0.54, p<0.001) (Figure 6b), with the highest rates of ER occurring at sites inundated 

the least amount of time on the floodplain, or newly flooded sites.  Driven by ER, NEP shared a 

similarly strong linear relationship with inundation time (m=5.5, R2=0.60, p<0.001) (Figure 6c).  
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Figure 6.  GPP, ER, and NEP, in mg C-CO2 m-2 d-1, in TSL during the high- and falling-water 
stages of the flood pulse over a gradient of flooding or inundation times (days).  Gray shading 
represents 95 % confidence interval of the regression line.  
 
4.5 Methanogenic C in the Food Web 

Shrimp, benthic invertebrates, and many fish species showed depletion in 13C/12C relative 

to primary producers, indicating some contribution by methanogenic C to their biomass (Table 5, 

Figures 7a and 7b).  The fish species Parambassis wolfii, Rasbora sp., Cirrhinus lobatus, 

Paralaubucher typus, Xenochrophis piscator, and Puntius brevis were all depleted in 13C/12C to 

!13C>-30 ‰.  Freshwater shrimp (!13C=-38 ±1 ‰) and Trichogaster sp. (!13C=-35.4 ±0.2 ‰) 

were the members of the TSL food web that were most depleted in 13C/12C.   By comparison, the 
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!13C of phytoplankton we measured in TSL was -24.1 ±0.7 ‰, and the !13C of terrestrial C3 

plants that others have measured was -28.0 ±0.7 ‰ (Holtgrieve, unpubl.).  In the case of the 

benthic catfish Mystus mysticetus (!13C=-31.7 ±0.5 ‰), individual depletion of 13C / 12C shared a 

relationship with methanotrophy (R2=0.50), reaching -34.1 ‰ where methanotrophy was 

greatest, though the significance of this relationship was limited by a low number of influential 

data points in the regression (p=0.289; Figure 7c).  

Table 5.  Members of the TSL food web measured for stable C (‰) ±SE and N (‰) ±SE isotope 
ratios, ordered by mean !15N signatures. 

  
Species 
 

 
n 

 
!15N 
(‰) 

 
!13C 
(‰) 

 
Phytoplankton  3 3 ±1 -24.1 ±0.7 

     

Zooplankton  6 4.6 ±0.8 -28 ±1 

     

Benthic Invertebrate  8 6.8 ±0.6 -30.7 ±0.8 

     

Shrimp  3 7 ±1 -38 ±1 

     

Larval Dragonfly  3 7.9 ±0.6 -28 ±0.2 

     

Attached Invertebrate  4 8 ±1 -28.8 ±0.5 

     

Fish Overall 45 9.9 ±0.2 -30.6 ±0.4 

 Parambassis wolfii 3 7.9 ±0.1 -31.7 ±0.1 

 Rasbora sp. 5 9.1 ±0.6 -32.7 ±0.8 

 Cirrhinus lobatus 4 8.9 ±0.7 -30.5 ±0.9 

 Mystus mysticetus 4 10.1 ±0.5 -31.7 ±0.5 

 Paralaubuca typus 5 10.2 ±0.5 -30.2 ±0.7 

 Xenochrophis piscator 3 10.3 ±0.1 -30.8 ±0.1 

 Labeo chrysophekadion 3 10.3 ±0.4 -29.0 ±0.6 

 Puntioplites proctozysron 4 10.8 ±0.2 -27 ±1 

 Anabas testudineus 3 10.9 ±0.2 -29.8 ±0.1 

 Puntius brevis 3 11 ±2 -30.1 ±0.3 

 Notopterus notopterus 3 11.7 ±0.1 -29.6 ±0.1 

 Trichogaster sp. 5 5.7 ±0.3 -35.4 ±0.2 

     

Snake Enhydris enhydris 6 10.5 ±0.5 -29.9 ±0.8 
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Figure 7.  Stable C (‰) and N (‰) isotope ratios measured in a) members of the TSL food web 
and b) the fish community.  c) Mystus mysticetus tended to show the greatest depletion in !13C 
where methanotrophy rates were greatest (R2=0.50), though a low number of influential data 
points limited the significance of this relationship (p=0.289). 
 
5.0 Discussion 

5.1 C fixation through methanogenesis comprised a sizeable fraction of GPP 

Methanogenesis was shown to be a sizeable fraction of GPP in TSL (Figure 3a), ranging 

from 9 ±3 % to 36 ±7 %, with a mean of 25 ±6 %, during the high-water stage (Table 3).  Rates 

of methanogenesis and GPP remained statistically consistent from the high-water stage to the 

falling-water stage of the flood-pulse.  Methanogenesis in TSL (1-469 mg C-CH4 m-2 d-1) was 

measured at rates comparable to other studies (10-130 mg C-CH4 m-2 d-1 in Lake Washington by 

Rudd and Hamilton, 1978; 60-1,140 mg C-CH4 m-2 d-1 in Lake Constance by Thebrath et al., 

1993).   

While rates of methanogenesis did not change across flood stages, they were significantly 

greater at the edge of TSL than in other sampling environments.  Zeikus and Winfrey (1976), 

Rudd and Hamilton (1978), and Kuivila et al. (1988) long ago showed the importance of water 

depths to maintaining high rates of methanogenesis in lakes.  Water depths great enough to 

isolate reduced habitat in the sediments from reaeration at the surface, yet shallow enough to 
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maintain a range of optimal temperatures for archaeal growth and production (15 °C to 30 °C) 

tend to be a critical determinant of methanogenesis (Zeikus and Winfrey, 1976; Rudd and 

Hamilton, 1978; Kuivila et al., 1988).  During the high-water stage in TSL, the edge environment 

combined water depths of at least 3 m, hypoxic conditions (< 2 mg O2 L-1), and water 

temperatures of at least 25 °C to “fix” more C through methanogenesis than did the open-water 

or floodplain environments.  As flood waters receded during the falling-water stage, water depths 

decreased at the edge and in TSL as a whole decreased, perhaps explaining the significantly 

greater rates of methanogenesis in the open-water environment than at the edge of the lake 

during this flood stage.   

The standard errors of both methanogenesis and GPP increased during the falling-water 

stage, perhaps as a result of a less stable water column as flood waters receded.  Turbulence at 

the surface has been shown to interfere with methanogenesis (Zeikus and Winfrey, 1976) and 

increase the error associated with free-water measurements of dissolved O2 and GPP (Winslow 

et al., 2016).   Water column stability may partially explain significant differences in 

methanogenesis and GPP across different lake environments measured by our study.   

Rates of GPP at the edge (630 ±90 mg C-CO2 m-2 d-1) were nearly twice those measured 

in open-water (300 ±50 mg C-CO2 m-2 d-1) and floodplain (320 ±50 mg C-CO2 m-2 d-1) 

environments.  The flood-pulse is a disturbance regime, and the edge in TSL can be described in 

terms of intermediate disturbance (Connell et al., 1978; Junk et al., 1989).  This is the 

environment of TSL that is aquatic enough to support growth of phytoplankton (Moreira-Turcq 

et al., 2013) and macrophytes (Toth, 2015), but terrestrial enough to support growth of rooted 

vegetation, all of which can be colonized by periphyton (Nunes da Cunha and Junk, 2001; Bleich 

et al., 2015; Ferreira-Junior et al., 2016).  Edge environments in flood-pulse ecosystems are 
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therefore broadly characterized by both 1) intermediate disturbance and 2) transitions between 

the aquatic and terrestrial environment, two characteristics that can increase diversity of primary 

producers and GPP. 

5.2 C Transfer to higher trophic levels through methanotrophy comprised up to 11 ±3 % of 

NPP 

Methanotrophy comprised a small share of C transfers to higher trophic levels relative to 

NPP (4 ±1 % to 11 ±3 %; Table 4, Figure 3b).  Unlike other metabolic parameters, 

methanotrophy decreased significantly from the high-water stage to the falling-water stage.  

During this flood stage, the water column was shallower (0.5 m to 1.8 m) and presumably less 

methanotroph habitat was present (compared with 0.5 m to 6.5 m) (Kuivila et al., 1988; 

Bastviken et al., 2002).   

Methanotrophy in TSL was measured at rates that were comparable to other ecosystems, 

including a similarly “pulsing” lake in the Amazon (Barbosa et al., 2018).  Using methods 

identical to those in this study, Barbosa et al. (2018) measured 1-132 mg C-CH4 m-3 d-1 in the 

Amazon.  Rates measured in other tropical lakes and reservoirs ranged from 0 to 165 mg C-CH4 

m-3 d-1 (Jannasch, 1975; Almeida et al., 2016).  For comparison, volumetric rates of 

methanotrophy in TSL, before multiplying by mixing depth (m), ranged from 17 to 27 mg C-

CH4 m-3 d-1 during the high-water stage of the flood-pulse and from 1 to 4 mg C-CH4 m-3 d-1 

during the falling-water stage.   

No other study has directly compared methanotrophy to other mechanisms for C transfer 

to higher trophic levels in a tropical lake food web, like NPP (Table 1, Figures 1a and 1b).  

Recently, Shelley et al. (2014) compared methantrophy (4-15 mg C-CH4 m-2 d-1) to NPP in a 

network of English streams.  In these temperate streams, rates of methanotrophy relative to NPP 
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ranged from 1 % to 46 %, strikingly similar to those measured in our tropical flood-pulse lake (0-

86 mg C-CH4 m-2 d-1, 4 ±1 % to 11 ±3 %).   

Some of the methanotrophy in TSL may have been anaerobic.  Methanotrophy shared a 

negative relationship with dissolved O2 (R2=0.14, p=0.010) and tended to occur under hypoxic, 

strongly reducing conditions within redox potential ranges that indicated reduction of sulfate and 

metals such as iron (Figures 5b and 5c).  Iron has been shown to be a thermodynamically 

favorable electron acceptor for anaerobic CH4 oxidation in hypoxic temperate lake environments 

(Martinez-Cruz et al., 2018; Su et al., 2019), but anaerobic CH4 oxidation has yet to be shown in 

tropical lakes. 

Methanotrophy rates were typically an order of magnitude lower than methanogenesis 

rates.  Consumption of dissolved CH4 via methanotrophy increased with greater availability of 

dissolved CH4 in the water column (R2=0.33, p<0.001; Figure 5a).  However, dissimilar 

production and consumption rates led to high PCH4 in the water column (8-55,753 uatm) and 

diffusion to the atmosphere (Miller et al., in review).  Globally, methanogenesis would seem to 

be greater than methanotrophy, based on widespread atmospheric CH4 diffusion from 

freshwaters (St. Louis et al., 2000; Streigl et al., 2012; Crawford et al., 2014; Sanches et al., 

2019).   

5.3 ER was strongly related to inundation time 

We hypothesized that methanogenesis and methanotrophy would occur along a gradient 

of inundation time.  This was true of aerobic ER only, which increased with shorter inundation 

times on the floodplain.  Water residence time tends to be a “master variable” in terms of 

biological utilization of flooded organic C (Junk et al., 1989; McClain et al., 2003).  The timing 

of surface water advancement and contraction over floodplains seems optimize oxidation of this 
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organic C; concentrations of organic C have been shown to spike immediately following 

inundation in subtropical, tropical, and Mediterranean floodplains (Burns and Ryder, 2001; 

Wainright et al., 1992; Vasquez et al., 2015; Zuijdgeest et al., 2016).  This suggests that sites 

inundated the least amount of time would have the greatest aerobic ER rates, which is what our 

study observed.   

ER was consistently greater than GPP, resulting in net heterotrophy throughout the TSL 

flood-pulse (Figure 6c).  ER measured using free water dissolved O2 methods incorporates both 

aerobic methanotrophy and RA, in addition to other aerobic microbial respiration.  

Methanotrophy was just 0.7 ±0.1 % of ER during the high-water stage, consuming 10 ±4 mg C-

CH4 m-2 d-1 of the 1670 ±4 mg C-CO2 m-2 d-1 consumed by ER (Figure 6b).  ER was also two 

orders of magnitude greater than measured methanotrophy rates during the falling-water stage.  

The high rates of ER relative to methanotrophy and net heterotrophy observed suggest aerobic 

microbial respiration of floodplain organic matter as the predominant energetic pathway at the 

base of the TSL food web.   

5.4 There is isotopic evidence within multiple fish species for methanogenic support of the 

food web at higher trophic levels  

Compared to primary producers measured by this study and others, invertebrates and fish 

sampled in TSL were relatively depleted in 13C/12C.  At the lowest trophic levels of the TSL food 

web, we measured a mean !13C of -24.1 ±0.7 ‰ within phytoplankton (Table 5, Figure 7a).  In a 

review of isotopic values for different end members in tropical lakes, Hecky and Hesslein (2001) 

reported !13C values of -8 to -21 ‰ for phytoplankton and -0.5 to -19 ‰ for macrophytes.  

Terrestrial C3 vegetation is typically more depleted in 13C/12C; Boschker and Middleburg 

reported !13C values of -25 to -30 ‰ (2002).   Most of our sampled fish species exceeded -30 ‰ 
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(Table 7, Figure 7b), compared with 28.0 ±0.7 ‰ measured within terrestrial C3 vegetation 

previously in TSL (Holtgrieve, unpubl.)  However, we cannot conclusively attribute depletion in 

13C/12C within our fish biomass to methanogenic support for these members of the TSL food 

web, given the depletion in 13C/12C within terrestrial C3 vegetation reported elsewhere (up to -30 

‰; Boschker and Middleburg, 2002).   

Freshwater shrimp (!13C=-38 ±1 ‰), Trichogaster sp. (!13C=-35.4 ±0.2 ‰), and some 

individuals (!13C of Mystus mysticetus biomass was measured at up to -34.1 ‰) showed 

unambiguous contributions of methanogenic C to their biomass (Jones and Grey, 2011; Table 6, 

Figures 6a and 6b).  The freshwater shrimp and Trichogaster sp. targeted at the edge of TSL 

using bamboo traps based on their comparatively low mobility and floodplain habitat 

preferences, where rates of methanogenesis and methanotrophy were expected to be high.  

Mystus mysticetus individuals showing the greatest depletion in 13C/12C were caught where 

methanotrophy was high (Figure 7c).  Individuals from other fish species, such as Cirrhinus 

lobatus, showed similar depletion at the edge of TSL (-32 ‰) but comparative enrichment on the 

floodplain (-27 ‰), suggesting mixed habitat use and diet.   

Isotopic C signatures may have been influenced by the turnover rate of the tissue we 

sampled, dorsal muscle.  Muscle tissue has a half-life of approximately 28 days (Tieszen, 1983), 

or approximately 50 % of two-month high-water stage in TSL.  For highly mobile fish species 

utilizing multiple environments, sampling a tissue with a shorter turnover rate and greater 

temporal resolution for dietary source may be more appropriate.  For example, liver tissue has a 

half-life of approximately six days (Tieszen, 1983).  Analysis of liver tissue rather than muscle 

may help future studies to further resolve short term use of anaerobic habitat where rates of 

methanogenesis and methanotrophy are high.   
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6.0 Conclusion 

For the first time that we are aware, we compared aerobic and anaerobic energetic 

pathways at the base of a tropical flood-pulse lake food web.  Methanogenic fixation of C was 

shown to be a large fraction of GPP (up to 1/3) and an important component of ecosystem 

metabolism.  Methanotrophy was less important relative NPP, transferring approximately 10 % 

of C at the base of the TSL food web to higher trophic levels.  Even so, this methanogenic C 

could be detected at the highest trophic levels of a regionally-important fishery (Hortle, 2007; 

WFP, 2008; McIntyre et al., 2016).  The flood-pulse enables partial food web support from 

anaerobic energetic pathways, and drives aerobic ER as a function of inundation time.  

Collectively, these findings highlight the importance of considering methanogenesis, 

methanotrophy, and other forms of anaerobic metabolism in estimates of ecosystem metabolism 

in lakes and other freshwaters.   
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1.0 Abstract 

Hydropower reservoirs are well-known emitters of greenhouse gases to the atmosphere.  

This is due in part to seasonal water level fluctuations that transfer terrestrial C and N from 

floodplains to reservoirs.  Partial pressures and fluxes of the greenhouse gases CH4, CO2, and 

N2O are also a function of in-situ biological C and N cycling and overall ecosystem metabolism, 

which varies on a diel basis within inland waters.  Thus, greenhouse gas emissions in 

hydropower reservoirs likely vary over seasonal and diel timescales with local hydrology and 

ecosystem metabolism.  China’s Three Gorges Reservoir is among the largest and newest in the 

world, with a floodplain that encompasses approximately one third of the reservoir area.  We 

measured diel partial pressures and fluxes of greenhouse gases in ponds on the Three Gorges 

Floodplain.  We repeated these measurements on the submerged floodplain following inundation 

by the Three Gorges Reservoir.  During reservoir drawdown, CH4 ebullition comprised 60-68 % 

of emissions from floodplain ponds to the atmosphere.  Using linear mixed effects modeling, we 

show that partial pressures of CH4 and CO2 and diffusive CO2 fluxes in floodplain ponds varied 

on a diel basis with in-situ respiration.  Floodplain inundation by the Three Gorges Reservoir 

significantly moderated areal CH4 diffusion and ebullition.  Diel pCO2, pCH4, pN2O, and 

diffusive fluxes of CO2 on the submerged floodplain were also driven by in-situ respiration.  The 

drawdown/inundation cycle of the Three Gorges Reservoir therefore changes the magnitudes of 

aquatic greenhouse gas fluxes on its floodplain. 

2.0 Introduction 

Impounded rivers are an important component of the global carbon (C) cycle, 

contributing 4-17 % of C emitted from inland waters to the atmosphere each year (Aufdenkampe 

et al., 2011; Barros et al., 2011; Deemer et al., 2016).  A recent synthesis of hydropower 



 

 

reservoirs measured globally found that 84% were sources for diffusive carbon dioxide (CO2) 

and all were either sources for diffusive methane (CH4) or CH4 neutral (Deemer et al., 2016).  

Hydropower reservoirs occur in larger watersheds than naturally occurring lakes and receive 

comparatively high nutrient and organic matter (OM) inputs, which influence in-situ primary 

production and respiration (Knoll et al., 2003; Hayes et al., 2017; Mendonca et al., 2017).  

Reservoirs also receive OM through the flooding of terrestrial landscapes during reservoir 

formation and subsequent fluctuations in water storage (Jacinthe et al., 2012; Maeck et al., 

2014).  Growth of terrestrial OM on reservoir floodplains is transferred to reservoirs during often 

predictable seasonal drawdown/inundation cycles (Junk et al., 1989; Battin et al., 2008; Chen et 

al., 2009a).  Respiration of terrestrial OM proceeds considerably faster in lakes, rivers, and 

flooded soils (Battin et al. 2008; McNicol and Silver et al., 2014).  Riverine OM concentrations 

have been shown to spike following inundation of subtropical and temperate floodplains 

(Wainright et al., 1992; Burns and Ryder, 2001; Vasquez et al., 2015).  This likely results in 

concurrent spikes in diffusive CH4 and CO2 emissions as OM is respired. 

Bubbling or ebullition is another important pathway for CH4 to the atmosphere in 

temperate (Del Sontro et al., 2010) and tropical (Del Sontro et al., 2011) reservoirs.  Sparingly 

soluble CH4 may be produced in anaerobic sediments more quickly than sediment-water 

diffusion rates and form bubbles (Fendinger et al., 1992; Mattson and Likens, 1990).  These 

bubbles rise to the water’s surface, undergoing minimal oxidation (Ostrovsky et al., 2008; Del 

Sontro et al., 2010).  Deemer et al. (2016) estimate that ebullition comprises an average of 65 % 

of total CH4 emissions from reservoirs globally.  Under low and dynamic hydrostatic pressures 

on submerged floodplains, ebullition is likely a key component of CH4 emissions. 

 



 

 

There have been fewer measurements of N2O emissions from hydropower reservoirs.  

The recent synthesis by Deemer et al. (2016) included flux measurements from 161 reservoirs 

for CH4, 229 for CO2, and just 58 for N2O.  Tropical (Guerin et al., 2008; Naqvi et al., 2018), 

subtropical (Chen et al., 2009a; Zhao et al., 2013; Zhu et al., 2013; Li et al., 2018), temperate 

(Tomaszek et al., 2003; Deemer et al., 2011; Beaulieu et al., 2014; Li et al., 2018), and boreal 

(Huttunen et al., 2002) reservoirs that have been measured indicate that they are also sources for 

N2O.  N2O has 298 times the global warming potential of CO2 on a per molar basis in the 

atmosphere over a 100-year timescale, making it an important addition to measurements of 

reservoir greenhouse gas emissions (IPCC, 2001; Myrhe et al., 2013).   

CH4, CO2, and N2O within inland waters result from metabolic fixation and respiration of 

C and nitrogen (N).  Most studies of hydropower reservoirs and other aquatic ecosystems 

concentrate sampling at a single point during the day, despite this association with ecosystem 

metabolism.  H.T. Odum classically showed the metabolic balance of inland waters to be more 

autotrophic during the day and more heterotrophic during the night using net oxygen (O2) 

dynamics (1956).  Tobias et al. (2007), Hotchkiss et al. (2014), and Schindler et al. (2017) have 

since shown that daytime aerobic respiration can be 54-340 % of nighttime respiration in 

temperate lakes and streams.  They attribute this to greater production of labile OM algal 

exudates (Cole et al., 1982; Kaplan and Blott, 1982; Bains and Pace, 1991) and higher 

temperatures during the day (Yvon-Durocher et al., 2012).  Decoupling of CO2 partial pressures 

from O2 dynamics and correlations to primary production and aerobic respiration have also been 

shown by others (Peeters et al., 2016; Stets et al., 2017).  Thus, metabolic properties such as 

dissolved O2 and temperature have the potential to influence net consumption or production of 



 

 

CO2 differently over 24 hours.  How the partial pressures and fluxes of CH4 and N2O vary with 

ecosystem metabolism on diel timescales is less clear (Hoellein et al., 2013).     

Efforts have been made to characterize greenhouse gas emissions from hydropower at 

other temporal and spatial scales.  Hydropower reservoirs less than 10-20 years old tend to emit 

more CH4 and CO2 per unit area than older hydropower reservoirs (St. Louis et al., 2000; Barros 

et al., 2011).  Of these, reservoirs in tropical regions tend to emit more CH4 and CO2 per unit 

area than reservoirs in temperate regions (Galy-Lacaux et al., 1997; Barros et al, 2011).  Current 

rates of hydropower development are greatest in tropical and subtropical regions (Zarfl et al., 

2015).  Some of the highest rates of impoundment (>100 dams currently planned) are in China’s 

Yangtze River basin (Zarfl et al., 2015), making these newly-constructed, subtropical reservoirs 

likely greenhouse gas emitters. 

The Three Gorges Reservoir on the Yangtze River represents an opportunity for the study 

of diel greenhouse gas emissions from a comparatively new subtropical hydropower reservoir 

and its floodplain.  Filled in 2010, the Three Gorges Reservoir is among the largest in the world, 

covering 1,106 km2
 
in central China (Zhang et al., 2018).  The Three Gorges Floodplain covers 

321 km2 or just under one third of the reservoir’s area (Zhang et al., 2018).  Studies by Chen et 

al. (2009a, 2009b), Zhao et al. (2013), Zhu et al. (2013), Li et al. (2013), and Zhou et al. (2017) 

have quantified diffusive CH4, CO2, and N2O fluxes in the region.  However, none have 

measured diel fluxes and CH4 ebullition during both reservoir drawdown and inundation on the 

Three Gorges Floodplain.   

The Three Gorges Floodplain is increasingly targeted by displaced farmers for pond 

aquaculture in attempts to supplement agricultural productivity during reservoir drawdown (Li et 

al., 2013; Zhou et al., 2017; Zhang et al., 2018).  Globally, ponds less than 1,000 m2 are hotspots 



 

 

for CH4 and CO2 emissions (Holgerson and Raymond, 2016).  Although water bodies this size 

are difficult to detect and delineate from wetlands using satellite imagery, it is thought that ponds 

comprise approximately 9 % of non-running or lentic inland waters, which include lakes and 

reservoirs (Holgerson and Raymond, 2016).  Holgerson and Raymond (2016) estimate that 

natural ponds contribute 40% of diffusive CH4 emissions from lentic inland waters worldwide.  

Ponds created on the terrestrial landscape for a variety of purposes including stock watering, 

irrigation, and aquaculture have been also found to emit CH4 (Ollivier et al., 2018; Peacock et 

al., 2019).  In some cases, these ponds emit CH4 at higher rates than natural ponds through 

diffusive and ebullition flux pathways (Grinham et al., 2018), though more comparative data are 

needed.  Natural and aquaculture ponds are among the aquatic environments that remain on the 

Three Gorges Floodplain during approximately six months of reservoir drawdown, from April to 

September each year.  These expanding environments on the Three Gorges Floodplain are likely 

emissions hotspots. 

In this study, we measured diel greenhouse gas partial pressures and fluxes during both 

reservoir drawdown and inundation on the Three Gorges Floodplain.  During reservoir 

drawdown, we carried out measurements in a natural pond and a newly-created aquaculture 

pond.  We repeated these measurements on the submerged floodplain following inundation by 

the Three Gorges Reservoir.  We used linear mixed effects modeling to determine relative 

importance of ecosystem metabolism to observed diel patterns of CH4, CO2, and N2O partial 

pressures and diffusive fluxes.  By conducting field-based measurements of C and N cycling, we 

account for commonly overlooked contributions of CH4 emissions from floodplain ponds.  We 

show that greenhouse gas partial pressures and fluxes vary over both seasonal and diel timescales 

along with drawdown/inundation cycle and ecosystem metabolism.     



 

 

3.0 Methods 

3.1 Study Locations 

We conducted this study in the Pengxi River Wetland Reserve on the Three Gorges 

Floodplain between June 2014 and January 2015 (Figure 1).  This region of P.R. China is 

characterized by a subtropical, humid monsoonal climate, with a mean annual temperature of 

18.2 °C and a mean annual precipitation of 1200 mm.  The Pengxi River Wetland Reserve 

occupies 36.9 km2 at elevations ranging from 160 to 175 m above sea level (a.s.l.).  During 

reservoir drawdown, water levels in the Three Gorges Reservoir are 145 m a.s.l., leaving much 

of the reserve exposed at pre-impoundment levels (Figure 1b).  We sampled one natural pond 

(31°5’37.74” N, 108°27’45.05” E, 150 m a.s.l., 488 m2 area, 54 cm mean depth) and one 

aquaculture pond (31°12’30.26” N, 108°27’0.05” E, 159 m a.s.l., 314 m2 area, 82 cm mean 

depth).  The aquaculture pond was used to cultivate the emergent macrophyte Nelumbo nucifera 

(lotus).  Water storage in the Three Gorges Reservoir increases to 175 m a.s.l. from September to 

February, submerging most of the reserve (Zhou et al., 2017) (Figure 1c).  We repeated sampling 

at the same study sites on the submerged floodplain following inundation by the Three Gorges 

Reservoir.   

 
 
 
 
 
 
 
 
 
 



 

 

 

Figure 1.  Three Gorges Reservoir on the Yangtze River and its tributaries, with study sites in 
the Pengxi River Wetland Reserve (a).  Blue shading represents the extent of the reservoir during 
peak floodplain inundation.  Study sites were one natural pond and one aquaculture pond on the 
Three Gorges Floodplain during reservoir drawdown (b), and on the submerged floodplain 
following inundation by the Three Gorges Reservoir (c). 
 
3.2  Partial Pressures 

We sampled three replicate partial pressures of CH4, CO2, and N2O from a water depth of 

10 cm in the natural and aquaculture ponds every 12 hours, for 24 hours, on June 28-29, August 

9-10 during a rain event (12 mm rain), and August 13-14 after a rain event (reservoir drawdown).  

We sampled three replicate partial pressures every two hours, for 24 hours, at the same study 

sites after they were submerged by the Three Gorges Reservoir on January 4-5.  Along with each 

of these partial pressures in water, we sampled three replicate partial pressures in ambient air 1 m 

above the water’s surface.  Water samples were equilibrated following Kling et al. (2000).  



 

 

Equilibrated water samples and ambient air samples were stored in evacuated 5 mL glass vials 

and analyzed using gas chromatography in the College of Forestry at Northwest Agricultural and 

Forestry University in Xi’an, P.R. China (PE Clarus 500, PerkinsElmer, Inc., USA equipped with 

a flame ionizer detector operating at 350 °C and a 2 m Porapak 80-100 Q Column).   

3.3 Diffusive Fluxes 

We sampled diffusive CH4, CO2, and N2O fluxes in the natural and aquaculture ponds 

every two hours, for 24 hours, during the June, August, and January sampling events using three 

replicate floating chambers (Keller and Stallard, 1994).   Chambers measured 29.5 cm height 

above the surface of the water by 31.5 cm width by 31.5 cm depth and were made of heat-

insulated propathene plastic.  Headspace from each chamber was collected at 0, 5, 10, and 15 

minutes following enclosure and stored in evacuated 5 mL glass vials.  All samples were 

analyzed as above.  Diffusive fluxes were determined following Frankignoulle (1988) and Alin 

et al. (2011): 

#$ = 	 '
()
(*
+	' ,

-./0
+	            (1) 

Where #$ is diffusive flux (mg CH4, CO2, or N2O m2 h-1) (mg m-2 d-1) measured directly using 

floating chambers, 1 is the partial pressure of CH4, CO2, or N2O (uatm), 2 is time (min), 3	is the 

volume of the floating chamber (L), 4 is the ideal gas constant (L atm mol-1 K-1), 56 is air 

temperature in degrees Kelvin, and 7 is the surface area of the floating chamber (m2) (n=973 

total).  Each diffusive flux therefore results from a linear regression of four partial pressures that 

increase or decrease over time.  For a positive diffusive flux, the regression is:  

89 = 	:;<; + :><> + :?<? + :@<@        (2) 

Where 89 is any observed partial pressure of CH4, CO2, or N2O, :	;…@	are the regression 

coefficients, and <;…@	are 0, 5, 10, and 15 minutes.  Highly influential data points or outliers in 



 

 

this linear regression resulting from measurement and experimental errors were identified using 

the difference between the fitted value and the difference in betas (Kutner et al., 2004).  The 

difference between the fitted value was determined using: 

B##C5 = DEFGDEF(F)
JKLM(F)NFF

           (3) 

Where B##C5	is the difference between the fitted value, 8E is the estimate of 89 using all data 

points, 89(9) is the estimate of 89 using the regression model with the Oth observation omitted, 

PQR9 is the mean square error for the regression model with the Oth observation omitted, and ℎ99 

is the Oth diagonal term for the hierarchical matrix using all values.  The difference between betas 

was determined using: 

B#TR57Q = UVWGUVW(F)
JKLM(F)XWW

         (4) 

Where B#TR57Q is the difference between betas, :YZ  is the regression coefficient for the [th 

parameter using all data points, :YZ(9) is the regression coefficient for the [th parameter with the 

ith observation omitted, and \ZZ  is the [th diagonal element in the matrix (]′])G;.  Thresholds 

of |B##C5| > 2 and |B#TR57Q| > 2 were set for omission of highly influential positive and 

negative data points in regression models.  Such omissions typically moderated diffusive fluxes.   

3.4  Ebullition 

We estimated CH4 ebullition (mg m2 h-1) in shallow water (<2 m) using the distribution 

and variance in gas transfer velocities among the four replicate floating chambers during the 

June, August, and January sampling events.  Essentially, if one chamber’s apparent gas transfer 

velocity was substantially larger than those measured in adjacent chambers, we assumed that it 

received ebullition.  The apparent gas transfer velocity at ambient temperature in cm h-1, [., was 

calculated following Bastviken et al. (2004, 2010) and Sawakuchi et al. (2014): 
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Where 1 is the partial pressure of CH4 (uatm), 2 is time (min), 3	is the volume of the floating 

chamber (L), 1e is the partial pressure of CH4 inside the chamber in equilibrium with 1fg	(uatm), 

1h is the partial pressure of CH4 inside the chamber at 2 = 0 (uatm; presumably local 

atmospheric), jk is the temperature dependent Henry’s constant (mmol L-1 atm-1; Figure 3) 

(Wilhelm et al., 1977), 4 is the ideal gas constant (L atm mol-1 K-1), 56 is water temperature in 

degrees Kelvin, and 7 is the surface area of the floating chamber (m2).  The Schmidt number 

(Q\) for kinematic viscosity and the gas transfer velocity given a Q\ of 600, [lhh, were also 

calculated following Wanninkhof (1992): 

Q\ = 1897.8 − (114.28	56) +	t3.2902	56>v − t0.039061	56?v    (6) 

[lhh = 	[. 	'
lhh
LX
+
Gh.x

          (7) 

Ratios were then created for calculated [lhh:minimum [lhh in each of the four replicate floating 

chambers.  Because there were two clear groups in binned ratios for <6.5 and >6.5, chambers 

with a ratio >6.5 were assumed to have received ebullition (Figure S1).  Diffusive CH4 flux was 

calculated using the minimum [lhh from Equations 6 and 7, and CH4 ebullition was assumed to 

be the remaining flux. 

We also sampled CH4 ebullition (mg m2 d-1) in deep water (16-25 m) during the January 

sampling event using inverted funnels (n=14).  Funnels were made of vinyl with minimal seams 

and no openings along their interior collection surfaces.  Funnels channeled CH4 bubbles from a 

circular, 0.79 m2 opening at a water depth of 2 m into a sealed syringe at their terminus 

(Environnement Illumite, Inc.) (Strayer and Tiedje, 1978; Del Sontro et al., 2010).  According to 

Ostrovsky et al. (2008), CH4 bubbles collected at this depth in an un-stratified water column 



 

 

undergo <5 % oxidation before reaching the surface.  We assumed that ebullition measured at 

this depth represented emissions from the water surface.  Because ebullition can be a stochastic 

phenomenon, funnels were deployed continuously over 24 h.  Upon retrieval, headspace was 

sampled using a syringe, stored, and analyzed as described above.  Ebullition was determined 

using: 

#M = 	
()ykz6d),

*{0|
            (8)  

Where #M is CH4 ebullition (mg m-2 d-1) in deep water,	1}~@	is the partial pressure of CH4 inside 

of the collected bubbles (uatm), jk is the temperature dependent Henry’s constant (mmol L-1 

atm-1), 3 is the bubble volume in the collection syringe (L), 2( is the deployment time (d), and 

7� is the cross-sectional area of the sampling funnel (0.79 m2).   

3.5 Water Quality 

We measured dissolved O2 (mg L-1), water temperature (°C), pH, and chlorophyll a (ug 

L-1) from a water depth of 10 cm using a multi-parameter sonde (YSI 6920, YSI, Inc., USA) 

every two hours, for 24 hours, during each diffusive flux measurement.  Dissolved O2 data were 

then used to calculate Apparent Oxygen Utilization (7ÄÅ) in mg L-1, or the departure from 

atmospheric equilibrium concentrations of O2 due to utilization of this dissolved gas by aerobic 

respiration, following Richey et al. (1988): 

7ÄÅ = 1Ä>,Égjk − [Ä>]ÜÉfáàâÉ(        (9) 

Where 1Ä>,Égjk is the equilibrium concentration of O2 in water according to the temperature 

dependent Henry’s Constant.   

3.6 Hypothesis Tests 

We assessed normality in the data using quantile-quantile plots and Shapiro-Wilk Tests, 

and heteroscedasticity in the data using Bartlett Tests for Homogeneity of Variance.  CH4, CO2, 



 

 

and N2O partial pressures and fluxes followed non-normal distributions with unequal variances 

across sites and months.  We compared means of partial pressures and fluxes across sites and 

months using non-parametric pairwise Wilcoxon signed rank t-tests.  We used a Bonferroni 

correction to an initial critical "-value of 0.05 in order to compensate for loss in statistical power 

over subsequent comparisons (Zar, 2010).  The corrected " for by-site and by-month 

comparisons was 0.025.   

Our methods resulted in large sample sizes for each site (n~36) and month (n~72).  To 

assess whether differences between means were independent of sample size and ecologically as 

well as statistically significant, we calculated effect sizes following Cohen (1988): 

ä = 	 ãFGãå

çéF
èêéå

è

è

           (10) 

Where ä	is a descriptive measure corresponding to a small (0.0-0.4), medium (0.5-0.7), or large 

(0.8-2.0) effect size, ë is the mean of the sample, and í is the standard deviation of the sample.  

Absolute Cohen’s d-values for effect size are reported with each "-value.   

3.7 Linear Mixed Effects Modeling 

We investigated the diel ecosystem drivers of partial pressures and fluxes using linear 

mixed effects models (Table 1).  Linear mixed effects models allowed these heteroscedastic data 

to vary independently across the random effects of site and month.  The slope of each fixed 

effect relative to each random effect was also allowed to vary independently following Bates et 

al. (2015): 

89 = :h,9 + 	:9<9 …+ (1	|	ì9) +	(0 +	<9	|	ì9)…+ îD     (11) 

Where	89 is the partial pressure or flux, :h,9 is the intercept of 89, :9	is the coefficient for each 

effect, <9, and ì9 is a random effect, such as site or month, and îD is the error associated with 89.  



 

 

Small sample size-corrected Akaike Information Criterion (AICC) was used for model selection 

following Burham and Anderson (2004).  The likelihood of each model in describing partial 

pressures and diffusive fluxes relative to the other models was expressed in terms of ∆7C}X and 

∆7C}X weight, ñ9, following Burnham and Anderson (2004): 

∆7C}X = 7C}X,9 − 7C}X,Ü9ó          (12) 

ñ9 =
Éòc.ô∆öõúù,F

∑ Éòc.ô∆öõúù,F
          (13) 

Where 7C}X,Ü9ó is the lowest AICc value in a group of candidate models.  Candidate models for 

CH4, CO2, and N2O partial pressures, CH4, CO2, and N2O fluxes, and CH4 ebullition, 89, were 

designed according to hypothesized drivers.  Model 1 was a null model, which included 

sampling site and month, only, as random effects with different intercepts.   



 

 

Table 1.  Candidate models and number of model parameters (including sî) used in AICc 
analyses, grouped by hypothesized drivers of	89.  Here,	89 is the partial pressure of CH4, CO2, or 
N2O, diffusive flux of CH4, CO2, or N2O, or CH4 ebullition.  The intercept and slope of each 
fixed effect, 	<9, relative to each random effect, 	ì9, were allowed to vary independently as 
additional model parameters.  Because inundation was measured during only one month, 
January, this random effect was omitted from the models describing drivers of diel partial 
pressures and fluxes on the submerged floodplain. 

 
Model 

Number 
 

 
Model Name 

 
Model 

 
Number of 

Model 
Parameters 

 
 

1 

 

Null 

 
yi = (1 | gi)… + îy  

 

4 

 

2 

 

Partial in-situ production  

 
yi = hours since sunrise + (1 | gi) + (0 + xi | gi)… + îy 

 

7 

 

3 

 

Full in-situ production  

 

 
yi = hours since sunrise + water temperature + dissolved O2 
+ chlorophyll a + (1 | gi) + (0 + xi | gi)… + îy 

 

16 

 

4 

 
Partial in-situ respiration 

 
yi = hours since sunset (1 | gi) + (0 + xi | gi)… + îy 

 
7 

 

5 

 

 
Full in-situ respiration  

 

 
yi = hours since sunset + water temperature + AOU + pH + 
(1 | gi) + (0 + xi | gi)… + îy 

 
16 

 

 

 

Models 2 and 3 were nested in-situ primary production models, which included hours 

since sunrise, water temperature, dissolved O2, and chlorophyll a as fixed effects.  Net primary 

production is typically greatest during the day (Odum, 1956), when photosynthesis produces 

dissolved O2 and the photosynthetic pigment, chlorophyll a.  Photosynthesis is also a 

temperature-dependent process (Farquhar et al., 1980).  Models 4 and 5 were nested in-situ 

respiration models, which included hours since sunset, water temperature, AOU, and pH as fixed 

effects.  Net respiration is typically greatest at night (Odum, 1956), when dissolved O2 is 

consumed and CO2 is produced in the absence of photosynthesis.  Like photosynthesis, 

respiration is highly temperature-dependent (Yvon-Durocher et al., 2012).   

We assessed multicollinearity of fixed effects using Variance Inflation Factors (VIF) and 

bivariate Pearson Correlation Tests.  VIF indicates the magnitude of variance among model 

coefficients, :9, when a fixed effect, <9, is included in a model.  Where VIF >5, the 



 

 

multicollinear fixed effect was tested against all other fixed effects in the model.  Where a 

Pearson coefficient >0.7 (r), the less ecologically relevant fixed effect for the hypothesized 

driver was omitted.  For example, chlorophyll a and pH were found to be highly correlated in the 

full in-situ primary production model (r=0.70, df=201, p<0.001), so pH was omitted from this 

model.   

4.0 Results 

4.1 Magnitudes of Partial Pressures and Fluxes  

4.1.1 Floodplain Ponds During Drawdown 

Floodplain ponds were typically oversaturated with greenhouse gases relative to partial 

pressures sampled in ambient air, leading to diffusive emissions of CH4, CO2, and N2O to the 

atmosphere (Table 2).  There were significant differences in PN2O and diffusive CH4 fluxes 

between natural and newly-created aquaculture ponds on the Three Gorges Floodplain (Table 3).  

PN2O was significantly greater in the natural pond in June (p<0.015, d=1.9) and August During 

Rain (p<0.009, d=1.9).  During periods of no rain, diffusive CH4 fluxes were also significantly 

greater in the natural pond than in the aquaculture pond (p<0.001, d=0.8 for June; p=0.001, 

d=0.7 for August After Rain).  Effect sizes for these significant differences ranged from medium 

(d=0.5-0.7), high (d>0.8), indicating both ecological and statistical significance (Cohen, 1988).   

 



 

 

Table 2.  Mean diffusive fluxes (mg m-2 h-1) ± SE and partial pressures (uatm) ±SE for CH4, CO2, and N2O.  Mean ebullition (mg m-2 
h-1) ±SE is also included.   

  
 

n 

 
CH4 Flux 

(mg m-2 h-1) 
 

 
 

n 

 
Ebullition 

(mg m-2 h-1) 

 
 

n 

 
PCH4 
(uatm) 

 
 

n 

 
CO2 Flux 

(mg m-2 h-1) 

 
 

n 

 
PCO2 
(uatm) 

 
 

n 

 
N2O Flux 

(mg m-2 h-1) 

 
 

n 

 
PN2O 
(uatm) 

 
June 

 
67 

 
2.2 
±0.4 

 
13 

 
15  
±4 

 
12 

 
50  
±10 

 
62 

 
120  
±20 

 
12 

 
160 
±20 

 
62 

 
0.021 
±0.009 

 
12 

 
0.37 
±0.02 

 
Natural  

 
34 

 
3.5  
±0.7 

 
9 

 
18  
±5 

 
6 

 
37  
±9 

 
30 

 
80  
±30 

 
6 

 
140 
±20 

 
32 

 
0.030 
±0.009 

 
6 

 
0.41 
±0.01 

Aquaculture 33 0.8  
±0.3  

4 9  
±6 

6 60  
±20 

32 170  
±30  

6 180 
±40 

30 0.01 
±0.02 

6 0.32 
±0.02 

               
August During Rain 65 10  

±1 
6 19  

±5 
12 130  

±20 
65 15  

±10 
12 320 

±70 
65 0.03 

±0.01 
12 0.31 

±0.02 
 
Natural  

 
32 

 
12  
±2 

 
6 

 
19  
±5 

 
6 

 
114  
±3 

 
32 

 
5  
±18 

 
6 

 
250 
±50 

 
32 

 
0.03 
±0.01 

 
6 

 
0.35 
±0.02 

Aquaculture  
 

33 8  
±1 

0  6 160  
±30 

33 30  
±10 

6 400 
±100 

33 0.03 
±0.01 

6 0.27 
±0.01 

August After Rain 71 2.8  
±0.6 

12 6  
±2 

12 18  
±2 

71 14  
±9 

12 150 
±20 

71 0.009 
±0.007 

12 0.37 
±0.02 

 
Natural  

 
35 

 
5  
±1 

 
5 

 
7  
±2 

 
6 

 
18  
±2 

 
35 

 
-10  
±10 

 
6 

 
170 
±30 

 
35 

 
-0.007 
±0.006 

 
6 

 
0.37 
±0.04 

Aquaculture  
 

36 1.0  
±0.2 
 

7 5  
±2 

6 18  
±3 

36 40  
±20 

6 130 
±10 

36 0.02 
±0.01 

6 0.36 
±0.02 

January 72 0.13  
±0.05 

14 0.09  
±0.05 

72 20  
±10 

72 28  
±5 

72 114  
±8 

72 0.004 
±0.019 

72 1.30 
±0.03 

 
Natural  

 
 36 

 
-0.02  
±0.03 

 
1 

 
0.1 

 
36 

 
5.4  
±0.2 

 
36 

 
30  
±5 

 
36 

 
110 
±10 

 
36 

 
0.02 
±0.01 

 
36 

 
1.29 
±0.05 

Aquaculture 
 

36 0.30  
±0.08 
 

13 0.09  
±0.06 

36 30  
±20 

36 26  
±8 

36 120 
±10 

36 -0.01 
±0.04 

36 1.30 
±0.05 



 

 

Table 3.  Statistical comparisons between natural and aquaculture ponds by month.  Means that are significantly different according to 
the Bonferroni-corrected !-value are starred.  Absolute Cohen’s d-values for effect size are also reported.  Effect sizes typically 
ranged from medium (d=0.5-0.7) to high (d>0.8), indicating both ecological and statistical significance.  Dissimilar samples sizes 
were not compared statistically (NC).   

  
CH4 Flux 

(mg m-2 h-1) 
 

 
Ebullition 

(mg m-2 h-1) 

 
PCH4 
(uatm) 

 
CO2 Flux 

(mg m-2 h-1) 

 
PCO2 
(uatm) 

 
N2O Flux 

(mg m-2 h-1) 

 
PN2O 
(uatm) 

 
June 

 
*** 

p<0.001 
d=0.8 

 

 
 

NC 

 
 

p=0.818 
d=0.4 

 

 
 

p=0.048 
d=0.5 

 

 
 

p=0.818 
d=0.4 

 

 
 

p=0.251 
d=0.6 

 

 
*** 

p=0.015 
d=1.9 

 
August During Rain  

p=0.778 
d=0.3 

 
NC 

 
p=0.065 
d=0.7 

 
p=0.151 
d=0.2 

 
p=0.485 
d=0.6 

 
p=0.092 
d=0.0 

*** 
p=0.009 
d=1.9 

 
August After Rain 

 
*** 

p=0.001 
d=0.7 

 
 

p=0.149 
d=0.4 

 
 

p=0.240 
d=0.1 

 
 

p=0.03 
d=0.6 

 
 

p=0.484 
d=0.6 

 
 

p=0.050 
d=0.6 

 
 

p=0.589 
d=0.2 

 
January 
 

 
*** 

p<0.001 
d=0.8 

 

 
 

NC 

 
* 

p<0.001 
d=0.3 

 

 
 

p=0.838 
d=0.1 

 

 
 

p=0.775 
d=0.1 

 

 
 

p=0.574 
d=0.1 

 

 
 

p=0.376 
d=0.1 

 
*Statistically significant with low effect size, **Statistically significant with medium effect size, ***Statistically significant with large effect size 



 

 

Precipitation had a significant effect on the partial pressures, diffusive fluxes, and 

ebullition of CH4 in floodplain ponds.  We observed significantly greater PCH4 (p<0.001, d=2.0) 

and diffusive CH4 fluxes (p<0.001, d=0.9) during rain in August than three days later, when the 

same sites were sampled again under conditions of no rain.  Mean ebullition was also greater 

during rain in August (19 ±5 mg m-2 h-1, n=6) than after (6 ±2 mg m-2 h-1, n=12).  Partial 

pressures and diffusive fluxes of CO2 and N2O were comparatively unaffected by this rain event.   

Monthly and seasonal differences in greenhouse gas emissions measured in floodplain 

ponds and on the submerged floodplain following inundation by the Three Gorges Reservoir are 

shown as CO2-equivalents in Figure 2.  CO2-equivalents were calculated over a 100-year 

timescale using CO2 as a reference gas for global warming potential, where CH4 has a global 

warming potential 25 times that of CO2, and nitrous oxide has a global warming potential 298 

times that of CO2 (IPCC, 2001; Myhre et al., 2013).  CH4 diffusion and ebullition increased as a 

fraction of total CO2-equivalents emitted by floodplain ponds from June to August, spiking to 

98-99% during a rain event.  CO2 diffusion showed the opposite trend, and N2O diffusion 

changed little throughout reservoir drawdown.   

4.1.2 Submerged Floodplain During Inundation 

Areal diffusive CH4 fluxes were significantly lower on the submerged floodplain 

following inundation by the Three Gorges Reservoir (p<0.001, d=0.7) (Figure 2).  CH4 ebullition 

also decreased significantly from reservoir drawdown to inundation (p<0.001, d=1.4).  Little 

CH4 was emitted through either diffusion or ebullition during inundation, when CO2 and N2O 

contributed 57-58 % of total CO2-equivalents emitted to the atmosphere.  



 

 

 

Figure 2.  Fluxes of CH4, CO2, and N2O expressed in mg CO2-equivalents m-2 h-1 in floodplain 
ponds during June and August and on the submerged floodplain following inundation by the 
Three Gorges Reservoir during January.  The grey line at y=0 delineates fluxes between these 
aquatic environments and the atmosphere.  Width of boxes reflects relative sample size, which is 
smaller for ebullition (ranging from n=6 to n=14) than for diffusive fluxes (ranging from n=62 to 
n=72).  Statistical and ecological significance across subsequent months is indicated by !-values 
and absolute Cohen’s d-values for effect size. 
 
4.2 Diel Patterns of Partial Pressures and Diffusive Fluxes 

Oversaturation of CO2 relative to the atmosphere corresponded with undersaturation of 

O2 on the floodplain during both reservoir drawdown and inundation, consistent with net 

heterotrophy (Figure 3).  The equimolar consumption of O2 and production of CO2 during 

aerobic respiration can be expressed as a slope of -1 when excess O2 is regressed with excess 

CO2.  In both the natural and aquaculture pond, these slopes were approximately -1, indicating 

in-situ respiration as a key driver of PCO2 (r=-0.13, df=15, p=0.63 for the natural pond and r=-

0.60, df=15, p=0.010 for the aquaculture pond).  This slope deviated from -1 on the submerged 

floodplain following inundation by the Three Gorges Reservoir (m=0.4) (r=0.28, df=68, 



 

 

p=0.021), indicating that other ecosystem processes were affecting PCO2 (Crawford et al., 2014).  

Diffusive fluxes of CH4, CO2, or N2O varied throughout the 24 h sampling periods, along with 

dissolved O2 and other fixed effects we associate with in-situ primary production and in-situ 

respiration (Figure 4; Figure S2).  Five linear mixed effects models were used to determine 

whether in-situ primary production and in-situ respiration were more likely than a null model to 

drive observed patterns in greenhouse gas partial pressures and fluxes over diel timescales (Table 

1).  

 

Figure 3.  Saturation of O2 and CO2 in water relative to atmospheric equilibrium, at the grey 
lines or 0.0 mmol L-1.  The 1:1 line represents the equimolar consumption of O2 and production 
of CO2 during aerobic respiration.  Slopes are the changes in excess dissolved O2 relative to 
excess dissolved CO2. 
 



 

 

 
Figure 4.  Diel variation in dissolved O2 in natural and aquaculture ponds during each sampling 
event, compared with diel variation in diffusive CH4, CO2, and N2O fluxes.   
 
4.3 Drivers of Partial Pressures and Fluxes 

4.3.1 Floodplain Ponds During Drawdown 

Diel partial pressures of CH4, CO2, and N2O in water showed weak relationships with 

respective diel diffusive fluxes of CH4 (r=0.52, df=84, p<0.001), CO2 (r=0.11, df=84, p=0.310), 

and N2O (r=-0.03, df=84, p=0.810).  Because diel partial pressures of greenhouse gases in water 

were weakly related to diffusive fluxes in this study, diel partial pressures were modeled 

separately from diffusive fluxes.  Diel partial pressures were not added as fixed effects in the 

modeling fluxes of diffusive fluxes.   

We found that diel partial pressures of CH4 and CO2 in floodplain ponds were strongly 

supported by our full in-situ respiration model, which included hours since sunset, water 



 

 

temperature, AOU, and pH as fixed effects (Table S1).  PN2O in floodplain ponds was best 

supported by the null model.  Diel CO2 fluxes in floodplain ponds were also driven by in-situ 

respiration.  This model was over 99 % more likely to describe diel diffusive fluxes of CO2 in 

floodplain ponds than in-situ production or null models (see Weight, Table S2).  Model fits for 

diel diffusive fluxes of CH4 were inconclusive; relative support of diel CH4 fluxes was divided 

between the null model (47 %) and the partial in-situ production model (51 %), which included 

hours since sunrise as a fixed effect.  Diffusive fluxes of N2O in floodplain ponds were best 

supported by the null model. 

4.3.2 Submerged Floodplain During Inundation  

The relative importance of in-situ respiration to diel partial pressures was consistent 

following inundation of the floodplain by the Three Gorges Reservoir.  During inundation, diel 

PCH4 and PCO2 were still most strongly supported by the full in-situ respiration model.  

However, relative support of PCO2 by this model decreased from 93 % to 86 % from reservoir 

drawdown to inundation, consistent with the apparent decoupling of PCO2 from dissolved O2 

dynamics observed from drawdown to inundation (Figure 3).  Diel PN2O was also most strongly 

supported by in-situ respiration (partial model).   

Like diel PCO2, diel diffusive CO2 fluxes were strongly supported by the in-situ 

respiration model on the submerged floodplain following inundation by the Three Gorges 

Reservoir.  During inundation, diel diffusive CH4 and N2O fluxes were best supported by the null 

model.  Diel CH4 ebullition was also more likely to be supported by the null model during both 

reservoir drawdown and inundation. 

5.0 Discussion 



 

 

5.1 PCH4, PCO2, and CO2 fluxes varied on a diel basis with in-situ respiration during 

drawdown  

Like other lentic environments on floodplains in Southeast Asia (Holtgrieve et al., 2013), 

West Africa (Kone et al., 2009), and Australia (Hunt et al., 2012), ponds on the Three Gorges 

Floodplain were heterotrophic (Figure 3).  The accumulation of CH4 and CO2 within floodplain 

ponds varied on a diel basis with in-situ respiration according to linear mixed effects modeling, 

which included hours since sunset, water temperature, AOU, and pH as fixed effects.  This 

model was over 92 % more likely to explain observed diel variations in PCH4, PCO2, and 

diffusive CO2 fluxes than the null model.  Our approach and results are consistent with findings 

of Tobias et al. (2007), Hotchkiss et al. (2014), and Schindler et al. (2017), who show that 

respiration rates can vary widely throughout the day.  Thus, it may be necessary to measure 

PCH4, PCO2, and diffusive CO2 fluxes on a diel basis in studies of not only stream and lake 

metabolism, but also reservoir carbon cycling. 

Respiration in the surrounding terrestrial landscape may have also contributed to 

significant increases in PCH4 and diffusive CH4 fluxes during precipitation and transfers of 

respiratory byproducts from floodplain soils to ponds.  During a rain event in August, diffusive 

CH4 and ebullition fluxes spiked to 98-99 % CO2 equivalents emitted to the atmosphere from 

floodplain ponds.  Ponds are intimately connected to the surrounding terrestrial landscape owing 

to comparatively high surface area-to-volume ratios (Holgerson et al., 2015).  Terrestrial-aquatic 

transfers can enrich surface waters with byproducts of soil respiration, increasing the partial 

pressures of CH4 and CO2 (Kling et al., 1991; Butman et al., 2011; Raymond et al., 2016), or 

these flows can dilute surface water solute concentrations (Johnson et al., 2010).  pCH4 and 

diffusive CH4 fluxes were significantly higher during rain than after rain, suggesting enrichment.  



 

 

The onset of this rain event corresponded to a decrease in atmospheric pressure from 1016 

millibars to 1002 millibars, which may also explain observed significant increases in CH4 

ebullition (Ostrovsky et al., 2008).   

5.2 Ebullition was a substantial fraction of total drawdown emissions  

CH4 ebullition comprised 60-68 % of all CO2-equivalents emitted from floodplain ponds 

to the atmosphere during reservoir drawdown (Figure 3).  This is consistent with findings from 

the lake and reservoir literatures (Del Sontro et al., 2010; Grinham et al., 2011; Maeck et al., 

2014; Deemer et al., 2016).  Del Sontro et al. (2016) measured both the magnitude and drivers of 

ebullition in 10, northern temperate ponds.  These ebullitive fluxes averaged 3.1 ±0.7 mg CH4 m-

2 h-1, compared with the 15 ±4 mg CH4 m-2 h-1, 19 ±5 mg CH4 m-2 h-1, and 6 ±2 mg CH4 m-2 h-1 

that we measured in June, August During Rain, and August After Rain, respectively (Table 2).  

The lower magnitude of ebullitive fluxes in ponds measured by Del Sontro et al. (2016) in 

northern temperate ponds may be due to the strong temperature dependence of respiration 

generally (Yvon-Durocher et al., 2012) and methanogenesis particularly in freshwater 

environments (Schulz and Conrad, 1996; Segers, 1998; Lofton et al., 2014; Yvon-Durocher et 

al., 2014).  Temperatures ranged from 25 °C to 39 °C in our subtropical floodplain ponds and 

from 28 °C to 35 °C in their sediments, where ebullition originates.  Del Sontro et al. (2016) 

found that sediment temperatures in their ponds rarely exceeded 25 °C, and that ebullition was 

related to both sediment temperature and trophic status.  Diel CH4 ebullition in in our study was 

not supported by our in-situ production, in-situ respiration models, suggesting other biotic and 

abiotic drivers during reservoir drawdown and inundation, such as atmospheric pressure.   

5.3 PCH4 and CH4 fluxes varied seasonally, from reservoir drawdown to floodplain 

inundation 



 

 

Diel PCH4, PCO2, and diffusive CO2 fluxes were also driven by in-situ respiration on the 

submerged floodplain following inundation by the Three Gorges Reservoir.  Inundation did 

change the driver of diel PN2O from other ecosystem processes during reservoir drawdown 

(indicated by strong support of the null model) to in-situ respiration.  Battin et al. (2008) and 

McNicol and Silver et al. (2014) have each documented respiration of floodplain vegetation 

following inundation.  The only plant species that survive seasonal flooding of the Pengxi River 

Wetland Reserve are the grasses Cynodon dactylon and Echinochloa crusgali var. zelayensis and 

the legume Aeschynomene indica (Wang et al., 2009).  Remaining terrestrial vegetation in the 

reserve dies following inundation, including the lotus (Nelumbo nucifera) cultivated in 

aquaculture ponds.  Seasonal senescence of many aquatic and terrestrial plant species on the 

Three Gorges Floodplain likely provides ample substrates for in-situ respiration following 

inundation. 

Interestingly, the magnitudes of CH4 emissions alone seemed affected by inundation.  

Diffusive CH4 fluxes and CH4 ebullition decreased significantly from 2.8 ±0.5 and 6 ±2 mg m-2 

h-1, respectively, during reservoir drawdown to 0.13 ±0.05 and 0.09 ±0.05 mg m-2 h-1 during 

inundation.  PCO2, PN2O, and the diffusive fluxes of CO2 and N2O per m2 were not significantly 

different from reservoir drawdown to inundation in January.  This meant that diffusive CO2 and 

N2O fluxes were proportionately more important to total CO2-equivalents emitted per unit area 

during inundation than during reservoir drawdown.  The decrease in areal CH4 emissions during 

inundation may be due to a combination of lower temperatures and higher O2 saturation on the 

submerged floodplain following inundation by the Three Gorges Reservoir.  During winter 

inundation, water temperatures in on the submerged floodplain ranged from 13 °C to 14 °C 

compared to 25 °C to 39 °C in floodplain ponds during summer reservoir drawdown.  Fewer CH4 



 

 

bubbles may have been produced in colder submerged floodplain sediments.  During inundation, 

inverted funnels in deeper, colder water (16-25 m) also captured much smaller magnitudes of 

ebullition than floating chambers in shallower water (<2 m) (p<0.001, d=1.4), which is 

consistent with other studies (Deshmukh et al., 2014; Del Sontro et al., 2016).  Furthermore, 

dissolved O2 on the submerged floodplain was significantly greater than during drawdown in 

floodplain ponds (p<0.001, d=2.0; Figure 4), sometimes approaching 98 % saturation.  Dissolved 

CH4 may have been oxidized within this more oxic water column (Guerin and Abril, 2007).  

Therefore, both inundation and the season in which it occurs likely contributed to our observed 

decreases in diffusive CH4 fluxes and CH4 ebullition. 

No other studies in the Three Gorges Reservoir have measured ebullition, meaning that 

spatial coverage is limited to our study, 14 inverted funnels, a small area of the submerged 

floodplain, and one January sampling event over two days thus far.  Wik et al. (2016) estimated 

that 11 inverted funnels and 39 days of sampling were required in northern temperate lakes 

encompassing 0.02-0.17 km2 in order to accurately (±20 %) measure ebullition captured by 17 

funnels over 62 days.  Lower spatial and temporal coverage most often results in underestimates 

of ebullition (Wik et al., 2016).  This makes greater coverage and more accurate ebullition 

estimates for the Three Gorges Reservoir a priority for future studies.   

5.5 Partial pressures were weakly related to diffusive fluxes  

The modeled diffusive flux of any gas between water and the atmosphere is a function of 

its concentration gradient between water and the atmosphere and the gas transfer velocity.  Yet, 

partial pressures of CH4, CO2, and N2O in water were weakly related to our measured diffusive 

fluxes.  This indicates the importance of the gas transfer velocity, which depends largely on 

turbulence at the interface between water and the atmosphere (Banjeree and MacIntyre, 2004; 



 

 

McGillis et al., 2004).  Turbulence can result from convection or wind speed, which are 

positively correlated to diffusive flux (MacIntyre et al., 2010).  Diffusive CH4 fluxes measured 

by this study were slightly more related to the gas transfer velocity (r=0.60, df=84, p=0.016) than 

to partial pressures of CH4 (r=0.52, df=84, p<0.001).  This was not true for diffusive CO2 and 

N2O fluxes.  It is generally assumed and, in some cases, empirically shown (Natchimuthu et al., 

2017) that partial pressures are highly correlated to diffusive fluxes.  Other studies by Shilder et 

al. (2013) in lakes and Crawford et al. (2015) in streams have shown weak relationships between 

partial pressures and diffusive fluxes and stronger relationships between diffusive fluxes and the 

gas transfer velocity.  Our results and others suggest that synoptic observations of partial 

pressures do not always predict the magnitudes of diffusive fluxes.  Further comparisons 

between partial pressures of CH4, CO2, and N2O in water and the diffusive fluxes measured by 

floating chambers are needed, particularly when partial pressures are widely used to model 

diffusive fluxes when not directly measured by chambers. 

5.6 Ponds on the Three Gorges floodplain were sizeable CH4 emitters 

We used the Institute for Scientific Information Web of Science to review other studies 

reporting diffusive CH4, CO2, and N2O fluxes from aquatic and terrestrial environments on the 

Three Gorges Floodplain and in the Three Gorges Reservoir.  During reservoir drawdown, these 

environments included ponds, wetlands, the Yangtze River, its tributaries, grasslands, forests, 

and agricultural lands.  During inundation, these environments included the mainstem Three 

Gorges Reservoir and its submerged floodplain.  Fluxes were converted to mg CO2-equivalents 

m-2 d-1 ±SE for comparison across environments (Tables 4 and 5).  The surface areas occupied 

by each environment during reservoir drawdown and inundation are presented in Table 6 (Chen 



 

 

et al., 2009b; Zhang et al., 2018).  Studies that did not specify sampling month or environment 

were omitted. 



 

 

Table 4.  Mean diffusive CH4, CO2, and N2O fluxes, in mg CO2 equivalents ±SE, reported by other studies in aquatic and terrestrial 
environments on the Three Gorges Floodplain, Yangtze River, and its tributaries during reservoir drawdown. 

 
Ecosystem Type 

 
Month 

 
CH4 Flux 

(mg CO2 m-2 h-1) 
 

 
CO2 Flux 

(mg CO2 m-2 h-1) 
 

 
N2O Flux 

(mg CO2 m-2 h-1) 
 

 
Source 

 
Three Gorges Floodplain 

     

S. triqueter wetland July-September 373 ±273  15 ±18 Chen et al., 2009a,b 
J. amuricus wetland July-September 6 ±16  6 ±15 Chen et al., 2009a,b 
T. augustifolia wetland July-September 16 ±28  6 ±6 Chen et al., 2009a,b 
P. distichum wetland July-September 170 ±125  9 ±12 Chen et al., 2009a,b 
O. sativa wetland June 122 ±58   Lu et al., 2011 
Aquaculture pond June 4 ±1   Zhou et al., 2017 
Aquaculture pond June 20 ±8 168 ±29 3 ±6 This study 
Natural pond June 35 ±13  3 ±12 Zhou et al., 2017 
Natural pond June 88 ±18 78 ±32 9 ±3 This study 
Aquaculture pond August 113 ±20 38 ±14 3 ±3 This study 
Natural pond August 175 ±25 6 ±15 6 ±3 This study 
Grasslands July-September 7 ±2   Chen et al., 2009a,b 
Grasslands June -1 ±1   Yang et al., 2012 
Grasslands June 18 ±8  21 ±9 Zhou et al., 2017 
Forests June 0.3 ±0.9   Yang et al., 2012 
Forests June 13 ±8   Zhou et al., 2017 
Agricultural lands June -0.3 ±0.8   Yang et al., 2012 
Agricultural lands June 150 ±50   Zhou et al., 2017 
 
Yangtze River & Tributaries 
Yangtze River 

April 2 ±2   Xiao et al., 2013 

Yangtze River June 8 ±23   Lu et al., 2011 
Yangtze River July 13 ±13   Yang et al., 2013 
Yangtze River August 1.5 ±0.5   Xiao et al., 2013 
Tributary April 8 ±2   Xiao et al., 2013 
Tributary June  -47 ±22  Zhao et al., 2013 
Tributary July 6 ±2   Chen et al. 2009 
Tributary July  -90 ±18  Zhao et al., 2013 
Tributary August 2.3 ±0.5   Xiao et al., 2013 
      



 

 

Table 5.  Mean diffusive CH4, CO2, and N2O fluxes, in mg CO2 equivalents ±SE, reported in the mainstem Three Gorges Reservoir 
and its submerged floodplain during inundation. 

 
Ecosystem Type 

 
Month 

 
CH4 Flux 

(mg CO2 m-2 h-1) 
 

 
CO2 Flux 

(mg CO2 m-2 h-1) 
 

 
N2O Flux 

(mg CO2 m-2 h-1) 
 

 
Source 

 
Three Gorges Reservoir 

     

Mainstem reservoir January 5 ±3   Yang et al., 2013 
Mainstem reservoir February 0.5 ±0.3   Xiao et al., 2013 
Mainstem reservoir October 1.0 ±0.8   Xiao et al., 2013 
 
Submerged Floodplain 
Submerged wetlands 

January-April 8 ±10   Chen et al., 2011 

Submerged aquaculture pond January 8 ±2 30 ±9 -3 ±9 This study 
Submerged natural pond January -1 ±1   Zhou et al., 2017 
Submerged natural pond January 0.5 ±0.8 33 ±5 6 ±3 This study 
Submerged grasslands November 5 ±8   Yang et al., 2012 
Submerged grasslands January -1 ±2   Zhou et al., 2017 
Submerged forests November 5 ±5   Yang et al., 2012 
Submerged agricultural lands November 10 ±10   Yang et al., 2012 
Submerged agricultural lands January 13 ±8   Zhou et al., 2017 
Submerged tributary January-April  111 ±11  Li et al., 2014 
Submerged tributary January-April 5 ±10   Chen et al., 2011 
Submerged tributary March  -13 ±4  Zhao et al., 2013 
Submerged tributary October 2.0 ±0.5   Xiao et al., 2013 
      

 



 

 

Table 6.  Surface areas of aquatic and terrestrial environments in the Three Gorges region, in 
km2.  Surface areas during reservoir drawdown (Three Gorges Floodplain, Yangtze River, and 
Tributaries) total 1,053.3 km2, not including 52.9 km2 of urban and suburban areas (Zhang et al., 
2018).  Surface areas during inundation (Three Gorges Reservoir and Submerged Floodplain) 
total 1,602.1 km2.   

 
Environment 

 

 
Surface Area 

(km2) 
 

 
Source 

 
Reservoir Drawdown 

  

Ponds 
Wetlands 

 
100.0 

unavailable 
Chen et al., 2009b 

Yangtze River & tributaries 784.8 Chen et al., 2009b; Zhang et al., 2018 
Grasslands 15.1 Zhang et al., 2018 
Forests 63.8 Zhang et al., 2018 
Agricultural lands 89.6 Zhang et al., 2018 
Building lands 
 
Inundation 

52.9 Zhang et al., 2018 
 

Mainstem reservoir 784.8 Chen et al., 2009b; Zhang et al., 2018 
Submerged floodplain 
 

321.4 Chen et al., 2009b; Zhang et al., 2018 

  
We found that most studies measure diffusive CH4 fluxes, only.  Ponds and wetlands 

have the highest diffusive CH4 emissions per m2 on the Three Gorges Floodplain during reservoir 

drawdown (Table 6), meaning that recent expansion of ponds for aquaculture on the Three 

Gorges Floodplain is likely increasing diffusive CH4 emissions (Li et al., 2013; Zhou et al., 

2017; Zhang et al., 2018).  Grasslands, forests, and agricultural lands measured by other studies 

on the Three Gorges Floodplain were also sources for diffusive CH4 to the atmosphere.  

Globally, terrestrial soils are typically CH4 sinks (Smith et al., 2000).  However, CH4 oxidation 

rates in terrestrial soils are diminished by porewater content and landscape disturbances like 

agriculture (Smith et al., 2000).  Both high porewater content and landscape disturbances can be 

expected on a humid, monsoonal, and historically densely populated Three Gorges Floodplain 

now undergoing seasonal inundation.  Published diffusive CH4 fluxes for the Yangtze River and 

its tributaries during reservoir drawdown show that these environments are essentially CH4 

neutral.   



 

 

Aquatic and terrestrial floodplain environments during reservoir drawdown (comprising a 

total surface area of 1,053.3 km2) tend to have higher diffusive CH4 fluxes per m2 than the 

surface of both the mainstem Three Gorges Reservoir and submerged floodplain during 

inundation (1,106.2 km2) (Tables 6, 7, and 8).  Diffusive CH4 fluxes range from -1 ±1 mg CO2-

equivalents m-2 d-1 in grasslands to 373 ±273 mg CO2-equivalents m-2 d-1 in wetlands during 

drawdown.  These fluxes range from -1 ±1 mg CO2-equivalents m-2 d-1 in submerged grasslands 

to 13 ±8 mg CO2-equivalents m-2 d-1 in submerged agricultural lands during inundation.   

Comparisons of diffusive CH4 emissions from aquatic and terrestrial floodplain 

environments during reservoir drawdown and from the mainstem reservoir and submerged 

floodplain during inundation come with two important caveats.  The first is that data from the 

literature include few measurements of diffusive CO2 fluxes and no estimates of terrestrial 

primary production in grasslands, forests, and agricultural lands during reservoir drawdown.  

Each of these ecosystems is likely to sequester considerable quantities of CO2.  Based on the 

negative diffusive CO2 fluxes reported in the literature, tributaries are also net autotrophic.  In a 

study by Zhao et al. (2013), for example, it was found that the Yangtze River and its tributaries 

have the potential to sequester up to 90 ±18 mg CO2 m-2 h-1 during reservoir drawdown.  During 

late summer (August), we also found that natural floodplain ponds also have the potential to 

sequester comparatively small amounts (-10 ±10 to 5 ±18 mg m-2 h-1) of CO2, perhaps due to 

primary production.  Indeed, chlorophyll a was significantly higher in the natural pond than in 

the aquaculture pond (p<0.001, d=2.0).  More diffusive CO2 flux measurements are needed in 

both aquatic and terrestrial floodplain environments during reservoir drawdown and inundation 

to adequately assess the complete C balance of the region under its new and dynamic hydrologic 

regime.   



 

 

Secondly, the fate of CH4 stored in the large water volumes of the mainstem Three 

Gorges Reservoir and its submerged floodplain is unknown.  Though diffusive CH4 emissions 

are comparatively low from the surface of the reservoir during inundation, total water volumes 

increase from 17.2 km3 during drawdown to 39.9 km3 during this period (Wang et al., 2013).  

CH4 can be stored at higher concentrations in the anoxic layer of vertically stratified lakes and 

reservoirs, and then released via diffusion during periods of overturn and mixing 

(Michmerhuizen et al., 1996; Riera et al., 1999; Beaulieu et al., 2014).  We sampled dissolved 

CH4 from the surfaces of the Three Gorges Reservoir, only.  Using these mean concentrations, 

the water level-water volume relationship reported by Wang et al. (2013) for the Three Gorges 

region, and assuming that the water column is uniformly mixed, we can extrapolate that the 

Three Gorges Reservoir stores 8 ±1 kg CH4 during the winter, when PCH4 and diffusive CH4 

emissions are comparatively low.  By comparison, the Three Gorges Floodplain, Yangtze River, 

and its tributaries may store up to 3.6 ±0.7 kg CH4 during reservoir drawdown in August, when 

diffusive emissions are comparatively high, using CH4 concentrations measured in floodplain 

ponds and a local tributary (Pengxi River).  The fate of the larger quantities of dissolved CH4 in 

the Three Gorges Reservoir during reservoir overturn and downstream export is unclear.  Drops 

in hydrostatic pressure during the transition from peak inundation to reservoir drawdown may 

also result in bubble release from reservoir sediments and additional CH4 emissions (Harrison et 

al., 2017; Beaulieu et al., 2018).  Reservoir overturn, downstream export, and drops in 

hydrostatic pressure each constitute “hot moments” for CH4 emissions, which are important to 

reservoir C balances though difficult to capture via synoptic field sampling (Deemer et al., 

2016).  Irrespective of ultimate atmospheric CH4 contributions by the Three Gorges Reservoir, 



 

 

our study and other studies show that ponds and wetlands on the Three Gorges Floodplain during 

reservoir drawdown are also sizeable sources for diffusive CH4 to the atmosphere. 

6.0 Conclusion 

Our study shows that it is critical to consider how drawdown and inundation tie C and N 

cycling in hydropower reservoirs to their floodplains.  Greenhouse gas emissions resulting from 

this C and N cycling are temporally dynamic.  This is due not just to the association of 

greenhouse gas production with diel ecosystem metabolism, but also with the seasonal 

disturbance regime of inundation.  The Three Gorges Dam is one case study in a global 

hydropower boom (Zarfl et al., 2015) that is altering the hydrologic regime, frequency and scale 

of inundation, and balance of autotrophic and heterotrophic processes within river basins.  We 

show that the drawdown/inundation cycle on the Three Gorges Floodplain changes the 

magnitudes of greenhouse gas fluxes from one of the world’s largest reservoirs to the 

atmosphere, and that certain environments on reservoir floodplains during drawdown can be 

nontrivial sources for CH4. 
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