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Abstract

Freshwater aquaculture is increasingly recognized as a significant source of climate-relevant gases.
Emissions of greenhouse gases (GHGs) from these systems are controlled by complex biogeochemical
and physical interactions involving production, transformation, and transport processes, which are
influenced by diverse factors including climate and management practices. To date, research has
focused on tropical and subtropical aquaculture, whereas extensive to semi-intensive freshwater fish
ponds are widespread in the temperate zone and constitute a traditional management form in Europe.
This research provided the first assessment of the climate impact of these systems by quantifying
diffusive and ebullitive emissions of CO,, CH4, and N,O from twelve ponds in Eastern Germany during
the fish growing season. Particular emphasis was placed on the long-overlooked ebullition pathway
and its pronounced spatiotemporal heterogeneity. The overarching goal was to advance a mechanistic
understanding of ebullition to improve its quantification and reduce uncertainties in regional and
global GHG budgets, as well as to identify management strategies for mitigating the climate impact of
temperate freshwater fish ponds based on my research findings and existing literature.

While the natural-looking ponds acted as weak N,O sources, their CO; and CH4 emissions were
comparable to those of tropical and subtropical aquaculture. CH4 ebullition represented a major
transport pathway, showing significant intra-system variability and spatiotemporal heterogeneity
comparable to the mean flux magnitude. It was primarily driven by labile, nitrogen-rich sediment
organic matter and was largely independent of annual characteristics of fish cultivation. Massive input
of easily biodegradable protein-feed at the Gerstenteich led, however, to the development of
bioreactor-like conditions, resulting in the highest CH, ebullition rates reported to date in both natural
and aquaculture systems. Advanced molecular analysis further revealed how the protein-rich feed
influences sedimentary organic matter composition and degradation processes. Ammonium in surface
water served as a robust and easily measurable proxy for CH, ebullition. As one of the few studies
investigating diel dynamics, a distinct diurnal ebullition pattern was observed - likely linked to the
activity of benthivorous fish. By introducing a novel approach for determining representative bubble
sizes, this study overcame major limitations of existing methods and, for the first time, provided
insights into the spatiotemporal variability of bubble sizes in ponds, revealing a nonlinear relationship
between bubble size and ebullition intensity. The results demonstrated that increasing anaerobic
degradation increases both the contribution of ebullition to total CHs emissions and the bubble size,
thereby enhancing the overall efficiency of CH, release disproportionally. In addition, bubble-induced
stripping from the water column was identified as an effective, yet overlooked ecosystem oxygen sink.

In summary, this work identifies temperate freshwater fish ponds as overlooked but climate-relevant
systems and underscores ebullition as a major emission pathway. Beyond improving the understanding
and quantification of ebullition in such systems, this research established a basis for identifying key
research priorities and outlines a first mitigation framework for a more climate-friendly management.
Mitigating eutrophication and labile organic matter accumulation, together with optimized feeding
and fewer and shorter drainages, could markedly reduce CH, ebullition and total GHG emissions while
enhancing the pond carbon balances. Future research should cover the entire production cycles and
include all major transport pathways to further refine climate impact estimates. It should assess
species-specific net effects of submerged macrophytes and bioturbation, optimize feed formulations,
and rigorously evaluate mitigation strategies. In light of climate change and the growing global demand
for protein, climate-friendly aquaculture production adapted to local ecological and socioeconomic
conditions will be essential, requiring both targeted research and effective legislative action.

Keywords: Semi-intensive carp pond aquaculture. Greenhouse gas emissions. Mitigation strategies.
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1 Introduction

1.1 Aquaculture and Greenhouse Gas Emissions

Aquaculture is widespread globally and produces over 400 different species in a variety of production
systems and management practices ranging from extensive to super-intensive (Naylor et al., 2021;
Verdegem et al., 2023). With the overfishing of the world's oceans, the importance of aquaculture as
a key source for meeting the growing global demand for protein has increased substantially (Fong et
al., 2024; Naylor et al., 2021, 2000). Future increases in fish production are expected to rely
predominantly on aquaculture (Boyd and Davis, 2020). Since 2000, it has become an essential
component of the global food system, increasing by 5 to 11% annually and supplying more than half
of the world's edible fish (FAO, 2022, 2018; Gephart et al., 2024; Hammer et al., 2022). Between 2000
and 2019, global aquaculture production (animals and plants) increased by almost 180% from 43 to
120 Mio t, mainly due to intensification via more and better feeds, improved management, species
selection, and biosecurity (Verdegem et al.,, 2023). Freshwater species account for 84% of this
production or, in 2017, 75% of global edible product volume. The main species groups that contributed
to the top 75% of aquaculture production included seaweeds, carps, bivalves, tilapia, and catfish
(Naylor et al., 2021). Although various production systems have been developed, the majority of
aquaculture production still occurs in non-intensively managed, excavated earthen ponds (FAO, 2018;
Naylor et al., 2021; Verdegem et al., 2023). Verdegem and Bosma (2009) reported that over 8 Mio ha
are used globally for aquaculture. While the spatial distribution remains difficult to determine and
insufficiently documented (Rosentreter et al., 2021; Wang et al., 2022b), aquaculture continues to
grow due to the increasing global demand for fish and protein (Garlock et al., 2020; Naylor et al., 2021,
2000; Verdegem et al., 2023).

Inland aquaculture is predominantly based on finfish, which account for more than 90% of cultured
aquatic animals across all continents (Verdegem et al., 2023). Seven of the thirteen most common
finfish species are carp, with the proportion of tilapia and catfish increasing (Naylor et al., 2021;
Verdegem et al., 2023). The vast majority of finfish are fed with protein- and nutrient-rich pellets
(Action, 2020). While 40 years ago the common practice of using on-farm or locally available crop
waste, manure, wastewater, or grain as nutrient sources limited fish production, today feed pellets
enable further intensification (Verdegem et al., 2023). In 2019, the ratio of fed species to extractive
species (i.e., without additional supply of feed) was already 70:30, and the rising trend continues
(Verdegem et al., 2023). Although freshwater aquaculture is dominated by pond systems, which are
mostly managed by households and small- to medium-scale commercial farms for local and regional
consumption, finfish yields in ponds can range from 50 to 100,000 kg/ha depending on the degree of
intensification (Naylor et al., 2021; Verdegem et al., 2023).

Aquaculture harbours risks. Beyond environmental impacts due to eutrophication, water use, and
biodiversity loss (Naylor et al., 2021; Verdegem et al., 2023), aquaculture has come under scrutiny over
the past 15 years as a source of greenhouse gases (GHGs) such as carbon dioxide (CO,), methane (CHa),
and nitrous oxide (N2O; Kosten et al., 2020; Rosentreter et al., 2021). Atmospheric CH4 concentrations
have nearly tripled since pre-industrial times and continue to rise, accounting for ~25% of present-day
atmospheric warming, excluding the effect of water vapour (Etminan et al., 2016; Lan et al., 2025;
Nisbet et al., 2016; Schaefer et al., 2016). While CH4 is about 28 times more effective than CO; in
trapping atmospheric heat over a century, N,O, with a 265-fold greater efficacy, represents an even
more potent GHG (IPCC, 2023). Yuan et al. (2019) estimated that the 21 leading fish-producing
countries emitted in 2014 6.0 + 1.2 Tg CH4/yr and 36.7 £ 6.1 Gg N,O/yr and highlighted that more than
80% of the CH4 emissions originate from shallow earthen ponds. Zhang et al. (2022) estimated the CH,4
and CO, emissions of China, the main aquaculture producer, at 182 Tg CO-eq, and Zhang et al. (2024)



reported CH4 and N,O emissions from freshwater aquaculture in China of 2.5 Tg CH4/yr and 18.3 Gg
N,O/yr, respectively. Approximately 75% of these emissions were reported to originate from ponds
and paddy fields, which exhibited comparable magnitudes (Zhang et al., 2024). Other studies have
similarly identified predominantly semi-intensively managed pond systems as significant and growing
sources of GHGs in aquaculture (e.g., Dong et al., 2023; Feng and Zhuang, 2023; Li et al., 2025a; Yang,
2025). Using published emission rates, Rosentreter et al. (2021) estimated a global CHs emission of
14 Tg/yr (mean value, median: 4.4 Tg/yr) from freshwater aquaculture ponds worldwide.

Although these estimates demonstrate that aquaculture is climate-relevant and that pond systems
play a significant role therein, their climate impact is subject to considerable uncertainty, as the highly
variable GHG emissions remain poorly constrained and focus primarily on Asian aquaculture (Kosten
et al., 2020; Rosentreter et al., 2021). Current review articles report a wide range of fluxes (Dong et al.,
2023; Rosentreter et al., 2021; Yuan et al., 2019; Zhang et al., 2024, 2022). For this reason, GHG
emissions from aquaculture are still not adequately assessed in inventories and IPCC Reports
(Rosentreter et al., 2021; Saunois et al., 2024; Zhang et al., 2024). Direct emissions from the water
surface are often omitted from carbon (C) footprint assessments, resulting in overly optimistic
evaluations of aquaculture products (Kosten et al.,, 2020). This prevents the formulation of
recommendations and mitigation strategies and limits the progress toward more climate-friendly and
sustainable aquaculture practices. Ebullition, the transport pathway via gas bubbles, contributes
substantially to this uncertainty due to its highly episodic nature and pronounced spatiotemporal
heterogeneity, as well as its continued underrepresentation in research (Kosten et al., 2020; Wik et al.,
2016).

1.2 GHG Production and Transport in Aquatic Systems and Aquacultures

The high potential of GHG emissions from aquaculture is caused by a combination of physical and
biogeochemical parameters. In general, ponds contribute disproportionately to global GHG emissions
from standing waters due to their high relative organic matter inputs and shallow morphology. Ponds
with surface areas of less than 0.1 ha alone account for ~37% of global CH4 emissions (Holgerson and
Raymond, 2016; Malyan et al., 2022; Rosentreter et al., 2021). Aquaculture ponds receive even higher
loads of labile organic matter and nutrients, which are not fully retained by the cultivated species and
fuel microbial degradation leading to eutrophication and algal blooms (Avnimelech and Ritvo, 2003;
Hilborn et al., 2018; Huang et al., 2020). Temperature, redox conditions, and the quantity and quality
of organic matter regulate the degradation processes in the sediment (Madigan et al., 2013). Due to
their shallowness, high sediment temperatures enhance microbial activity. As the decomposition of
organic matter is a redox process, the oxidation of organic C is coupled to the reduction of an electron-
accepting substance - an external electron acceptor in respiration or organic C in fermentative
disproportionation processes (Madigan et al., 2013). Oxygen (0,), as the primary external electron
acceptor, provides the highest energy yield via dissimilatory reduction and is used whenever available.
The high microbial O, demand leads to anoxic conditions in the sediment within millimetres
(Avnimelech and Ritvo, 2003). While CO, is produced through a variety of degradation and respiration
processes occurring in the water column and the sediment, methanogenesis predominantly takes
place in these anoxic sediments under very low redox conditions when other external electron
acceptors with higher energy yields such as nitrate (NOs’), manganese(lV), iron(lll), sulphate (SO4*) or
elemental sulphur (S) are depleted (Achtnich et al., 1995; Conrad, 1999; Madigan et al., 2013).

Under methanogenic conditions, a stepwise anaerobic degradation cascade starts, which is performed
by a consortium of specialized microorganisms: organic macromolecules, hydrolysed to monomers by
exoenzymes, are utilised by primary fermenters through acidogenesis, producing organic acids,



alcohols, hydrogen, and CO, (Madigan et al., 2013). CH,4 is mainly formed through acetoclastic (eq. 1)
and hydrogenotrophic methanogenesis (eq. 2). Acetate, hydrogen, and CO,, but also single-C
compounds (methylotrophic pathway), are directly used by the strictly anaerobic archaea.

CHsCOOH — CH,+ CO,  (eq. 1)
CO, + 4H, — CH, + 2H,0  (eq. 2)

The degradation of larger or branched molecules requires acetogenesis through a second group of
fermenters, homo-acetogenic or syntrophic bacteria (Madigan et al., 2013). Although higher
concentrations of acetate and certain volatile fatty acids can inhibit methanogens depending on the
pH of the pore water solution (Horn et al.,, 2003), acetoclastic methanogenesis tends to be the
dominant pathway under conditions rich in labile organic matter (Hornibrook et al., 1997; Lojen et al.,
1999; Praetzel et al., 2020). Since the anaerobic degradation process resembles an energy cascade,
where the highest yields are gained by primary fermenters, methanogenesis often takes place close to
the thermodynamic threshold for metabolic activity of about -23 kJ/mol substrate and can therefore
be easily suppressed by other processes (Conrad, 1999; Madigan et al., 2013). Once methanogenic
conditions prevail, temperature and the availability of labile substrates are the primary factors
controlling methanogenesis, with the highest rates in the first few centimetres of the sediment
(Bastviken, 2009; DelSontro et al.,, 2016; Joyce, 2003; Yvon-Durocher et al.,, 2014). Besides the
production in the sediment, inputs of CH; and CO; via the groundwater or local CH4 production in the
oxic water column can occur (Tang et al., 2014).

Despite the low competitiveness of methanogenesis, recent research, including my own (Appendix C),
identified CHsas the dominant GHG from freshwater aquaculture (Vroom et al., 2023; Yuan et al., 2019;
Zhang et al., 2025). Theoretically, assuming an average oxidation state of zero for organic matter, equal
amounts of CH4 and CO; are produced via methanogenesis (Fig. 1; Conrad, 1999). However, CO; is
highly soluble in water (Sander, 2015), and in addition to the carbonate buffer system, biomass can act
as an effective sink for CO, through photosynthesis (Schwoerbel and Brendelberger, 2022). When
primary production exceeds CO; production, aquaculture ponds can act as CO; sinks (Dong et al., 2023;
Flickinger et al., 2020; Zhang et al., 2023). For CHa, oxidation by aerobic, methanotrophic bacteria can
represent a significant sink, consuming up to 85% of the produced CH,4 (Bastviken et al., 2008; Guérin
and Abril, 2007; Kankaala et al., 2006; Schmid et al., 2017). Due to its low water solubility (Sander,
2015), gas bubbles are a fast and efficient transport mechanism for CHsto the atmosphere, by-passing
potential oxidation in the oxygenated water column (Bastviken, 2009). The other major pathways
through which CH4 formed in sediment reaches the atmosphere are molecular diffusion and plant-
mediated transport.

Diffusion as a stochastic molecular process after Fick’s first law and driven by concentration gradients,
is inherently slow and further slowed down in saturated, porous sediment matrix (Walter and
Heimann, 2000). Turbulence in the water column, at the sediment-water interface, or in air above the
water surface enhances the diffusive gas transport to the atmosphere (Joosten and Succow, 2001;
Perkins and Johnston, 1963). The efficiency of ebullition is governed by a range of physical and
biogeochemical factors, including the rate of methanogenesis, total dissolved gas pressure, hydrostatic
and atmospheric pressure conditions, and sediment properties, and will be discussed in detail below.
In addition, depending on species and density, submerged macrophytes can play a significant role
(Armstrong et al., 1991; Bergstrom et al., 2007; Jeffrey et al., 2019). The aerenchyma of vascular
macrophytes represents a specific adaptation to waterlogged conditions, facilitating the aeration of
submerged organs, supporting root growth, and nutrient acquisition. On the one hand, it enhances
rhizosphere oxidation, which inhibits CH4 production and enhances its oxidation; on the other hand, it
channels CHato the atmosphere, bypassing CH4 oxidation in the water column (Armstrong et al., 1991;



Joabsson et al., 1999; Rydin and Jeglum, 2006; Striker, 2024). A temperature-driven, pressure-induced
convective ventilation system through the vascular plant facilitates CH,4 transport at rates 2 to 4 times
higher than diffusive transport driven by concentration gradients within plant tissues (Joabsson et al.,
1999; Lai, 2009). Due to these opposing effects, assessing the overall role of plants in CHs emissions is
complex (Fritz et al., 2011; Joabsson et al., 1999).

The GHG N,0 is formed mainly as a by-product during aerobic nitrification, oxidising ammonium (NH,*)
to NOs, as well as through incomplete denitrification of NOs™ or nitrite (NO2") under conditions not
entirely free of O, (Fig. 1; Hu et al., 2012; Schlesinger, 2009). In sediments, minor amounts of O, can
suppress N,O reduction to elementary nitrogen gas (Nz) without inhibiting other denitrification steps
(Laverman et al., 2010; Tallec et al., 2008). In addition, like in wastewater treatment, nitrifier
denitrification via autotrophic NH.* oxidizing bacteria may play a role (Hu et al., 2012). In well-mixed,
well-oxygenated lotic systems, N,O emissions are a function of the dissolved inorganic nitrogen (N)
concentrations and can be high with high N loads (Baulch et al., 2011). In lentic systems with highly
reduced, NOs depleted sediments, N,O emissions originate mainly from nitrification in the oxygenated
epilimnion and coupled nitrification-denitrification processes at the epilimnion-hypolimnion interface
(Beaulieu et al., 2015; Deemer et al., 2011; Soued et al.,, 2016; Webb et al., 2019). Here, NH*
assimilation by phytoplankton may represent a bottleneck for nitrification (Smith et al., 2014). As N,O
itself can be consumed, e.g., by denitrifiers, diffusive transport towards the sediment was assumed in
several aquatic systems (Beaulieu et al., 2015; Soued et al., 2016). For this reason, small lentic aquatic
systems, including highly eutrophic ones, were observed to act as N,O sinks (Lauerwald et al., 2019;
Malyan et al., 2022; Soued et al., 2016; Webb et al., 2019).

In aquaculture, the evidence regarding N,O emissions is contradictory. Although reduced sediment
conditions inhibit N,O production, the intensive N loads and cycling can result in elevated N,O
emissions (Deng et al., 2024; Hu et al., 2012; Yan et al., 2024). While Yuan et al. (2021) described
freshwater aquaculture ponds as a weak source and even reported sink behaviour in summer, Hu et
al. (2012) projected aquaculture to become an important N,O source, contributing more than 5% of
global anthropogenic N2O-N emissions by 2030. The net flux is determined by a complex balance
between production and consumption, resulting in pronounced spatiotemporal heterogeneity (Soued
et al., 2016; Yuan et al., 2021). In addition to N species concentrations, the O, regime, C availability,
temperature, and pH have been identified as key drivers, and high salinity and unionized hydrogen
sulphide can inhibit N>O reductase activity (Hu et al., 2013, 2012; Paudel et al., 2015; Yuan et al., 2021).
Furthermore, N,O production within the guts or gills of cultured species may contribute to the overall
emissions (Kosten et al., 2020). As its solubility in water is similar to that of CO,, diffusion can be
expected to represent the primary emission pathway for N,O (Kosten et al., 2020; Sander, 2015).



Figure 1. Schematic representation of the main processes that lead to emissions of the greenhouse gases carbon dioxide (CO;),
methane (CH4) and nitrous oxide (N,0) in shallow, earthen fish ponds: (1) respiratory and fermentative degradation of organic
matter in the sediment producing CO, and CH; (2) buoyancy-driven ebullition via gas bubbles; (3) diffusion driven by concen-
tration gradients; (4) turbulence enhancing diffusive gas transport to the atmosphere; (5) CO, production via biotic respiration;
(6) CO; consumption via photosynthesis; (7) CH, consumption via aerobic methanotrophy (CO, production); production of N,O
via (8) incomplete denitrification or (9) nitrification; (10) groundwater inflow introducing CO, and CHy4; (11) plant-mediated
gas exchange between rhizosphere and atmosphere; (12) allochthonous and autochthonous organic matter and feed input
fuelling degradation and eutrophication.

1.3 Bubble Formation and CH4 Ebullition in Aquatic Systems and Aquacultures

Gas bubbles form and sustain when the sum of the partial pressures of all dissolved gases, the total
dissolved gas pressure, exceeds the sum of the atmospheric and hydrostatic pressure (Miyake, 1951;
Ramsey, 1962). Similar to O; via photosynthesis (Long et al., 2020; Mendoza-Lera et al., 2016; Pedersen
et al., 2013; Shikhani et al., 2024), methanogenesis has the potential to increase the total dissolved gas
pressure to such an extent that bubble formation is initiated (Appendix D). If production exceeds the
diffusive removal of CH,, dissolved CHs accumulates in the pore water until the saturation level is
reached and molecules merge to form bubbles. Other biogeochemical reactions, such as denitrification
or N> fixation, lead to only minor changes in the respective partial pressure. The initial gas composition
reflects the ratio of the dissolved gas partial pressures at the site of formation. This is why bubbles that
form in aquatic sediments contain mainly N> and CH,, in portions depending on the rate of
methanogenesis and diffusive N, supply (Brennwald et al., 2005; Horn et al., 2017; Langenegger et al.,
2019; Miyake, 1951). Other gases, such as CO, and N,O (due to their high water solubility), water
vapour, argon, and further noble gases, play a minor role or contribute only in traces.

With increasing water depth, higher CH4 gas pressures are required for bubble formation, while at the
same time microbial activity decreases due to lower temperatures (Appendix D), so that the
significance of ebullition decreases with increasing depth (Bastviken, 2009; Beaulieu et al., 2016).
Pressure drops due to water table or air pressure fluctuations and wind-induced shear stress caused
by bottom currents effectively trigger bubble formation and release (Horn et al., 2017; Joyce, 2003;
Maeck et al., 2014; Varadharajan and Hemond, 2012). In addition, moving water parcels and rising
temperatures influence gas solubility.



In addition, sediment properties are crucial for bubble growth, movement, storage, and release. Due
to buoyancy, small bubbles move through capillary invasion towards the sediment surface, creating
gas voids by growing (Liu et al., 2018, 2016). With continuous growth, fracturing and sediment
displacements were observed, predominantly in a horizontal direction, until vertical conduits form and
the gas is released (Katsman and Painuly, 2022; Liu et al., 2018, 2016). The dominance of the two
mechanisms, capillary invasion or fracturing, depends mainly on the grain size: while in sandy
sediments bubbles mainly form by capillary invasion, displacing the surrounding sediment is the major
mechanism in fine and muddy sediments (Boudreau et al., 2005; Johnson et al., 2012; Katsman et al.,
2013; Sirhan et al., 2019). Because of their high capillary-entry pressures, muddy sediments behave
mechanically as fracture-elastic solids, with gas migration governed by a fracture-dominated regime
(Katsman et al., 2013; Sirhan et al., 2019). Sediment properties, such as cohesiveness, influence bubble
release, and pre-existing fractures act as conduits that facilitate the passage of subsequent bubbles
with reduced resistance over periods ranging from days to months (Algar et al., 2011; Algar and
Boudreau, 2010; Scandella et al., 2011). Such preferential seeps can lead to persistent bubble fluxes,
so-called bubble events, and complicate quantification (DelSontro et al., 2015; Wik et al., 2016). In
addition, sediment thickness can influence gas storage and release (Bhushan et al., 2024; Joyni et al.,
2011; Marcon et al., 2023). Once released, bubbles rise to the water surface while exchanging gases
with the surrounding water phase (McGinnis et al., 2006). Gas exchange and rise velocity depend on
both bubble size and water depth. The ratio of bubble surface area to volume and the distance to the
water surface are primary factors influencing the fraction of initial CH4 that reaches the atmosphere
and whether a bubble dissolves completely (Leifer and Patro, 2002; McGinnis et al., 2006).

In aquaculture, the high microbial activity in the warm, organic matter-rich sediments and the shallow
water depth, which acts as a low counterpressure, facilitate ebullition. The potential for CHsdissolution
during bubble ascent and subsequent CH, oxidation in the water column is limited (Bastviken et al.,
2008). This is why, in aquaculture ponds, CH,4 ebullition is frequently the dominant transport pathway
accounting for up to 80 - 99 % of total CH4 emissions (Flickinger et al., 2020; Vroom et al., 2023; Yuan
etal., 2019; Zhang et al., 2022). Management practices, such as drainage during harvesting, effectively
trigger ebullition (Kosten et al., 2020). In addition, bioturbation by cultivated species can trigger bubble
release (Bezerra et al., 2020; Colina et al., 2021; Datta et al., 2009; Frei and Becker, 2005; Leal et al.,
2007). As bioturbation also influences the redox conditions of the sediment (Joyni et al., 2011; Oliveira
Junior et al., 2019; Yuan et al., 2021), its overall effect remains difficult to predict.

Because of the complex interplay of biogeochemical and physical parameters and processes, ebullition
displays pronounced spatiotemporal heterogeneity. This complicates representative quantification
and requires both a sufficient number of sampling sites to capture the small-scale spatial variability of
the system, as well as sufficiently long sampling periods to account for temporal variability and
patterns (Beaulieu et al., 2016; DelSontro et al., 2016; Joyni et al.,, 2011; Kosten et al., 2020;
Natchimuthu et al., 2016; Wik et al., 2016). To cover diurnal patterns, Kosten et al. (2020)
recommended a minimum sampling period of 24 h. However, for representative quantification, Wik et
al. (2016) suggested 11 d for diffusive and 39 d for ebullitive fluxes, as well as depth-stratified sampling
with at least 11 sampling sites under fairly homogenous conditions. Moreover, the ebullition pathway
exhibits pronounced seasonality due to its strong temperature dependence (Praetzel et al., 2021;
Wilson et al., 1989; Yvon-Durocher et al., 2014). These challenges may help explain why ebullition
remains underrepresented in research despite its recognized importance as a transport pathway and
the repeatedly emphasized need for investigation (Kosten et al., 2020; Mari et al., 2025; Rutegwa et
al., 2019a; Vroom et al., 2023; Yang et al., 2024b; Yuan et al., 2019). In many cases, ebullition is either



entirely neglected or estimated using approaches and sampling intensities that are inadequate for its
representative quantification, such as short-term floating chamber deployments (Kosten et al., 2020).

1.4 Research Gaps

1.4.1 Climate Impact of Global Aquaculture

Asian countries, and China in particular, have always been the leading producers of freshwater
aquaculture with a variety of production systems and cultivated species (FAO, 2022; Naylor et al., 2021;
Verdegem et al., 2023). The vast majority of aquaculture research is conducted in Asia, focusing on
crab, shrimp, and carp polyculture systems under the region's specific environmental conditions.
Studies on aquaculture in other regions of the world are scarce. All existing review articles focus on
Asian aquaculture (Dong et al., 2023; Yuan et al., 2019; Zhang et al., 2024, 2022, 2025). However,
aquaculture has a long tradition in many regions, ranks among the fastest-growing sectors in global
food production, and is a critical source of protein for a growing human population (FAO, 2018; Naylor
etal., 2021, 2000). Global aquaculture encompasses a wide range of production systems, management
practices, cultivated species, and environmental conditions, all of which affect the GHG emissions in
different ways. A coherent and systematic understanding of GHG emission variability in aquaculture
remains lacking, as knowledge of how specific environmental conditions and management practices
influence the production, consumption, and transport of climate-relevant gases is still fragmented,
even in subtropical and tropical systems (e.g., Dong et al., 2023; Li et al., 2025a; Zhang et al., 2022;
Zhao et al., 2025). Furthermore, comparability among existing studies is constrained by the absence of
standardized protocols for measurement methods, sampling durations, and spatial or temporal
resolution. Studies primarily focus on specific GHGs, transport pathways, time periods, or production
phases (Kosten et al., 2020). This leads to fundamental knowledge gaps that contribute to considerable
uncertainties in global GHG emission estimates (Rosentreter et al., 2021). A better understanding of
aquaculture’s climate impact is required to inform recommendations and develop effective mitigation
strategies, particularly in light of the projected increase in aquaculture-related emissions driven by
ongoing global warming (Aben et al., 2017; S¢ et al., 2025; Zhao et al., 2025), as well as increasing
production (Garlock et al., 2020; Naylor et al., 2021).

As explained before, ebullition represents a long-overlooked yet highly efficient transport pathway,
particularly in shallow, eutrophic aquaculture systems with high organic matter loads. However, due
to its strong spatiotemporal heterogeneity, robust quantification is challenging, and ebullition is
frequently neglected in research studies or estimated in a non-representative way (Kosten et al., 2020).
By 2020, only two studies included the pathway into their measurements (Flickinger et al., 2020; Long
et al., 2016). Since then, research, including my own (Appendix C), has demonstrated that ebullition
represents a major and often dominant transport pathway for CH, (Vroom et al., 2023; Yang et al.,,
2020; Zhang et al., 2024). If this pathway is neglected, CH4 emissions may even become unpredictable
based on environmental parameters, underscoring its importance (Mari et al., 2025). Figure 2 provides
a current, non-exhaustive overview of freshwater aquaculture studies that include ebullition
measurements, underscoring the need to extend research to previously underrepresented regions and
production systems and to integrate ebullition more consistently into the assessment of GHG
emissions from aquaculture.
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Figure 2. Qualitative map displaying studies on ebullition from freshwater aquaculture systems. Studies conducted within the
temperate zone are indicated by red dots (Girard et al., 2024a; Waldemer and Koschorreck, 2023; Znachor et al., 2023), while
those outside this zone are shown as blue dots. The temperate zone is delineated by red lines (based on "Thermal
characterisation of the climate", Diercke World Atlas, 2019, p. 174). Review studies are highlighted with larger dots. This map
is intended as a non-exhaustive overview.

1.4.2 CHa Ebullition - Significance, Drivers and Spatiotemporal Heterogeneity

Ebullition displays pronounced spatial and temporal heterogeneity within aquatic systems, along with
strong inter-system variability, diurnal and seasonal dynamics, and interannual fluctuations, and is
associated with a high degree of uncertainty (Jansen et al., 2020; Mari et al., 2025; Yang et al., 20243;
Zhang et al., 2025; Zhao et al., 2025). This often-overlooked heterogeneity substantially constrains
predictive modelling and upscaling (Kim et al., 2025; Kumar et al., 2023; Ma et al., 2022; Mari et al.,
2025). While the basic drivers - such as organic matter availability, temperature, redox conditions, and
pressure fluctuations - are known, capturing, explaining, and especially predicting ebullition dynamics
remains challenging. In aquaculture systems, numerous drivers act across multiple spatial and
temporal scales, from sediment properties (Joyni et al., 2011; Liu et al., 2020, 2018, 2016) and vascular
plants (Jeffrey et al., 2019; Yang et al., 2022), to aquaculture species and their activities (Colina et al.,
2021; Leal et al., 2007; Oliveira Junior et al., 2019; Xu et al., 2022) and management practices (Li et al.,
2025a; Mari et al., 2025; Zhang et al., 2024, 2025). Their effects are often poorly understood and can
be double-edged, exerting both enhancing and inhibiting effects. The specific combinations and
relative influence of these drivers differ within and among systems, limiting the transferability of
empirical models (Kim et al., 2025). Advancing a mechanistic understanding of ebullition dynamics is
therefore essential for establishing robust quantification approaches, improving GHG emission
estimates and predictions, and evaluating management strategies aimed at making aquaculture more
climate-friendly.



1.4.3 Bubble Sizes in Aquaculture Systems

The bubble size is a critical determinant of CH, emissions via ebullition. Besides water depth, it governs
the proportion of initial CHs escaping to the atmosphere versus dissolving during ascent (Leifer and
Patro, 2002; McGinnis et al., 2006) and has been used to estimate CH4 ebullition (DelSontro et al.,
2015). Notably, large bubbles disproportionally dominate the overall CH,4 flux, with studies showing
that the largest 7 - 10% of bubbles can account for more than half of total emissions (DelSontro et al.,
2015; Greinert and Nitzel, 2004). However, measuring bubble sizes in natural aquatic ecosystems is
not trivial. Acoustic and optical methods differ in their applicability, resolution, and limitations.
Especially small bubbles, but depending on the method, also large ones and bubble plumes, represent
challenges, while artefacts and interfering factors can further complicate data interpretation
(DelSontro et al., 2015; Delwiche and Hemond, 2017a, 2017b; Ostrovsky et al., 2008). Consequently,
robust quantification of bubble size distributions in natural aquatic environments continues to be a
scientific challenge. So far, only a few studies have investigated the bubble size spectrum in freshwater
ecosystems (DelSontro et al., 2015; Delwiche and Hemond, 2017a; Ostrovsky, 2003; Ostrovsky et al.,
2008; Schwarz et al., 2023). In particular, measurements under turbid, shallow-water conditions in
small water bodies such as ponds and aquaculture systems remain methodologically challenging (Kim
et al., 2025). As a result, substantial knowledge gaps and fundamental uncertainties persist regarding
the bubble size distribution in these systems, where ebullition is a key mechanism of gas transport. In
particular, whether the spectrum differs from that of other aquatic environments, which parameters
determine it, and what fraction of CH; is lost during ascent, remain unclear. To the best of my
knowledge, no studies have addressed bubble sizes in ponds or aquaculture systems, apart from my
own research.

1.4.4 Organic Matter - a Black Box

In addition, organic matter still represents a black box and a research topic itself (Han et al., 2025). The
availability of labile organic matter is a main driver of microbial degradation and ebullition, and, in the
absence of other conclusive drivers, organic matter is frequently invoked as an explanation of observed
GHG fluxes. The biodegradability of organic matter depends on its chemical composition and molecular
structure (Derrien et al., 2023; LaRowe and Van Cappellen, 2011; Ohno et al., 2014). Natural organic
matter is a heterogeneous, polydisperse mixture comprising thousands of complex molecules that vary
substantially in size, composition, and structure. These variations reflect the processes and conditions
of their respective environments, making the characterization of their quality a considerable analytical
challenge (Kothawala et al., 2021). Analytical techniques differ in their capacity to provide qualitative
and quantitative information, analytical power and resolution, and in their inherent limitations, such
as matrix effects and detection limits, and often require specific sample collection, preparation, and
storage (Bahureksa et al., 2021; Kim et al., 2022; Lv et al., 2022; Santoiemma, 2018). Consequently,
elucidating the composition, transformation, and degradation of natural organic matter in
environmental systems remains a significant scientific challenge (Kothawala et al., 2021).

Fourier-transform ion cyclotron resonance mass spectrometry coupled with high-performance liquid
chromatography (LC-FT-ICR MS) achieves the highest molecular resolution and provides additional
polarity information (Han et al., 2021; Herzsprung et al., 2017; Jennings et al., 2022; Kim et al., 2019).
In aquaculture systems, large quantities of feed and feces accumulate, forming a dense, black layer of
muddy organic material. This material is highly reactive, strongly reduced, and often contains toxic
substances (Avnimelech and Ritvo, 2003; Geldhauser and Gerstner, 2022). Only a few studies have
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examined organic matter in aquaculture systems in detail (e.g., Aguilar-Alarcén et al., 2022, 2020;
Kamjunke et al., 2017; Nimptsch et al., 2015; Wang et al., 2021), and knowledge about its composition
and potential transformation processes remains limited. Clarifying how and to what extent labile feed
inputs influence the organic matter pool could reveal valuable insights into degradation mechanisms
and GHG production. Research in this area could support the development of mitigation strategies,
such as optimized feeding practices, ultimately enhancing aquaculture efficiency and protecting the
climate. Therefore, understanding these underlying processes is crucial for advancing climate-friendly,
sustainable aquaculture.
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2 Thesis Approach, Research Questions, and Hypotheses

2.1 Objectives, Research Questions, and Hypotheses

Based on the previous sections, my objectives were (1) to provide a first benchmark for the GHG
emissions from temperate freshwater fish ponds, and (2) to contribute to a better understanding of
CHaebullition in these systems. The aim of this research was to advance the mechanistic understanding
of CH4 ebullition in temperate freshwater fish ponds by examining its spatiotemporal heterogeneity,
key drivers, underlying degradation processes, spatiotemporal bubble size variability, and gas
exchange during bubble ascent. The overarching goal was to derive insights for robust quantification,
improve regional and global GHG emission estimates from aquaculture, and provide a scientific basis
for developing mitigation strategies aimed at fostering more climate-friendly aquaculture in these and
similar systems.

To achieve this, twelve extensively to semi-intensively managed fish ponds near Bautzen were
surveyed in the middle of the fish growing half-year in 2021. Mean diffusive and ebullitive GHG fluxes
provided an initial benchmark for assessing the climate impact of these systems, enabling comparisons
with other aquaculture systems and natural ponds. Particular attention was given to stationary feeding
sites within the systems. At the Gerstenteich, the pond with the highest CH, ebullition rates, a detailed
study was conducted at the end of the fish growing season 2021. This focused on robust quantification
of CH,4 ebullition by investigating its spatiotemporal heterogeneity, on the intra-system variability of
bubble sizes, as well as on the influence of labile protein-feed on CH4 ebullition and organic matter
quality. Both campaigns allowed the identification of key drivers.

The following sections name the research questions addressed to achieve these objectives, as well as
the adopted hypotheses. These were the corresponding foci of my published manuscripts that adjoin
this thesis (Appendices A-C).

2.1.1 GHG Emissions and CH4 Ebullition from Temperate Freshwater Fish Ponds
The central research questions were:

- How large are the emissions from these systems? How do emissions compare to natural
freshwaters or other aquaculture systems? Are they comparable to fluxes reported from Asian
aquaculture?

- How variable are the emissions among the fish ponds, and what drives this variability?

- Which GHG dominates? How do the gases contribute to the overall global warming potential?

- How important is ebullition in these systems?

- How heterogeneous is ebullition in space and time, and what are its main drivers?

- What is the effect of stationary feeding sites as potential GHG hotspots?

- How do submerged macrophytes, benthivorous fish density, and the feeding affect emissions?

Hypothesis 1.1: GHG Emissions

Temperate freshwater fish ponds have higher GHG emissions than natural freshwaters, with CH, being
the predominant GHG and ebullition a major transport pathway. The stationary feeding sites represent
significant GHG and CH, ebullition hotspots. Diffusion is the dominant transport pathway for CO, and
N,O, with N,O emissions being governed by redox conditions in these eutrophic systems.
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Hypothesis 1.2: Spatiotemporal Heterogeneity and Key Drivers of CH4 Ebullition

CH, ebullition exhibits a pronounced spatiotemporal heterogeneity, both among and within systems.
Temperature, organic matter availability, and dissolved O, are the key drivers for total CH, emission
and CH4 ebullition.

Hypothesis 1.3: Fish Farming Intensity and CH,4 Ebullition

Increasing fish density increases CH4 emissions, especially CH4 ebullition, by boosting organic matter
availability (higher feed load) and eutrophication, which leads to a higher degree of anaerobiosis and
substrate availability in the sediment. In addition, benthivorous fish mechanically disturb the sediment,
thereby triggering bubble release. Conversely, higher densities of submerged macrophytes, associated
with lower farming intensities and reduced phytoplankton abundance, enhance rhizosphere
oxygenation and reduce CH, ebullition.

2.1.2 Impact of Fish Feed on Sediment Organic Matter and CH4 Ebullition

The investigations addressing the research questions outlined in Section 2.1.1 identified CH4 as the
dominant GHG, ebullition as a significant pathway, and easily available, N-rich organic matter as the
major driver of both total CH,4 fluxes and CH, ebullition. At the Gerstenteich feeding site, CH,4 ebullition
rates were especially high. Building on these findings, the quality of organic matter in the sediments
of the Gerstenteich and the influence of the supplied fish feed were examined in detail.

The central research questions were:

- What can be learnt about organic matter composition in the fish pond?

- How does the composition differ between the open water area and the feeding site?

- Inwhat ways does fish feed influence or alter the sediment organic matter at the feeding site?

- What role does the fish feed play in anaerobic degradation and CH,4 production, and what can
be learned about the processes underlying the high emissions observed?

- What insights can be gained about management strategies that promote more climate-
friendly aquaculture?

Hypothesis 2.1: Differences in Organic Matter Quality

Continuous fish feed input alters sediment organic matter at the feeding site such that, at the
molecular level, the composition of sedimentary water-extractable organic matter (WEOM) differs
from that of the open water area. Feed-derived compounds and their metabolites are the major drivers
of the high CH, ebullition rates observed.

Hypothesis 2.2: Implications for Underlying Processes and Mitigation

The detailed analysis offers new insights into the processes underlying anaerobic degradation of feed-
derived compounds and sediment organic matter influenced by high protein-feed loads. This
knowledge can inform management strategies to reduce GHG emissions from aquaculture systems
and provide incentives to optimize feed composition, improve feed use efficiency, and minimize the
accumulation of organic matter in sediments.
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2.1.3 Bubble Sizes in Temperate Freshwater Fish Ponds

The size of gas bubbles is a key factor determining the efficiency of ebullitive CH4 transport to the
atmosphere. In light of the high observed CH,4 ebullition rates at the Gerstenteich, the spectrum of
bubble sizes and its variability was therefore investigated in detail.

The central research questions were:

- How big are the bubbles released in these systems? Is the bubble size distribution comparable
to that observed in other aquatic ecosystems?

- Which parameters influence the bubble size, and how does the size vary spatially and
temporally? Are bubbles at the feeding site larger than those in the open water area?

- Can bubble sizes be measured reliably in situ using optical techniques under the challenging
conditions of turbid, shallow waters with high particle loads?

- Can representative bubble sizes be inferred indirectly from the measured O, content of
collected bubble gas, assuming that the bubbles formed under O,-free sediment conditions?

- What are the methodological uncertainties and potential biases associated with each method?

Hypothesis 3.1: Inferring Representative Bubble Sizes from Bubble O, Contents

Under strongly anaerobic sediment conditions, the initial bubble gas is O,-free. By measuring O,
contents in collected bubble gas along with parameters such as dissolved gas concentrations in the
water column and the water depth, a representative bubble size at the water surface can be inferred
using the single bubble dissolution model of Greinert and McGinnis (2009). This size reflects the
respective bubble size distribution at the water surface and can be used to estimate CH,4 ebullition.

Hypothesis 3.2: Relationship between Bubble Size and Ebullition Rate

Bubble size is positively related to the ebullition rate. Consequently, bubble sizes at the ebullition-
intensive feeding site exceed those observed in the open water area and those reported from other
freshwater ecosystems. Consequently, bubble size varies spatiotemporally within as well as among the
fish ponds. Furthermore, with increasing ebullition rate, the frequency of bubble events, as the release
of consecutive bubbles, increases.

2.2 System Selection and Production Characteristics

As the vast majority of research on GHG emissions from aquaculture has been conducted in subtropical
and tropical Asia, and, to date, all review articles focus on Asia (Dong et al., 2023; Yuan et al., 2019;
Zhang et al., 2024, 2022, 2025), there is an imminent need for data from other regions to develop
robust GHG emission estimates and efficient, evidence-based mitigation strategies. The temperate
zone, characterized by westerly winds, cyclones, and distinct seasonal changes, represents such a
region with specific production systems and management practices.

In Europe, several regions exhibit a very high density of freshwater fish ponds (Aubin et al., 2017), and
carp aquaculture has a long tradition dating back to the 11th century (Pechar, 2000). Many of the fish
ponds were created as early as the 13th to 15th centuries (Girard et al., 2024a; Rutegwa et al., 2019a).
Although basic management remained largely unchanged from the Middle Ages until the late 19th
century, practices were optimized during a peak establishment period between the 14th and 16th
centuries - particularly in carp rearing and age separation, water channel systems, and dam outlets for
harvesting and drainage (Francova et al., 2019). During the 20th century, intensification led to the use
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of machinery, liming, manuring, inorganic fertilizer usage, and, especially, supplementary feeding,
which led to eutrophication and ecosystem deterioration (Francova et al., 2019; Pechar, 2000). Over
the past 50 years, pond fish production has increased in Europe, with production volumes doubling in
certain countries (Francova et al., 2019). Semi-intensive carp pond management is the predominant
production system in Europe, where Common carp accounts for ~90% of the stock (Francova et al.,
2019; Potuzak et al., 2007). Yields range from several hundred to 1,000 kg fish/ha, achieved by
combining natural food resources with supplementary feeding (Francova et al., 2019; Gél et al., 2016).
Typically, carp fry is transferred directly from the hatchery to nursery ponds. Each autumn, the ponds
are drained to collect the fish, which are then relocated in spring. The fish are sold at an age of 3 to
4 years (Geldhauser and Gerstner, 2022). In addition, there is a steady increase in market demand for
predatory fish species (Francova et al., 2019; Naylor et al., 2021). In Germany alone, fish ponds cover
an area of 42,000 ha (Rutegwa et al., 2019a). Despite eutrophication and stocking, these ponds may
continue to support biodiversity and nature conservation in these regions (Francova et al., 2019). For
this reason, freshwater fish ponds near Bautzen in Eastern Germany were selected as study systems.

2.3 Study Sites, Setup, and Methods

Twelve earthen freshwater fish ponds located near Bautzen, Germany, were chosen to address the
hypotheses of this thesis, including a newly reconstructed carp nursery pond (Fig. 3a-b). Some of the
ponds were built between 1950 and 1990 for fish production; others, reconstructed in the 1960s and
1980s, were up to 400 years old. They were separated from the adjacent grassland and farmland by a
narrow belt of deciduous trees and reeds, and had no significant inflow or outflow of surface water.
They were filled with stream water and extensively to semi-intensively stocked with fish in spring 2021
to be harvested by draining in autumn. No fertilisation, liming, or aeration took place. According to the
operators, it is common practice to dredge the internal drainage troughs and harvesting pits every 3
to 5 years. However, except for the newly reconstructed nursery pond, none of the ponds had been
dredged during the last 3 years preceding my study. The eutrophic to polytrophic ponds had stationary
feeding sites where carp (Cyprinus carpio) was fed weekly or twice weekly with grain, while automatic,
floating feeders provided protein-rich pellets for catfish (Silurus glanis) and tench (Tinca tinca; Table
1). The feeding sites were the deepest points (mean water depth: 1.5 + 0.4 m) of the shallow, ~1 m
deep ponds, located at the easily accessible harvest pits, at which the water is drained in autumn.

Near the feeding sites and ~55 m apart in the open water area, ebullitive and diffusive GHG emissions
were studied in June 2021 (Fig. 3b). Bubble gas was collected after 24 h or 48 h, depending on the
ebullition rate (Fig. 4a). Diffusive fluxes were calculated via the headspace method and a multitude of
pond- and site-specific water and sediment parameters were taken to identify potential drivers of GHG
emissions. The Gerstenteich, stocked semi-intensively with catfish and tench, was investigated in detail
in September 2021 (Fig. 3c-e). Ebullition was monitored over two days using a transect of bubble-traps
from the feeding site (S00) to the centre of the 2.5 ha pond. Every 3 h (5 h during night), bubble gas
was sampled for complete chromatographic analyses (S12* and S13* were sampled after 24 h).
Diffusive GHG emissions were determined each sampling cycle using the headspace method at SO5.
Floating chamber measurements via a portable FTIR analyser failed due to the high ebullition. A variety
of weather, water, and sediment parameters were monitored (s. Appendix C for details).

Optical bubble-sizers measured rising bubbles near the feeding site and in the open water area of the
Gerstenteich (Fig. 3c and 4b). In addition, the O, content of collected bubble gas was used to estimate
a bubble size representative of the specific size distribution using a single bubble dissolution model
(Greinert and McGinnis, 2009; McGinnis et al., 2006). This approach required information on water
depth, dissolved gas concentrations (CHs4, CO,, and O,; with N, assumed to be in equilibrium with air),
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water temperature, salinity, and air pressure. It assumes that O,-free bubbles rise from anoxic
sediments and attain measurable O, contents at the water surface without fully equilibrating during
the ascent. Dissolved O, profiles at the start and end of the 3 to 5 h periods were used to define
averaged sizes that captured changes in dissolved O, concentrations (s. Appendix B for details).

At all sites at the Gerstenteich, mixed sediment samples from the upper 5 cm were collected for LC-
FT-ICR MS analysis following Han et al. (2021). To assess the impact of protein-rich fish pellets, the
WEOM composition in sediments from the feeding and open water areas was compared. Molecular
formulas (allowing *2Co-s0, **Co-1, *Ho-122, *®00-40, *No-g, 3*Sp-3, and 3*Sq_1) were assigned within a mass
range of 150-1000 Da (1 ppm error tolerance) and multiple validation filters (Gao et al., 2024,
Herzsprung et al., 2016; Koch et al., 2014). Besides inter-sample ranking, differences in the relative
abundances of CHO, CHNO, CHNOS, and CHOS compounds were assessed using two substitute average
samples: for each retention time, the molecular formulas present at two-thirds of the sites of the
feeding area (S00, SO1, S12*) and the open water area (S02-510, incl. S13*) were combined using
median absolute peak magnitudes (Lechtenfeld et al., 2024). Further sediment and pore water
parameters were determined. Detailed descriptions of sampling procedures, in-situ measurements,
laboratory analyses, and calculations are provided in the appended manuscript (Appendix A).
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Figure 3. (a) Study site location close to Bautzen, Germany, and (b) location of bubble traps (black dots) at the stationary
feeding sites and ~55 m towards the centre of the twelve fish ponds investigated in Jun 2021. (c) Outline of the Gerstenteich
fish pond (black solid line), investigated in September 2021, with symbols marking the locations of bubble traps (black dots,
500 to S13*) and optical bubble-sizers (open dots, B1 to B4). The cross marks the location of loggers measuring continuously
dissolved oxygen and water temperature at 35 cm and at the sediment. The feeding area with elevated CH, ebullition rates
compared to the open water area is marked in grey (~20 m radius). Site SO0 was located at the pole of the automatic pellet
feeder. Sites shown in bold exhibited CH, ebullition fluxes several times higher than the mean open-water rate, whereas S02
represented a transitional site with only moderately elevated CH4 ebullition. (d) Aerial photo giving an overview of the
immediate surroundings of the Gerstenteich (feeding site marked). (e) Photo showing the Gerstenteich feeding site with the
floating, ~4 m long pellet feeder.
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Figure 4. Schematic of (a) the used bubble traps with inverted funnels (area: 0.14 m?) and syringes closed by a three-way valve
and (b) the used bubble-sizers after the design of Delwiche and Hemond (2017b) with inverted funnels (area: 0.06 m2) and
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three photoelectric sensors detecting rising bubbles at a water depth of ~35 cm.

Table 1. Characteristics of the twelve fish ponds investigated in Jun 2021: Surface area, water depth (feeding/open water site),
Secchi depth (measurement in September 2021 in brackets). Fish stockings of Common carp or Catfish/Tench (C or S/T plus
fish age at season start) at the start and the end of the season in kg/ha. Feed included wheat (or wheat meal in case of the
nursery pond; no mark), triticale*, and fish pellets made from fish and vegetable meal (protein content 45%)**. At stationary
feeding sites, cereals were applied manually weekly or twice weekly, as required, while the floating feeders dispensed a certain
volume of pellets automatically when triggered by fish. Data on fish stocking and feed provided by the fishing companies: (a)
Forellen- und Lachszucht Ermisch, 01844 Neustadt, (b) KREBA-FISCH GmbH, 02906 Sproitz/Quitzdorf am See, (c)
Teichwirtschaft Kauppa, 02694 Kauppa/Grofsidubrau (part of the Biosphere reserve Oberlausitz). According to the operators,

the ponds were managed extensively to semi-intensively.

Fish pond Area Depth Secchi depth Fish stocking Feed
(abbr.) (ha) (m) (m) Species/Age Start (kg/ha) End (kg/ha) (kg/ha)
Gerstenteich® 2.5 1.4/1.0 0.65 (0.55) S2/T2 580 1,600 4,000**
Teich 12 15.7 1.4/1.3 1.30 C1 13 136 6,000
Teich 22 14.2 2.5/1.6 0.75 C3 134 486 6,700
Teich 32 133 1.5/1.5 0.65 C3 167 248 8,400
Teich 42 10.8 1.6/1.0 0.85 Cc3 361 583 12,000
Brauereiteich? 2.2 1.5/1.1 0.70 Cc3 750 755 2,500
StraRenteich? 7.0 2.0/1.2 0.35 C4 430 786 10,010%*
KI. Krahenteich® 3.1 1.2/0.3 0.45 S2/T2 580 1,446 4,000%*
Al. Krédhenteich¢ 53 0.9/0.6 0.20 C3 300 471 5,000
Inselteiche 15.0 1.5/0.7 0.65 C2 100 433 12,000
Thronteiche 5.1 1.3/0.6 1.20 C2 50 252 3,000
Heikteichc 10.0 1.3/0.7 0.65 Carp nursery 40,000 pc/ha 250 5,000

16



Climate impact
85% CH,

15% 0.05%
1260 p
mmol CH,/m?d Q 30 * 24
mmol CH,/m?d
Diffusion Ebullition Diffusion Ebullition

2% 98% 5% 4 25%

CH,80% o g 0
co. 13% 0,1% Q3 CH,50% ® O,5%

1.3 mm

Stationary feeding site Open water area

1074
2
‘» 90
[
o
£
= 25| L+ “\CGHOS,,
)
S CHO
[«}) DR e g o e T S S NS G S TR S P S T e T P e e e R Y 8
= 1

Distance to feeding site (m)

Figure 5. Graphical representation of the main contributions of this thesis: (Q1) characterisation of the diffusive and ebullitive
greenhouse gas emissions (carbon dioxide (CO,), methane (CH,4), and nitrous oxide (N,0)) from extensively to semi-intensively
managed freshwater fish ponds as a first benchmark for aquaculture in the temperate zone during the fish growing season.
The special focus was on CH,4 ebullition, its spatiotemporal heterogeneity, and key drivers. (Q2) Investigation of the impact of
commonly used, protein-rich fish feed pellets on organic matter quality, underlying processes, and CH, ebullition via LC-FT-ICR
MS. (Q3) Introduction of a simple approach to derive a representative bubble size characterizing the size distribution at the
water surface. Provision of a first reference value for bubble sizes in aquaculture systems and ponds, including their
spatiotemporal variability and relationship with CH4 ebullition rate.

17



3 Results and Discussion

3.1 Thesis outline

This thesis is structured into two sections and a conclusion.

Section 3.2 examines GHG emissions and CH,4 ebullition dynamics in temperate freshwater fish ponds
during the fish growing season. Subsections 3.2.1 to 3.2.4 summarize the main findings published in
my three manuscripts and relate them to the hypotheses outlined in Section 2.1. The results are
interpreted in the context of the existing literature to assess their general relevance and alignment
with previous and subsequent research.

Further results and details can be found in the Appendices A to C.

Adding on the findings already published in my papers, Section 3.2.5 assesses the representativeness
of the CH,4 ebullition measurements conducted and the associated uncertainty in flux estimates using
Monte Carlo simulations (R script in Appendix E).

Section 3.3 expands this perspective by encompassing additional processes of the entire production
cycle that influence the climate impact of temperate freshwater fish ponds, aiming to identify potential
management-based mitigation strategies and to define future key research priorities. It focuses on
developing more climate-friendly aquaculture without altering the production system.

3.2 GHG Emissions and CH4 ebullition from Temperate Freshwater Fish Ponds

3.2.1 Benchmarking GHG Emissions During the Fish Growing Season

Extensive to semi-intensive fish farming in earthen freshwater ponds is widespread globally and
practiced in many nations within the temperate zone (FAO, 2018; Naylor et al., 2021; Verdegem et al.,
2023; Wang et al., 2022b). In Central and Eastern Europe, carp ponds have a long tradition, forming
part of the cultural heritage where pond densities are high (Aubin et al., 2017; Znachor et al., 2023).
As research has mainly focused on aquaculture in tropical and subtropical Asia, the GHG emission
dynamics and climate impact of temperate aquaculture systems remain poorly understood. Data are
urgently needed to enable robust emission estimates and to develop sustainable mitigation strategies.
By 2019, only one study had investigated GHG emissions from temperate freshwater fish ponds —
measuring CH, diffusion from carp ponds in summer and neglecting the potentially important pathway
of ebullition (Rutegwa et al., 2019b). | addressed this knowledge gap and placed my findings in the
context of current research.

Consistent with observations from other aquaculture systems, CHs and CO, emissions varied widely
among the fish ponds, and CH, ebullition exhibited a pronounced spatiotemporal variability within the
intensively studied Gerstenteich (Tables 2 and 3, Appendix C). As confirmed by Mari et al. (2025), the
stationary feeding sites were identified as distinct GHG and CH, ebullition hotspots. Here, CH4
emissions were significantly higher, with bubble gas contents nearly twice as high, resulting in mean
CH, ebullition rates more than 15 times those in the open water area. Ebullition accounted for ~90%
of the total CH4 emissions at the feeding sites, and the factor ‘site’ explained 55% of the variance in
CH, ebullition. While the lowest CH4 emissions were 3 mmol/m? d, the highest fluxes were observed
at the Gerstenteich. During the detailed study in September 2021, the mean CH, ebullition at the
automatic pellet feeder (S00) was 1.24 mol/m? d, exceeding the open water flux by a factor of 155 and
representing the highest CH, ebullition rate reported to date for both natural and aquaculture systems.
Approximately 40% of the total CH4 ebullition originated from the area surrounding the feeding site
(Fig. 3¢), which accounted for only about 5% of the pond area. Excluding the stationary feeding site as
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a distinct hotspot would have resulted in 15% lower CHs emissions from the 2.5 ha Gerstenteich.
Previous studies reported CH, emissions from feeding zones to be up to 5 times higher than those from
open-water areas (Fang et al., 2022a; Yang et al., 2020; Zhao et al., 2021). This pronounced feed-
related effect highlights the need for careful sampling design.

Total CH4 emissions from the Gerstenteich in September were calculated to be 36 mmol/m?d - 6 times
higher than CH, emissions in extensive carp ponds in France (Girard et al., 2024a). Over the 8-month
fish-growing season, this is 7.7 times higher than the IPCC emission factor for freshwater ponds, which
currently includes aquaculture ponds (183 kg CHs/ha yr, IPCC, 2023). In September, more than
310 mol CH4/d were released from the Gerstenteich by ebullition, representing 35% of the total CH,
emissions. The calculated global warming potential of the pond was 19 g COz-eq/m? d (46 t CO,-eq/ha
over 8 months, based on factors from IPCC, 2023), with CH,4 contributing ~85% and the remainder
originating from CO; diffusion. This value is about 4 times higher than that reported for extensive carp
ponds in France (Girard et al., 2024a) or temperate ponds (S¢ et al., 2024).

Consistent with observations from other aquaculture systems (Dong et al., 2023; Girard et al., 2024a;
Vroom et al., 2023; Zhang et al., 2022), my results demonstrate that CH, is the predominant GHG from
temperate freshwater fish ponds. Despite pronounced variability, CHs emissions from these ponds can
significantly exceed those from natural aquatic systems, reaching the upper range of values reported
for tropical or intensive aquaculture (confirming Hypothesis 1.1). This suggests that a joint assessment
with natural pond systems, as currently conducted using IPCC emission factors, likely underestimates
actual emissions. The natural-looking ponds represent significant sources of GHGs.

In addition, ebullition represented a significant CH4 transport pathway, accounting for ~30% of the
global warming potential at the Gerstenteich (confirming Hypothesis 1.1). However, the high ebullition
contributions - accounting for 70 to 90% of total CH, fluxes as reported for tropical or subtropical
aquaculture systems (Tong et al., 2021; Yang et al., 2020; Yuan et al., 2021; Zhao et al., 2021) and for
temperate freshwater fish ponds (Girard et al., 2024a; Znachor et al., 2023) - were observed exclusively
at the stationary feeding sites in this study. During summer, ebullition accounted for about half of the
CH, transported from the ponds to the atmosphere, whereas its proportion declined in autumn.

CO, fluxes in the present study ranged from net uptake to emissions of up to 242 mmol/m?d,
consistent with observations from other studies on temperate freshwater fish ponds (Girard et al.,
2024a; Mari et al., 2025; Rutegwa et al., 2019a). They were significantly higher at feeding sites. The
observed CO, emissions fell within the wide range reported for aquaculture, agricultural, and urban
ponds (Table 3) and are comparable to emissions reported for lakes, reservoirs, rivers, and beaver
ponds (e.g., Deemer et al., 2016; Lazar et al., 2014; Teodoru et al., 2012). Based on a net ecosystem
production of 0.1 mg C/L d, it was estimated that ~69% of the methanogenic CO; produced at the
Gerstenteich was assimilated into photosynthetic biomass, representing a substantial CO; sink in these
eutrophic waters.

As confirmed by Girard et al. (2024a), the temperate freshwater fish ponds acted as weak sources or
sinks of N,O under water-filled conditions. This also applied to the Gerstenteich, despite its high labile
N availability and dissolved inorganic N concentration of 0.7 mg/L. The low redox potentials in
anaerobic sediments promote complete denitrification, resulting in NHs* accumulation and NOs
depletion and thereby constraining N,O formation via denitrification (Schlesinger, 2009). Under such
conditions, N>O is predominantly produced in the oxygenated water column as a by-product of
nitrification. Along a concentration gradient, it diffuses towards deeper water layers and the sediment,
where it can be consumed by denitrifiers, leading to the observed net uptake of N,O in lakes and ponds
(Beaulieu et al., 2015; Deemer et al., 2011; Malyan et al., 2022; Soued et al., 2016; Webb et al., 2019).
Nonetheless, aquaculture ponds display a wide range of N,O emission rates (Hu et al., 2012; Li et al.,
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2019; Yuan et al., 2021), and N,O can replace CH, as the dominant contributor to the global warming
potential of the system under conditions of very high N loading (Deng et al., 2024).

Table 2. Overview of total, diffusive, and ebullitive CH4 emissions from the survey in June 2021 and the detailed study at the
Gerstenteich in September 2021. Total CH4 emissions as the sum of diffusive and ebullitive fluxes. Given is the mean + standard
deviation, the proportion of CH4 in the bubble gas, and the share of ebullition in total CH4 emissions. During the survey, fluxes
were measured near the feeding site and ~55 m towards the centre in the open water area. During the detailed study, an area
with (feeding area) and without (open water area) the direct influence of the feeding was determined based on a radial CH,
ebullition pattern shown in Fig. 3c. In addition, CH4 fluxes at the pole of the automatic pellet feeder (feeding site SO0) and an
estimate for the whole Gerstenteich are given. *Diffusive fluxes measured at SO5 were used as a reference for the diffusion of
the whole pond. As the newly reconstructed nursery pond showed a different CH, emission pattern, these fluxes were excluded.

Survey in June 2021

Gerstenteich in September 2021

Gerstenteich

CH4 Open . Feeding site Feeding  Open water
(mmol/m2d) water Feeding Open S00 area area Pond
area water
Tot. emission 19+19 481 66 1261 131 31+24 36
Diffusion 10+8 19 24 - - 23 +17* 23+17*
Ebullition 9+12 462 42 1238 108 8+7 13
% Bubble gas 52+21 77 81 79 79 55+14 64 +16
% Ebullition 48 96 63 98 82 25 35
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3.2.2 Spatiotemporal Heterogeneity and Key Drivers of CH4 Ebullition

Similar to the variability observed among the fish ponds, the spatial and temporal heterogeneity of
CH4 ebullition within the open water area of the Gerstenteich was of the same order of magnitude as
the mean flux itself (Table 2). Such pronounced spatiotemporal variability is a consistent feature across
CH,4 emissions of temperate freshwater aquaculture, particularly with respect to ebullition (Girard et
al., 2024a; Mari et al., 2025; Rutegwa et al., 2019a; Znachor et al., 2023). My results showed that during
the survey, sediment organic C and N contents correlated significantly with CH, ebullition, with N
explaining 62% of the variability of CH, ebullition (Appendix C). Besides water depth, these were the
only variables that differed significantly between the feeding and open water sites. Sediment organic
C and N contents were twice as high at the feeding sites, reflecting the accumulation of unconsumed,
easily degradable fish feed and feces, along with sludge and fine sediments (Avnimelech and Ritvo,
2003; Boyd et al., 2010). Sedimentary N contents at the Gerstenteich feeding site were more than
twice the mean value observed across feeding sites and were high compared with literature values
from fish pond sediments (Drdzdz et al., 2020). As both contents were strongly intercorrelated, this N
content is indicative of the labile fraction of organic matter (Gebert et al., 2006; Isidorova et al., 2019)
and frequently acts as a driver of GHG emissions from aquaculture systems (e.g., Dong et al., 2023;
Yang et al., 2020; Yuan et al., 2019). The results from the detailed study at the Gerstenteich confirmed
labile organic matter as a major driver, as pore-water total bound N and dissolved organic C, both
highly intercorrelated, explained 98% and 92% of the variability of CH4 ebullition (confirming
Hypothesis 1.2).

When considering only the open water sites of the survey, chlorophyll a showed a stronger predictive
capacity than sediment contents, explaining 44% of the observed variability of CH, ebullition. This
shows that protein-rich, autochthonous organic matter from aquatic primary production was the
primary source of labile organic matter in the open water areas of the ponds (Deemer et al., 2016;
DelSontro et al., 2016; Isidorova et al., 2019; West et al., 2012) and was rapidly consumed. In this way,
sediment contents, system productivity, and trophic status are interconnected drivers of CH,
emissions, fueling especially substrate-sensitive CH4 ebullition (Beaulieu et al., 2019; Davidson et al.,
2018; DelSontro et al., 2018; Grasset et al., 2016; Shaher et al., 2020; Zhou et al., 2019).

In addition, surface water concentrations of NH,*, a mineralization product under reducing redox
conditions, proved to be a strong, easy-to-measure proxy of CH, ebullition, explaining 77% of the
variability. Despite the pronounced eutrophic conditions of the ponds, other inorganic N species, such
as the external electron acceptors NOs” and NO,, exceeded the limit of quantification in the surface
water of only one pond. This is in line with previous findings, which reported positive correlations
between NH;* and negative correlations between NO5; and CH, fluxes (Dong et al., 2023; Ray and
Holgerson, 2023; Yuan et al., 2021).

By modifying redox conditions at the sediment-water interface (Meijer and Avnimelech, 1999; Phan-
Van et al., 2008), dissolved O, concentrations correlated with CH4 ebullition at the feeding sites. Here,
the respiratory demand for O, was highest, leading to a decline in mean water column saturation to
30% in the early morning at the Gerstenteich. However, since O, concentrations vary on the microscale
and aquaculture sediments become anaerobic within ~1 mm (Avnimelech and Ritvo, 2003), the
reliability of this parameter must be considered limited (Holgerson, 2015; Ortega et al., 2019).

Table 4 provides an overview of the results from modelling CH4 fluxes for both campaigns. Labile
organic matter was the primary driver of CH, emission and ebullition in the investigated temperate
freshwater fish ponds, overriding the effects of the slightly greater water depth at the feeding sites.
Therefore, methanogenesis remained limited by substrate availability in these highly eutrophic ponds.
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During the field campaigns, the temperature range was too narrow to detect any effects; however,
from June to September, the water column temperature decreased by 6 °C. Although CH, diffusion
rates were comparable in June and September at the Gerstenteich, a marked temperature influence,
and thus seasonality, was indicated by the 5-fold higher CH,4 ebullition rates in the open water area in
June (Table 2, confirming Hypothesis 1.2). In September, ebullition accounted for a notably lower share
of the now halved total CHs emissions. Temperature is a key regulator of CH, ebullition in aquatic and
aquaculture systems (Aben et al., 2017; Malyan et al., 2022; S¢ et al., 2025; van Bergen et al., 2019;
Yang et al.,, 2020; Yuan et al., 2021; Zhao et al., 2021), and a pronounced seasonality, with CH,4
emissions approximately twice as high in summer, has been observed in temperate freshwater fish
ponds (Girard et al., 2024a; Rutegwa et al., 2019a). This is characteristic of temperate ponds in general
(Ray and Holgerson, 2023; S¢ et al., 2024). Additionally, marked interannual variability has been
observed (Mari et al., 2025). In contrast, a comparison of the daily CH,4 ebullition fluxes revealed only
a minor deviation of 3.3% in this research study.

In addition, wind speed (Rutegwa et al., 2019a) and water depth (Znachor et al., 2023) were identified
as drivers of diffusive CH4 emissions (ebullition not measured) in temperate freshwater fish ponds.

Table 4: Linear modelling of CH4 ebullition, diffusion, and total emission, as the sum of both, using environmental variables
for the survey feeding (SF) and open water sites (SO), as well as for the sites of the detailed study at the Gerstenteich (G).
Given are the number of included sites (n), the adjusted R% and the significance level p. Drivers are sediment organic carbon
(SD.0OC) and nitrogen contents (SD.N), surface water concentrations of ammonium (NH4*), mean dissolved oxygen (0;) and
chlorophyll a (Chl.A) concentrations in the water column, and dissolved organic carbon (PW.OC) and total bound nitrogen
concentrations (PW.TNp) in the pore water.

Parameter Linear modelling Sites n R? Significance level

0.7SD.N+0.3NH;"-0.3 0, SF & SO 24 0.72 p <0.001
0.4 +0.6 NHz*-0.50,+0.3SD.N SF 12 0.87 p <0.001

CH,4 ebullition
-0.5 +0.08 NH;" +0.03 Chl.A SO 12 0.81 p<0.001
115.7 + 323.5 PW.TNy G 12 0.98 p <0.001
CH,4 diffusion 0.6 PW.OC- 0.5 NH," + 0.3 SD.OC SF & SO 24 0.74 p <0.001
Tot. CH4 emission 0.7 SD.N + 0.2 NH,* SF& SO 24 0.70 p <0.001

3.2.3 Influence of Management Practices on CH4 Ebullition

While labile organic matter was identified as the principal driver of CH, fluxes, and feeding sites were
pronounced GHG hotspots, neither fish stocking density nor feeding intensity allowed for direct
conclusions considering all sites (Appendix C). No significant correlations were found between the
input of organic C and N via fish feed and CH. fluxes. Furthermore, no significant correlation was
observed between feed input and fish biomass increase, indicating that natural feed sources and
environmental conditions played an important role in fish yield (Geldhauser and Gerstner, 2022).
Considering only the open water sites, CHs ebullition correlated most strongly with chlorophyll a
content. Since chlorophyll a concentration correlated with organic C input from feeds and with fish
biomass, this suggests a fertilization effect similar to that described by Flickinger et al. (2020), in which
primary production and (internal) eutrophication indirectly drive GHG emissions. In line with these
results, Mari et al. (2025) found no direct link between extensive to semi-intensive carp farming and
CH,4 emissions or the water chemistry in fish ponds in France, although CO; emissions were influenced
by the feeding intensity.

In two ponds, the Gerstenteich and the Kl. Krdhenteich, catfish and tench were produced. Despite
identical fish species, stocking densities, and feeding procedures according to the operator, CH,4
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ebullition was 5- to 11-fold higher at the Gerstenteich (Table 2). The main differences between the
ponds were higher sediment organic C and N contents, along with distinctly higher surface water
concentrations of NHs* and soluble reactive phosphorus (P) in the Gerstenteich, which exhibited a
slightly higher fish yield. Since catfish production began at the Gerstenteich, it has been exposed to
high loads of easily degradable protein feeds for a longer period, which likely explains the observed
elevated contents. In line with findings of Mari et al. (2025), these results indicate that pond and
sediment conditions, shaped by long-term trophic status and management history rather than by
current annual feeding intensity or fish stocking density, governed the CH, fluxes in the studied
temperate freshwater fish ponds.

The previously unknown CH4 ebullition rates of up to 1.81 mol/m?d at the Gerstenteich, however,
suggested a different situation and were investigated in detail. Here, CH,4 ebullition correlated strongly
with pore water total bound N contents. In addition, sediment protein contents were 3.5-fold higher
at the feeding site compared to the open-water area and exceeded literature values (Ape et al., 2019;
Arndt et al.,, 2013; Kemp and Johnston, 1979). These contents correlated significantly with CH,4
ebullition, explaining 58% of the variability. As the feed pellets had a protein content of 45%, ~720 kg
of protein-N was applied during the fish-growing season (Boyd et al., 2007; Hu et al., 2012). Based on
typical assimilation rates of fish, it can be assumed that approximately 540 kg of N derived from protein
returned to the system as feces, even assuming complete feed consumption (Folke and Kautsky, 1989;
Hargreaves, 1998; Hu et al., 2012; Rutegwa et al., 2019b). Proteins can be anaerobically degraded into
monomers within days, beginning with the often kinetically limiting step of hydrolysis into
oligopeptides and amino acids by proteases and peptidases (Chrdst, 2012; Janke, 2002; Mudrack and
Kunst, 2010). These intermediates can be incorporated into microbial biomass or further degraded.
Deamination transforms amino acids into NHs* and volatile fatty acids, being precursors for CH,4
production (Janke, 2002; Weiland, 2010). Under the methanogenic redox conditions in the
Gerstenteich sediments, pore water total bound N is thus expected to consist mainly of dissolved
organic N (such as proteins and their metabolites) and NH,* as the metabolic end product. The
comparison of C/N ratios between the feed and sediment revealed rapid utilization and redistribution
within the pond ecosystem, despite such substantial inputs. As no other parameter correlated
significantly with CH4 ebullition, this indicated that unassimilated feed constituents were the primary
driver of the high CH, ebullition rates at the Gerstenteich, due to the massive labile protein loads
(Hypothesis 1.3).

The adverse effects of such excessive feeding were examined by analysing the composition of sediment
WEOM on a molecular level (Appendix A). Natural organic matter typically shows decreasing intensities
in the formula classes CHO > CHON; > CHOS; > CHON, > CHON3; (Koch et al., 2007; Ohno and Ohno,
2013), and FT-ICR MS analyses beyond three N atoms are therefore seldom done. Similar to the results
of other studies on aquaculture sediments (Aguilar-Alarcén et al., 2022; Nimptsch et al., 2015; Wang
et al., 2021), the overall WEOM of the Gerstenteich was dominated by CHNO, CHOS, and CHNOS
compounds, which accounted for 35, 27, and 22% of the total intensity, respectively, leaving CHO with
only 15%. The summed intensities and relative abundances of CHNO, CHOS, and CHNOS compounds
were significantly higher around the feeding site (SO0, S01, S12*) than in the open water area (S02—
S10, incl. S13*), with a marked difference in the WEOM of S01 and S02, thereby confirming the spatial
extent of the previously inferred feeding zone and Hypothesis 2.1.

CHNO molecular formulas with 3 to 7 N atoms and an O/C vs. H/C range indicative of protein-like
substances (Sleighter and Hatcher, 2007) showed significantly higher intensities in this feeding area,
particularly with increasing numbers of N atoms. Matching compositions of protein oligopeptides were
found (Royal Society of Chemistry, 2023), and indicated that a large proportion consists of protein
fragments and their metabolites. Spearman's rank correlation analysis confirmed that high
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abundances of a protein-like component drove CH; ebullition. N-rich CHNO compounds likely
represented fresh oligopeptides and metabolites constantly replenished at the feeding site, where
they accumulate due to an exoenzymatic bottleneck - similar to observations during biogas production
(Dengetal., 2023; Liet al., 2022; Wang et al., 2022a). By contrast, the distribution of CHN;0 and CHN,O
components was less clear, as these potentially more processed metabolites and hydrolysis products
were likely subject to more rapid exoenzymatic degradation in the feeding area (Danovaro et al., 2010)
and were readily distributed throughout the pond.

In addition, the formula classes CHOS and CHNOS accounted for nearly 50 % of the total intensity.
Accumulations of S-containing molecules, similar to the significantly higher CHNOS and CHOS;
intensities observed at the Gerstenteich feeding area, have been attributed to abiotic nucleophilic
addition of sulphides or polysulphides to deaminated peptides in reducing environments with high
inorganic sulphide concentrations (Abdulla et al., 2020; Gomez-Saez et al., 2016; Melendez-Perez et
al., 2018, 2016; Pohlabeln et al., 2017; Poulin et al., 2017). The pellet feed contained 3.4 + 0.4 g S/kg
dry weight, corresponding to an input of 33.7 kg S into the pond between March and October 2021,
and was similar to the pond sediment’s S contents. Under the strongly reducing sediment conditions,
elevated pore-water sulphide concentrations can be expected. This rapid, non-selective abiotic
sulphurisation process likely explains the high abundance of CHOS and CHNOS compounds at the
feeding area, which, according to database matches, may represent sulphurised oligopeptides (Royal
Society of Chemistry, 2023). An example is CsH13N103S1, which showed a 5-fold higher intensity at the
feeding area and could correspond to Sulfanylpropanoyl-proline, a possible sulphurised protein
metabolite.

These results confirmed Hypotheses 2.1 and 2.2. In addition, my results indicate that the influence of
fish cultivation - specifically fish stocking and feeding - on CH, emissions, particularly CH4 ebullition,
requires a nuanced assessment (Hypothesis 1.3). Labile organic matter in sediments, as the primary
driver of CH,fluxes, is shaped by long-term eutrophication and management histories in traditional
extensive to semi-intensive carp farming. However, the massive input of labile, high-protein feeds can
create conditions in which their unassimilated compounds fuel methanogenesis, and CH,4 fluxes are
directly coupled to fish stocking and feeding management. Feed compounds are distributed
throughout the pond, driving CH4 ebullition. In line with Mari et al. (2025), | conclude that CH,4
emissions from temperate freshwater fish ponds are relatively independent of current annual fish
cultivation intensity, provided that there is no substantial input of easily degradable protein feed.

Most temperate freshwater fish ponds are carp ponds and fall into this category (Francova et al., 2019;
Potuzak et al., 2007). Nevertheless, according to the operator and general trends in literature (Naylor
et al., 2021), consumer demand may shift toward protein-pellet-fed predator species such as catfish.
This shift could further exacerbate the discrepancy between the classification of fish ponds as natural
ponds (IPCC, 2023) and their actual GHG emissions. It is important that this knowledge reaches
relevant authorities and that future research clarifies these effects in greater detail.

Regarding the difference in emissions between Al. Krahenteich and Gerstenteich, despite similar
management, | suspect that, apart from the shorter duration of intensive protein input during catfish
production, possibly not all pellets loaded into the feeder in spring were released and distributed in Al.
Krahenteich during the fish growing season - an assumption that cannot be retrospectively verified. In
addition, the pellet feed introduced substantial amounts of S into the system. The presence of SO4> as
an external electron acceptor, together with elevated salinity in freshwater ponds, was found to
suppress methanogenesis (Baron et al., 2022; Malyan et al., 2022; Naskar et al., 2021; Patel et al., 2025;
Shen et al., 2024; Wang et al., 2017; Yang et al., 2020). Therefore, although the recorded CH4 ebullition
rate was among the highest observed in natural and aquaculture systems, an even greater rate might
have occurred at the Gerstenteich feeding site in the absence of this input.
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The role of submerged macrophytes in aquatic systems is complex. Their easily degradable litter and
roots exudates can promote microbial activity (Ma et al., 2018), while, depending on species and
density, the aerenchym of vascular macrophytes functions as gas conduits emitting up to 98% of the
total CH4 emissions in aquatic ecosystems (Bergstrom et al., 2007; Jeffrey et al., 2019; Wang et al.,
2017; Whalen, 2005; Yang et al., 2022). However, due to its oxygenating effect on the rhizosphere, the
inclusion of high-stalk rice in aquaculture ponds reduced CHs and N,O emissions by 64% and 76%,
respectively, while enhancing overall yield (Li et al., 2023). In about half of the investigated fish ponds,
including the Gerstenteich, submerged macrophytes reaching the water surface were abundant.
Species of Potamogeton, characterized by well-developed aerenchyma, together with the likewise
aerenchymatic Elodea spp., are common in eutrophic ponds (Francova et al., 2019) and were present
in the studied systems, along with duckweed and water lilies. Floating macrophytes can significantly
enhance CH, oxidation in their aerobic rhizosphere, while entrapping gas bubbles and suppressing
diffusion (Kosten et al., 2016). However, the net effect of Lemna spp. remains highly debated due to
their substantial litter production (Mohedano et al., 2019; Rabaey and Cotner, 2022; Wang et al.,
2015). Consistent with subsequent observations in temperate freshwater fish ponds (Girard et al.,
2024a; Mari et al., 2025), no significant difference in CH,4 fluxes was detected between ponds with high
and low macrophyte abundance, thereby rejecting Hypothesis 1.3. While the literature links higher
submerged macrophyte densities to lower eutrophic states, lower phytoplankton abundance, and
lower farming intensities (e.g., Francova et al., 2019; Mari et al., 2025), such effects were not observed
in this study, where macrophytes were partly overgrown, and green algae were also abundant. As
plant-mediated transport was not studied in detail, consolidating the potentially balancing net effect
of submerged macrophytes remains an important objective for future research.

In contrast, CH, ebullition dynamics were likely driven by benthivorous fish activity: while CH; and CO,
diffusion peaked at night, 90% of Gerstenteich sites showed elevated CH,4 ebullition between 5:30 and
10:30 a.m. This increase, unexplained by physicochemical factors but coinciding with general fish
activity, suggests that sediment disturbance by benthivorous fish triggered ebullition, consistent with
previous observations (Bezerra et al., 2020). However, the net effect of bioturbation on GHG emissions
is difficult to predict, as benthivorous activity triggers ebullition (Datta et al., 2009; Frei and Becker,
2005; Leal et al., 2007) but may also oxygenate the water column and sediment, thus inhibiting CH,4
production and bubble formation by continuous sediment disturbance (Adamek and Marsalek, 2013;
Joyni et al., 2011; Oliveira Junior et al., 2019; Yuan et al., 2021). Rutegwa et al. (2019b) attributed the
substantially higher CH, diffusion in nursery ponds, despite lower feed inputs, fish biomass, and
sediment organic C, N, and P contents, compared to main carp ponds, to enhanced sediment redox
conditions driven by bioturbation in the main ponds. And, while Yuan et al. (2021) found no shifts in
sediment redox conditions, Oliveira Junior et al. (2019) reported a 62% decline in CH4 emissions in
mesocosms with benthivorous fish. The overall effect of benthivorous fish activity on GHG emissions
in temperate freshwater fish ponds, therefore, needs to be investigated in more detail.

3.2.4 Characteristics and Spatiotemporal Variability of Bubble Size

Increased methanogenesis at the Gerstenteich feeding site resulted not only in a greater contribution
of ebullition to the total CH4 emissions (as diffusive flux capacities were exhausted), but also in
significantly larger bubble sizes (Appendix B). Although optical bubble sizers failed to detect full bubble
size distributions under the turbid water conditions, O,-derived bubble sizes, based on a single-bubble
dissolution model (Greinert and McGinnis, 2009) and representative of the bubble size distribution at
the water surface, explained the observed CH, ebullition with high accuracy (confirming Hypothesis
3.1). The novel approach revealed pronounced spatial and temporal variability within the pond. At the
Gerstenteich feeding site, where ebullition was with 38.7 +9.4 L/m? d nearly 200 times higher, the
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consistently low O, content in the collected bubble gas was associated with 5-fold larger bubble
diameters (7.2 +1.9 mm) compared to those in the open-water area (1.3 +0.6 mm), confirming
Hypothesis 3.2. This pattern was further supported by the survey data. This research represents the
first quantification of bubble sizes in aquaculture systems and ponds. Other types of freshwater
ecosystems exhibited a relatively narrow size distribution, with mean bubble diameters ranging from
4 to 6 mm (DelSontro et al., 2015; Delwiche and Hemond, 2017a; Ostrovsky, 2003; Ostrovsky et al.,
2008), a pattern now complemented and extended by my findings.

A distinct non-linear relationship between ebullition rate and bubble size was identified (y = 0.41 x°%,

adj. R%:0.79). Less pronounced spatial heterogeneity in bubble size was linked to variations in ebullition
rates and sediment properties (DelSontro et al., 2015; Delwiche and Hemond, 2017a; Ostrovsky, 2003),
but the sediment characteristics at Gerstenteich did not differ significantly. Bubble diameters of up to
10.5 mm observed at the Gerstenteich feeding site likely represent the upper size limit in these 0.5 -
2.5 m-deep ponds, given the high ebullition rates. In addition, diurnal variations were observed: in the
mornings, when benthivorous fish activity was likely highest, smaller bubbles were observed at the
feeding site, where mechanical disturbance can be expected to be highest. My research documented
such diurnal patterns for the first time.

Uncertainty analyses and simulations demonstrated that the introduced O,-derived approach enables
reliable bubble size estimation in shallow, turbid waters, where ebullition is a major GHG pathway, and
other methods reach their limits. Given the comparable solubilities of CH4 and N, in water (Sander,
2015), assuming pure CH4 bubbles leaving the sediment were sufficient for bubble size estimation,
unless CO; was a significant component at very high ebullition rates. The method primarily depends
on accurate measurements of O, contents within the bubble gas and representative assessments of
dissolved O, concentrations. The approach is, however, constrained by water depth: using the Sauter
mean diameter as a measure for the respective bubble size distributions (De Swart et al., 1996;
DelSontro et al., 2015), discrepancies between model-derived and Sauter mean diameters increased
at depths of ~¥25 m. As water depth increases, more and more small bubbles equilibrate with dissolved
O, concentrations and no longer provide size information. Nevertheless, simulations using normal and
in situ size distributions showed that these discrepancies remained < 2 mm at a water depth of 50 m
(assuming 100% O, saturation). In addition, in very shallow waters, the dimensions of bubble traps
may also become limiting.

These evaluations provided additional insights. Based on O,-derived bubble sizes and measured bubble
gas concentrations, initial, sedimentary bubble gas compositions were obtained. At the Gerstenteich
feeding site, mean initial bubble gas comprised 57.5 + 11.9% CH,4, 39.0 £ 13.1% CO,, and 3.6 + 1.5% N,
while in the open water area, CHs and N, accounted for 61.2 + 7.8% and 38.8 £+ 7.8%, respectively, with
CO: being negligible. At the water surface, gas composition at the feeding site was 78.6 + 3.5% CHg,
12.8 +3.4% C0O,, 6.9 £ 1.1% N,, and 0.9 + 0.3% O,, whereas mean surface bubble gas concentration in
the open-water area was 47.5 £ 4.0% CHa, 45.4 £ 3.8% N,, and 4.7 £ 2.1% O,. This pattern shows that
elevated ebullition at feeding sites efficiently stripped N, (and argon) from pore water (Brennwald et
al., 2005; McGinnis et al., 2006; Reeburgh, 1969). Based on data from the open water area, ~14% of
the initial CH4 was stripped from the bubble during its 1.2 m ascent, corresponding to about 27 mol/d
of ebullitive CH4, which subsequently undergoes diffusive emission or oxidation. In addition, the O; loss
via bubble-mediated stripping accounted for ~11% of the estimated net ecosystem production,
representing a substantial yet largely overlooked pathway (Koschorreck et al., 2017; Long et al., 2020).
Last but not least, it indicated bioreactor-like conditions resulting from the massive input of labile
protein feed at the Gerstenteich feeding site. To the best of my knowledge, CO, concentrations in
bubble gas as high as those observed at the Gerstenteich feeding site - both initial and at the water
surface - as well as a mean CO; ebullition rate of 177 mmol/m?d (constituting 73% of total CO,

29



emissions), have not been reported from aquaculture systems or natural aquatic environments, expect
under special geological conditions (Appendix D). Due to its high water solubility, CO, contributes
substantially to bubble gas only under extremely high methanogenesis rates, as observed in biogas
production (Weiland, 2010).

Overall, the findings of this section illustrate a positive feedback mechanism in which, as anaerobic
organic matter degradation intensifies, diffusive CH4 transport becomes insufficient, leading to the
formation of free gas. Ebullition increases disproportionately, accompanied by larger bubbles.
Consequently, the efficiency of ebullition increases while CH, oxidation capacity declines, enabling a
nonlinear escalation of total CH, emissions (Fig. 6). Observations show that ebullition is absent at low
CH, fluxes but becomes dominant at higher fluxes, accounting for up to 90% of total emissions (e.g.,
S¢ et al., 2025, 2024). In shallow, warm aquatic systems enriched with labile sedimentary organic
matter, such as aquaculture ponds, ebullition represents a significant and often dominant emission
pathway, making its representative quantification essential for accurately assessing their climate
impact.
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Figure 6: Relationship between CH, ebullition rate and its contribution to total CH, emissions, represented as the sum of
diffusive and ebullitive fluxes based on survey data and mean values during the detailed Gerstenteich study. Note that this
figure provides an overview only; spatiotemporal variability in diffusive fluxes was not resolved, which limits the representa-
tiveness of the emission proportions shown (s. Appendix C for details).

3.2.5 Monte-Carlo Simulation and Uncertainty Analysis of CH4 Ebullition Estimates

Ebullition, as a long-overlooked yet highly efficient transport pathway, is a major source of uncertainty
in current CH, emission estimates from aquatic ecosystems (Rosentreter et al., 2021). It's pronounced
spatiotemporal heterogeneity poses a major challenge when quantifying ebullitive gas fluxes in the
field. To address this, eight bubble traps were deployed in the seemingly homogeneous open water
area of the Gerstenteich, with sampling conducted every 3 - 5 h over two days. However, authors have
recommended an even higher density of measurement sites and a longer sampling duration (Wik et
al.,, 2016). In addition, a distinct temporal pattern was observed during the field campaign. The
following section evaluates the extent to which the variability was captured and assesses whether the
sampling intensity at the Gerstenteich was sufficient for representative quantification of CH,4 ebullition.
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A Monte Carlo simulation was employed to quantify uncertainty and heterogeneity in CH, ebullition
observed in the open water area of the Gerstenteich in September 2021. This approach is well-suited
to complex systems exhibiting high spatiotemporal variability. The full set of eight open-water sites
was used to randomly sample subsets of sites and time points for spatial and temporal analyses. Given
the known temporal pattern of elevated CH, ebullition during morning hours, the modeling framework
incorporated ‘time of day’ (morning vs. non-morning) as a random effect in a linear mixed-effects
model (Appendix E). For each iteration, the model estimated the mean CH, ebullition flux and the
variance component attributable to temporal heterogeneity. After 1000 repetitions, distributions of
mean fluxes and time-group variances were generated. The final outputs included the average
simulated mean flux and the mean variance of the ‘time of day’ effect, enabling tests for mean
differences between time groups.

To assess spatial representativeness, simulations were run with varying numbers of sampling sites,
allowing assessment of how uncertainty in flux estimates declined as spatial coverage increased.
Similarly, temporal representativeness was assessed by running simulations over an extended
campaign duration, evaluating how uncertainty changed with increased temporal sampling effort.

Consistent with previous results, the histogram of simulated mean values revealed significant spatial
heterogeneity among sites, with an average CH, ebullition rate of 7.9 mmol/m? d (s. Table 2, Fig. 7a).
Considerable variation in mean values underscores the influence of spatial heterogeneity and site
selection on flux estimates, emphasizing the necessity for sufficient sampling sites and replicates. The
histogram of temporal group variances showed a mean value of 9.4 (Fig. 7b), indicating that diurnal
variations contribute notably to the overall uncertainty in flux estimates.

The uncertainty analysis for spatial representativeness revealed that the standard deviation of
simulated mean CH, ebullition fluxes decreased notably as the number of sampling sites increased to
8. Fig. 7c indicates that spatial heterogeneity was well-captured and that additional sites would
introduce only minor improvements in the reliability of average flux estimates. This pattern
emphasises the efficacy of increasing spatial replication to reduce uncertainty. Given that many studies
use fewer sampling sites, the results obtained from the relatively uniformly deep, 2.5 ha Gerstenteich
illustrate the critical importance of sufficient spatial coverage for ensuring the representativeness of
CH, ebullition flux estimates.

Temporal heterogeneity was evaluated using a Monte Carlo simulation approach. For increasingly
longer campaign durations, cumulative data were repeatedly sampled to fit models and calculate the
standard deviation of the estimated means. The simulation revealed a marked decrease in uncertainty
with extended temporal coverage (Fig. 7d). By the second sampling day, both morning and non-
morning periods were adequately represented, and a plateau in uncertainty reduction was reached.
This shows that the sampling duration sufficiently captured the temporal heterogeneity of CHa
ebullition in the system.

Ebullition measurements at higher temporal resolution remain scarce, leaving diurnal patterns and
their drivers poorly understood. The observed temporal pattern was likely driven by bioturbation;
however, other potential drivers such as temperature fluctuations, wind patterns, or routine
management practices may also contribute. The commonly employed 24 h sampling interval (e.g.,
Flickinger et al., 2020; Vroom et al., 2023), also used in this study, obscures such dynamics.
Nevertheless, this analysis underscores that when temporal patterns exist, a sufficient number of data
points within these periods is essential to accurately capture CH, ebullition variability, reduce
uncertainty, and ensure robust quantification. Extending sampling beyond a 24 h window may thus be
necessary.
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Shorter sampling durations risk underrepresenting variability and may underestimate ebullition, given
its episodic nature (Kosten et al., 2020; Wik et al., 2016). Depending on the period, it may, however,
also overestimate the flux. At the Gerstenteich, a large proportion of temporal variability was
attributable to 'time-of-day' effects, implying that shorter sampling windows within or outside these
periods would systematically over- or underestimate the ebullitive fluxes. For instance, measuring
ebullition between 8:30 a.m. and 1:00 p.m. would have led to a 55% overestimation of CH,4 ebullition,
whereas afternoon measurements would underestimate the flux.

All in all, this analysis demonstrates that pronounced heterogeneity in CH4 ebullition results from the
interplay of spatial and temporal variability, and that uncertainty can be significantly reduced through
adequate replication across both dimensions. The observed uncertainty plateaus in spatial and
temporal simulations confirmed the suitability of the applied sampling design for robust quantification
of CH,4 ebullition at this point in time at the relatively homogeneous Gerstenteich. To capture potential
diurnal patterns, | recommend sampling for 2 days. Variable weather conditions may necessitate
longer sampling periods, especially in temperate regions; however, prolonged sampling durations may
introduce artifacts from algal growth if bubble traps are used. Spatial variability of ebullition is
pronounced, especially in more heterogeneous, depth-stratified, or larger systems, and should not be
underestimated. For representative quantification of CH, ebullition in the presented or similar fish
ponds, deploying 8 to 10 bubble traps appears adequate. Furthermore, by quantifying spatial and
temporal uncertainties, the Monte Carlo simulation approach proved to be a valuable and effective
tool for optimizing sampling strategies and critically assessing data representativeness.
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Figure 7. Results of modelled Monte Carlo simulation using open water data from the Gerstenteich study in Sept. 2021:
(a) histogram of modelled mean CH,4 ebullition; (b) histogram of the variance of the effect of ‘time of day’ (morning vs non-
morning); (c) uncertainty of the CH4 ebullition flux estimates with increasing number of sites; (d) uncertainty of the CH,
ebullition flux estimates with increasing sampling duration. SD is abbreviated for standard deviation.
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3.3 Climate Impact and Management-Based Mitigation in Temperate Freshwater Fish Ponds

Following the examination of GHG emissions and CH4 ebullition dynamics during the fish growing
season, the scope of this section expands to cover additional processes across the entire production
cycle thatinfluence the climate impact of extensive to semi-intensive temperate freshwater fish ponds.
Building on recent studies and my own research (Appendices A - C), the objective of this section is to
identify targeted, management-based mitigation strategies to effectively reduce the climate impact of
these systems and to outline priorities for future research.

It is important to note that fish ponds not only act as hotspots of C cycling and GHG emissions but also
represent significant sites of C sequestration. In contrast to lakes, ponds can sequester considerable
amounts of C, particularly in systems characterized by abundant macrophytes, fish, and elevated N:P
loads (Holgerson et al., 2024; Taylor et al., 2019). This also applies to aquaculture ponds, where C
sequestration is shaped by management practices (Adhikari and Lal, 2017; Girard et al., 2024a; Li et
al., 2025b; Mari et al., 2025). Feeding and high microbial activity drive an internal eutrophication
process, which stimulates primary production and overall sedimentation (Smolders et al., 2006).
However, aquaculture management practices are also designed to limit organic matter accumulation
via water exchange, aeration, dredging, and periodic drainage (Boyd et al., 2010). Besides preventing
siltation, this is essential because the buildup of reduced, organic matter-rich sediments can generate
toxic compounds and cause critically low dissolved O, concentrations during summer, impairing fish
yield (Avnimelech and Ritvo, 2003). Consequently, C burial rates in aquaculture ponds are generally
lower than those reported for small eutrophic impoundments and reservoirs, but can exceed those of
natural wetlands, with considerable variability among systems (Boyd et al., 2010; Table 3). Sediment
depth increases with pond age, while sedimentation rates tend to decline (Boyd et al., 2010; Steeby et
al., 2004). Interestingly, no direct correlations were found between feeding intensity or fish density
and sediment organic C contents or burial rates (Boyd et al., 2010; Steeby et al., 2004), but they were
highest with sediment-stirring species such as tilapia or carp, which incorporate recently-deposited
organic matter deeper into the sediment (Steeby et al., 2004).

Studies quantifying C balances in aquaculture ponds remain scarce but identify these systems as net C
sinks during the fish growing season across tropical, subtropical, and temperate climates (David et al.,
2021; Flickinger et al., 2020; Girard et al., 2024a; Zhang et al., 2020). The main C inputs comprise feed,
inlet water, and photosynthesis, whereas sedimentation and water discharge constitute the primary
outputs, alongside species-dependent biomass accumulation (David et al., 2021; Flickinger et al., 2020;
Rutegwa et al., 2019b; Zhang et al., 2020). CH, and CO, emissions, including ebullition, represent minor
fluxes in these balances, accounting for only 1 to 5% of total C output in freshwater polyculture ponds
(David et al., 2021; Flickinger et al., 2020). In contrast, C emissions accounted for up to 33% of total C
losses in a saltwater aquaculture pond in China (Zhang et al., 2020). Driven by photosynthetic CO,
uptake, a net C sequestration of 4.2+10 t COz-eq/ha was observed in 20 extensive temperate
freshwater fish ponds in France over the 6-month fish growing season (Girard et al., 2024a). The
authors suggest that drained fallow years trigger C sequestration by subsequently increasing
submerged macrophyte abundance, similar to the results of Holgerson et al. (2024). With decreasing
macrophyte density, the initial positive C balances in the first two years became more variable, until in
the fifth and last year, all investigated ponds were C sources. The long-term perspective on whether
and to what extent such temperate freshwater fish ponds serve as C sources or sinks remains,
however, unclear (Girard et al., 2024a). Comprehensive datasets encompassing all transport
mechanisms, relevant GHGs, and management practices across the entire production cycle of the
various production systems are required to develop scientifically sound estimates.

An important management phase not yet represented in these C budgets is the globally widespread
practice of pond drainage for harvesting, cleaning, and sediment remediation. In temperate freshwater
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fish ponds, winter drainage is routinely conducted to enable carp harvesting in autumn (Aubin et al.,
2017; Geldhauser and Gerstner, 2022). While drainage lasts only weeks in some cases, ponds often
remain empty until spring or gradually refill through precipitation. Moreover, as mentioned, traditional
summer drainage is still practiced in certain regions (Girard et al., 2024a; Mari et al., 2025). Declining
water levels reduce hydrostatic pressure, and even minor fluctuations or waves facilitate ebullition
(Maeck et al., 2014). During draining, a large fraction of dissolved CH, stored in sediment pore water
is converted into the gas phase and released into the atmosphere. While the magnitudes of such
events have not yet been quantified, it can be expected to exceed average fluxes by orders of
magnitude. In addition, drainage causes drastic shifts in sediment redox conditions, and elevated GHG
emissions were reported from exposed sediments (Keller et al., 2020; Kosten et al., 2018; Marcé et al.,
2019; Obrador et al., 2018; Von Schiller et al., 2014). Depending on sediment moisture and transitional
water level, marked increases in CO,, CH4, and N,O emissions have been observed in aquaculture
systems during this phase compared to pre-drainage conditions (Girard et al., 2024a; Lang et al., 2025;
Yang et al., 2015, 2018; Zhang et al., 2023). Aerobic degradation processes, driven by labile organic
matter, increase CO, emissions but also enhance substrate availability for methanogenesis in residual
anoxic habitats within the still sufficiently water-saturated sediment. Especially shallow water columns
result in high CH4 emissions via ebullition and limited CH4 oxidation (Bastviken et al., 2008; Lang et al.,
2025; Yang et al., 2018). In temperate freshwater fish ponds, CH, and CO, emissions reached 23.9 t
CO»-eqg/ha during the early, still-wet stage of summer drainage, a climate impact value distinctly higher
than under water-filled conditions, with CH, accounting for more than half of the total emissions.
Although emissions are expected to decrease as the ponds dry, these measurements indicate that the
ponds act as net C sources on an annual scale (Girard et al., 2024a). In addition, N,O production
increases under less reductive sediment redox conditions and altered N species distribution (Yang et
al.,, 2018; Yuan et al., 2021). Moreover, rewetting events can induce substantial CO,, CHs, and N;O
emission peaks across a variety of ecosystems due to the combined effects of physical processes and
enhanced microbial activity (Birch, 1958; Kim et al., 2012; Pinto et al., 2021). Pronounced peaks of CO,
and CH, after drying and rewetting of reservoir sediments were sufficiently high and lasted up to
several weeks to be potentially significant for GHG budgets despite their transient nature (Kosten et
al., 2018). Therefore, precise quantification of fluxes during these transitional and drained phases is
critically needed.

Although data availability is limited and GHG emissions are driven by accumulated sedimentary organic
matter (e.g., Joyni et al., 2011), this meta-analysis suggests that C sequestration may provide a means
to sustain the long-term climate impact of temperate freshwater fish ponds at a low level. In addition,
GHG emissions could be reduced by avoiding drainage, when possible, quick refill after harvest
drainage, and/or controlling sediment moisture during drainage periods. If ponds remain undrained
during winter, CH; fluxes decrease more than CO, emissions due to their greater temperature
sensitivity (S@ et al., 2024), thereby preventing uncontrolled GHG emission peaks.

To maintain pond productivity, periodic dredging is, however, essential. To reduce emissions from
excavated sediments (Kosten et al., 2020), deep soil incorporation or agricultural reuse of dredged
sludge could be an option and requires further research. In the studied fish ponds, dredging is
conducted only to a limited extent every 3 to 5 years and mainly involves the drainage troughs and
harvesting pits. Organic matter accumulates in the ponds, driving CH4 emissions, or is compacted into
small islands or deposited along the edges, where ongoing mineralization contributes to GHG
emissions and pond eutrophication. According to the German Closed Substance Cycle Waste
Management Act (Kreislaufwirtschaftsgesetz), dredged material is classified as waste, requires
analysis, and may be disposed of in landfills due to, e.g., elevated heavy metal contents. Consequently,
dredging has become costly and is therefore avoided, so that drainage becomes the preferred measure
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to reduce the accumulation of organic matter through mineralization and GHG emission. Optimizing
this system through legislative reform seems necessary.

In addition, deepening the shallow, ~1 m-deep fish ponds by dredging may reduce especially CHa4
emissions by lowering sediment temperature and increasing hydrostatic pressure, suppressing CHa
production and ebullition. A deeper water column can enhance CH, oxidation and bubble dissolution
(Bastviken et al., 2008; McGinnis et al., 2006). Therefore, water depth is frequently a key driver of CH,4
fluxes in aquaculture and aquatic systems (Beaulieu et al., 2016; Dong et al., 2023; Li et al., 2025a; Yuan
et al., 2019; Zhang et al., 2022; Znachor et al., 2023). With a mean water temperature of 23.9 + 1.0°C
at Gerstenteich in September, deeper ponds could also reduce thermal stress and improve fish
performance (Riha et al., 2021). Moreover, enlarging and combining small ponds to reduce terrestrial
organic matter input from litter or runoff may further decrease GHG emissions and enhance natural
mixing of the water column (Holgerson and Raymond, 2016; Ray and Holgerson, 2023; S¢ et al., 2024,
Zhao et al., 2025).

However, if regular sediment removal is not feasible under current regulations, an extended, more
controlled form of traditional summer drainage may offer an alternative (Geldhauser and Gerstner,
2022; Girard et al., 2024b). Introduced in the 16th century, a fallow year every 3 to 4 years was
employed to enhance mineralisation and control parasites (Francova et al.,, 2019). To shift GHG
emissions during this phase towards CO, and limit overall climate impact, precise control of water
levels and sediment moisture is, however, required to ensure active drainage (Lang et al., 2025).

Apart from these considerations, the previous sections showed that temperate freshwater fish ponds
are not inherently strong GHG sources with high climate impacts. Although substantial emissions can
occur, variability among ponds is considerable. To minimize and stabilize these GHG emissions at a low
level during the fish growing season, labile organic matter accumulation and eutrophication need to
be limited.

In this context, the feeding management is essential. While grain is typically used in temperate carp
ponds (Geldhauser and Gerstner, 2022; Rutegwa et al., 2019b), high-protein feeds for predatory
species created bioreactor-like conditions at the Gerstenteich. Feed pellets with high protein contents
are widely applied globally, often regardless of species requirements or life stage (Cottrell et al., 2021,
Henriksson et al., 2021). Research repeatedly shows that high protein contents are not necessary for
optimal fish yield and can even have adverse effects (Henriksson et al., 2021; Kabir et al., 2019; Li and
Lovell, 1992; Saha et al., 2022). In salmon production, lowering protein content improved feed
conversion (Henriksson et al., 2021). As NHs* is a toxic end product of N-rich organic matter
degradation, reducing the N content of fish feed also enhances water quality and fish welfare
(Avnimelech and Ritvo, 2003; Crab et al., 2007; Das et al., 2021; Miiller-Belecke, 2023; Saha et al.,
2022). In addition, a lower protein content can enhance natural feed productivity within ponds, a
crucial food component in extensive to semi-intensive aquaculture ponds (Kabir et al., 2019). Such
considerations highlight the need to reconsider the use of costly high-protein feeds, especially since
feed pellets still contain wild fish, and their production - beyond exploiting ocean resources - is a major
contributor to aquaculture's C footprint (Boyd and Davis, 2020; Hammer et al., 2022; Henriksson et al.,
2021; Li et al., 2025b). Although alternative protein sources derived from plants, algae, bacteria, or
insects are under development, their production involves considerable costs and associated emissions
(Hammer et al., 2022; Li et al., 2025b). In summary, literature, including my own research (Appendix A
and C), demonstrates that pellet feed composition is still immature and future research should
therefore prioritize optimizing feed conversion efficiency to reduce eutrophication and GHG emissions
in aquaculture systems (Boyd and McNevin, 2024; Deng et al., 2023; Ghosh et al., 2020; Li et al., 2025b;
Macleod et al., 2020; Ozlu et al., 2022; Yuan et al., 2019).

36



However, grain-fed temperate carp ponds also suffer from overapplication, as only a low percentage
of the applied organic C, N, and P inputs can be assimilated by the fish, while the surplus fuels further
eutrophication and excessive phytoplankton growth. One advantage of traditional carp farming is that,
in addition to relatively low labour requirements and simple management, natural food sources are
efficiently utilized, and high-protein feed is not required (Geldhauser and Gerstner, 2022). The
efficiency of planktonic food webs in transferring primary production via zooplankton into fish
biomass, however, is limited (Rutegwa et al., 2019b). Overfertilisation is a common issue in fish ponds
(Dalbem Barbosa et al., 2024). Eutrophication increases phytoplankton density, suppresses
macrophyte growth, and thereby reduces the availability of natural food sources (Francova et al., 2019;
Mari et al., 2025), while simultaneously increasing the risk of cyanobacterial blooms (Backovi¢ and
Tokodi, 2024). Although diminished under intensification, submerged macrophytes remain a
characteristic feature of temperate freshwater fish ponds and continue to perform important
ecosystem functions (Francova et al., 2019; Majeed et al., 2025; Mandal and Bera, 2025). Therefore,
reducing eutrophication and increasing macrophyte abundance can strengthen the food web in fish
ponds and reduce overall reliance on external feed sources. Although their presence was not
associated with elevated diffusive or ebullitive GHG emissions in the investigated ponds or in other
temperate freshwater fish ponds (Girard et al., 2024a; Mari et al., 2025), their net effect remains
difficult to predict. To investigate plant-mediated transport in detail is thus a task for future research.

In addition, the feed application can be optimized. Inefficient practices, such as manually stirring to
recover leftover grain and adding unrecorded amounts, as at the studied carp ponds, risk nutrient and
organic matter overloading. Effective management requires adjusting feed quantities based on actual
consumption by monitoring uneaten feed and maintaining application records. Simple innovations,
such as liftable feed boxes on rotating arms, could improve control. For automatic feeders, reducing
release volume and trigger sensitivity, along with input tracking, helps prevent exceeding daily feed
limits. If possible, stationary feeding sites should be avoided as point sources and GHG hotspots. If feed
is distributed more evenly, local CH4 production rates are lower, and ebullition accounts for a smaller
share of the total CH4 emissions, reducing the overall efficiency of CH, transport to the atmosphere.
This could also stimulate the use of natural fish feeds. However, redistribution strategies must be
carefully designed and evaluated to ensure maximum feed consumption and avoid additional
eutrophication.

Polyculture with benthic feeders that consume phytoplankton and process residual organic matter, or
technologies like biofloc that convert nutrients and organic matter into fish-available forms, could also
enhance overall conversion efficiency, improve water quality, and reduce GHG emissions (Dong et al.,
2023; Flickinger et al., 2020; Li et al., 2024; Ma et al., 2018; Malyan et al., 2016; Miller-Belecke, 2023;
Zhang et al., 2022). Numerous studies investigated the influence of production systems, cultivated
species, and management on GHG emissions in Asian aquaculture (Bhattacharyya et al., 2013; Dong et
al., 2023; Ma et al., 2018; Paudel et al., 2015; Wang et al., 2017; Xiao et al., 2019; Yuan et al., 2019;
Zhang et al., 2020, 2022). Although the overall picture remains fragmented and generalizations are
limited, emerging evidence indicates that integrated or mixed systems, as well as intensified,
controlled systems, tend to emit lower GHG. Therefore, future research may investigate such options
in temperate freshwater fish ponds.

To prevent further eutrophication, practices such as fertilization or manuring should now completely
belong to the past. Due to the already highly eutrophic or even hypertrophic conditions of many carp
ponds, the use of organic manure and mineral fertilizers has decreased since the 1970s (Francova et
al., 2019; Pechar, 2000; PotuZak et al., 2007). In contrast, liming seems to mitigate the adverse effects
of nutrient overload to some extent (Mari et al., 2025). Observations from Brauereiteich in this
research study indicated that poor water quality led to a collapse in fish production (Appendix C).
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Aeration, mainly employed in intensive aquaculture, can reduce CH, emissions by increasing sediment
redox potential and stimulating oxidation in the water column (Fang et al., 2022a). However, it may
also stimulate N,O production and promote dissolved gas stripping from the water column (Yang et
al., 2023; Zhang et al., 2024). Evidence from aquaculture in China shows that aeration can reduce CH,
fluxes by up to 80% but increase N,O fluxes by 47% (Zhang et al., 2024). The authors conclude that, in
addition to the enhanced fish yield, the projected decrease in CH4 emissions would outweigh the global
warming potential associated with higher N,O emissions. In extensive to semi-intensive temperate
freshwater fish ponds, aeration remains uncommon as it requires installation costs and a continuous
power supply, and contributes to overall CO, emissions. Given the variability in GHG emissions in non-
aerated temperate ponds, aeration is not necessary, but could serve as a complementary measure to
alleviate hypoxia during periods of high temperature, thereby improving fish welfare. Although
dissolved O; concentrations influenced CH4 emission in this study, priority should be given to strategies
that mitigate eutrophication and promote natural water mixing (Ray and Holgerson, 2023).

In conclusion, extensive to semi-intensive carp ponds represent a traditional and adapted aquaculture
system in temperate regions. The observed variability in GHG emissions alongside the notable
potential for C sequestration indicate that more climate-friendly management is achievable. Current
evidence shows negative C balances, suggesting that C sequestration can offset GHG emissions during
the fish growing season. Recommendations for climate-friendly management, therefore, include
exploiting this potential by developing effective strategies to ensure long-term C storage of dredged
sediments. Moreover, emissions of CHs, the dominant GHG, can be mitigated by improving water
quality and reducing labile organic matter accumulation through adaptive feed management and
avoiding further fertilization. While drainage is a central component of temperate fish pond
management, evidence shows that it causes substantial CO,, CHs, and N,O emissions. Therefore,
drainage should be avoided when possible, limited in duration, and managed to maintain a controlled
low water level. The complexity of these biogeochemical systems underscores the continued need for
targeted, empirical research to refine mitigation approaches. Mitigating the climate impact of
temperate freshwater fish ponds requires legislative adjustments, knowledge transfer, and potential
financial support for aquaculture operators.
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4 Conclusive Summary

Global climate change is one of the main challenges of our time. Freshwater aquaculture, crucial for
meeting future protein demands and ensuring food security, is a climate-relevant and increasing
source of GHGs (Naylor et al., 2021; Verdegem et al., 2023). Despite the recognized research need, the
focus has been on GHG emissions from Asian aquaculture systems. Extensive to semi-intensive
temperate freshwater fish ponds, which have a long tradition in Europe (Potuzak et al., 2007), differ,
however, in management, species, and environmental conditions from such conditions. As the first to
investigate the climate impact of temperate freshwater fish ponds by quantifying diffusive and
ebullitive CO,, CH4, and N,O emissions from 12 ponds in Eastern Germany during the fish growing
season, this study helped reduce persistent uncertainties in regional and global GHG emission
inventories. The extensive to semi-intensive fish ponds acted as weak N,O sources, whereas CO; and
CH4 emissions showed a strong inter- and intra-system variability, reaching values comparable to those
of tropical and subtropical aquaculture. Consequently, applying an emission factor for freshwater
ponds in global estimates, as currently done, underestimates the actual anthropogenic emissions
associated with these aquaculture systems (IPCC, 2023).

CH4 was the dominant GHG, and CH, ebullition represented a major transport pathway, exhibiting a
pronounced spatiotemporal heterogeneity comparable in magnitude to the mean flux. Focusing on
the effective, yet long-overlooked pathway revealed labile, N-rich organic matter in the sediments as
the primary driver, yet a strong effect of temperature was also indicated. CH, ebullition was largely
independent of annual characteristics of extensive to semi-intensive carp cultivation; however,
massive inputs of easily biodegradable protein feed for catfish production led to the development of
bioreactor-like conditions at the Gerstenteich feeding site, resulting in the highest CH, ebullition rates
reported to date in both natural and aquaculture systems. In addition, stationary feeding sites
represented distinct GHG hotspots. Among the novel aspects of this study are detailed insights into
the influence of protein feeds on sediment organic matter composition, degradation processes, and
CH, ebullition. In addition, NHs* proved to be an easy-to-measure proxy for CHs ebullition.

By introducing a novel method for deriving representative bubble sizes, the limitations of existing
measurement techniques were overcome, and first insights into spatiotemporal bubble size variability
in aquaculture and pond systems were gained. Compared to other freshwater studies, bubble sizes
were distinctly smaller - except at the Gerstenteich feeding site, where mean bubbles were 5.5 times
larger. The acquired knowledge shows that increasing anaerobic degradation not only increases the
contribution of ebullition to total CHs; emissions but also leads to larger bubble sizes,
disproportionately increasing CHs ebullition efficiency and overall emissions. Investigating the
spatiotemporal variability of CH, ebullition and the representativeness of emission estimates revealed
a distinct diurnal, probably bioturbation-driven, ebullition pattern with smaller bubbles, underscoring
the need for sufficient sampling sites and duration for robust quantification. Monte Carlo simulations
proved to be a valuable tool for quantifying uncertainties and optimizing sampling designs in complex
systems.

In summary, all hypotheses were confirmed except for Hypothesis 1.3, as the influence of fish
cultivation on CH,4 emissions in temperate freshwater fish ponds was found to depend on the feeding
management and the cultivated fish species, and Hypothesis 3.2, since the required measurements
could only be partially conducted.

My research drew attention to aquaculture systems, regions, emission pathways, and processes that
have previously been overlooked (Fig. 2). Beyond advancing the mechanistic understanding of CH,
ebullition dynamics and providing the first characterization of the climate impact of temperate
freshwater fish ponds during the fish growing season, my research established a basis for identifying
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key research priorities and developing a first mitigation framework for more climate-friendly
management. The pronounced variability observed among the investigated fish ponds suggests that
temperate freshwater systems do not necessarily represent major GHG sources. Mitigating
eutrophication and reducing labile organic matter accumulation, alongside optimized feeding
management, can substantially lower GHG emissions and CH4 ebullition, while drainage should be
avoided or shortened. Moreover, the substantial C sequestration highlights the potential of these
systems to enhance their long-term Csink function. Future research should cover the entire production
cycle to robustly quantify annual C balances, improve regional and global emission estimates, and
enable a systematic overview of different production systems and management practices. To provide
scientifically sound recommendations and guide sustainable aquaculture development, it is important
to include all climate-relevant gases and emission pathways in a representative manner. In particular,
the focus should be on GHG emissions during drainage, plant-mediated gas transport, net effects of
submerged macrophytes and bioturbation, C sequestration, diurnal, seasonal, and interannual
fluctuations. Future research should aim to increase feed conversion and optimize management-based
mitigation measures. In addition, establishing a national aquaculture registry, including systematic and
detailed monitoring of cultivated species, production systems, and management practices, could
significantly improve the accuracy of national GHG emission inventories. To ensure climate-friendly,
sustainable production methods adapted to local social and ecological conditions, both targeted
research and legislative action are required.
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ABSTRACT

Aquaculture is a climate-relevant source of greenhouse gases like methane. Methane emissions depend on
various parameters, with organic matter playing a crucial role. Nevertheless, little is known about the compo-
sition of organic matter in aquaculture. We investigated the effects of excessive loading of high-protein fish feed
on the quality of sediment organic matter in a fishpond to explain extremely high methane ebullition rates
(bubble flux). Analysing the molecular composition of water-extractable organic matter using liquid chroma-
tography Fourier-transform ion cyclotron resonance mass spectroscopy, we found strong differences between the
feeding area and open water area: low-molecular weight nitrogen and sulphur-rich organic compounds were
highly enriched at the feeding area. In addition, methane ebullition correlated well with sediment protein
content and total bound nitrogen in pore water. Our results indicate that feed proteins in the sediments are
hydrolysed into oligopeptides (CHNO) and subsequently converted to CHOS and CHNOS components during
anaerobic deamination of protein and peptide fragments in the presence of inorganic sulphides. These metab-
olites accumulate at the feeding area due to continuous feed supply. Our findings illustrate the adverse effects of
excessive feeding leading to bioreactor-like methane emissions at the feeding area. Improving feed management
has the potential to make aquaculture more climate-friendly.
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C. Waldemer et al.
1. Introduction

Methane (CHy) is a potent greenhouse gas and its atmospheric con-
centration has almost tripled since pre-industrial times and is currently
still increasing (Dlugokencky, 2021; Nisbet et al., 2016; Schaefer et al.,
2016). It causes about 25 % of the atmospheric warming to date
(excluding the effects of water vapour; Etminan et al., 2016). Increas-
ingly, freshwater ecosystems are coming into focus as sources of CHy
(Rosentreter et al., 2021). Here, methanogenesis takes place primarily in
the sediment, regulated by temperature, redox conditions, and the
quantity and quality of organic matter (Bastviken, 2009). CH4 then
enters the atmosphere via two main pathways: It diffuses from the
sediment into the water column and from there, spatially integrated by
mixing, into the atmosphere. At high rates of methanogenesis, gas
bubbles form and CHy is emitted by ebullition (bubble flux; Bastviken,
2009). Ebullition shows a high spatiotemporal heterogeneity (e.g., Wik
et al., 2016). Its significance depends not only on CH4 production, but
also on physical parameters such as water depth and sediment texture,
which determine how easily a bubble can be formed and released into
the water (Boehrer et al., 2021; Sirhan et al., 2019). In shallow, organic
matter-rich ecosystems, CH4 ebullition is a very efficient transport
pathway which prevents CH4 oxidation in the water column. Aquacul-
ture ponds are such ecosystems. They emit large amounts of CH4 and are
known as ebullition hotspots, as the transport via gas bubbles frequently
accounts for up to 80-90 % of total CH4 emissions (Kosten et al., 2020;
Rosentreter et al., 2021; Tong et al., 2021; Vroom et al., 2023; Yang
etal., 2020; Yuan et al., 2021). Aquaculture ecosystems cover over 8 Mio
ha globally (Verdegem and Bosma, 2009), and with aquaculture being
the fastest-growing sector in food production, an increasing trend is
observed (FAO, 2022).

In aquaculture, methanogenesis is promoted by the high input of
labile, readily biodegradable organic matter consisting of unconsumed
feed, faeces, and nutrient-stimulated aquatic primary production
(Avnimelech and Ritvo, 2003; Kosten et al., 2020; Pechar, 2000).
Recently, the highest CHy4 ebullition rate reported to date for natural and
aquaculture ecosystems was observed at the stationary pellet feeding
site of a temperate fishpond (Waldemer and Koschorreck, 2023). Since
methanogenic bacteria degrade dissolved substrates, pore water total
bound nitrogen (N) and dissolved organic carbon (C), and not sediment
solid phase contents, correlated with CHy4 ebullition (Waldemer and
Koschorreck, 2023). The stronger influence of N indicated that the
quality of the microbially available organic matter played a major role
(Waldemer and Koschorreck, 2023). Under specific conditions, the
biodegradability of organic matter depends on its composition and
structure (e.g., Derrien et al., 2023; Ohno et al.,, 2014). However,
characterisation of organic matter quality is not trivial as organic matter
is a heterogeneous, polydisperse mixture of many thousands of complex
organic molecules, reflecting the processes and conditions of the
respective surroundings (Kothawala et al., 2021). Due to its high accu-
racy and sensitivity, ultrahigh-resolution Fourier-transform ion cyclo-
tron resonance mass spectroscopy (FT-ICR MS) provides detailed
information on molecular composition, and molecular formulas (MF)
can be assigned to an ever-increasing number of molecular masses
(Hertkorn et al., 2008; Herzsprung et al., 2017). Coupling with addi-
tional separation techniques such as high-performance liquid chroma-
tography (LC) based on molecular polarity, further increases accuracy
and sensitivity and enables the study of highly complex samples (Han
et al., 2021; Jennings et al., 2022; Kim et al., 2019).

In this study, we examined the water-extractable organic matter
(WEOM) of the sediment to explain the previously reported exception-
ally high CH4 ebullition rates from a fishpond (Waldemer and
Koschorreck, 2023). We expected a molecular difference in WEOM
composition between the feeding area and the open water area due to
the high input of the protein-rich fish feed. A detailed analysis of the
organic matter quality further offers the possibility of drawing conclu-
sions about the mechanisms involved in microbial degradation of fish
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feed derived organic matter. Proteins are degraded anaerobically in
several steps: Hydrolytic exoenzymes (proteases and peptidases) break
down the macromolecules first into oligopeptides and finally into amino
acids, which are then incorporated into microbial biomass or further
degraded to methanogenic educts and CH4 (Janke, 2002). Since hy-
drolysis can be the kinetically limiting step (Chrost, 2012; Mudrack and
Kunst, 2009), we expected an accumulation of these metabolic in-
termediates at the feeding area. We aimed to identify this change in
organic matter quality using the highly sensitive LC-FT-ICR MS. The
overarching goal is to better understand the processes underlying the
high CH4 emissions from aquaculture systems and, in light of global
climate change, contribute to the development of more adapted man-
agement strategies to reduce these emissions.

2. Methods
2.1. Study site description

Our study site, the 1.2 + 0.3 m deep Gerstenteich with an area of 2.5
ha, was located near Bautzen, Germany (51°29'N; 14°49'E; Fig. 1, photos
in Fig. S1). According to the operator, the freshwater pond was con-
structed >400 years ago. After being drained in winter, it was semi-
intensively stocked with 580 kg ha™! of two-year-old catfish (Silurus
glanis) and tench (Tinca tinca) in March 2021. A stationary, automatic
pellet feeder dispensed a certain amount of fish feed with a protein
content of 45 % into the water below when triggered by fish. The
floating feeder was located at the harvest pit, the deepest point of the
pond (1.65 m). By harvest in October 2021, 4000 kg ha~!of pellet feed
yielded 1600 kg ha™! of fish biomass. Measures such as fertilisation,
liming, aeration or dredging have not been taken at least in the last 3
years. There was no significant in- or outflow of surface water but a high
abundance of submerged water plants (open water area) and phyto-
plankton in the eutrophic pond. Deciduous trees and reeds surrounded
the pond as a narrow belt of littoral vegetation between adjacent
grassland and farmland.

Overview of published results:

As described in detail in Waldemer and Koschorreck (Waldemer and
Koschorreck, 2023), ebullition was studied at the Gerstenteich in
September 2021. A radial ebullition pattern around the automatic pellet
feeder was observed with a CH, ebullition of 1238 mmol m~2d ! at F1,
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Fig. 1. (A) Outline of the fishpond Gerstenteich near Bautzen, Germany, with
the locations of bubble traps to measure CH,4 ebullition (details in Waldemer
and Koschorreck, 2023). The feeding area (sites F1-3 in bold) with elevated
ebullition rates compared to the open water area (sites W1-9) is marked in
grey. (B) The map shows the location of the study site within Germany. (C) The
aerial photo gives an overview of the immediate surroundings of the pond.
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the highest rate reported so far for natural and aquaculture ecosystems
(Fig. 1). Outside a zone of elevated CH4 ebullition (radius approx. 20 m),
it decreased to 8 + 7 mmol m 2 dL. Therefore, a distinction was made
between the “feeding area” (sites F1-3) and the “open water area” (sites
W1-9; Fig. 1). Within the 8 months of fish production, it was estimated
that 85 % of the total annual organic C input comes from protein-rich
fish and plant meal fish feed. Pore water total bound N and dissolved
organic C had adjusted R? values of 0.98 and 0.92 when correlated
linearly with CHy4 ebullition (p < 0.001). However, neither the N and
organic C content of the sediment solid phase nor their ratio were
significantly correlated with CH4 ebullition. Some site-specific values
are listed in Table S1.

2.2. Field work

The field work was done as described in Waldemer and Koschorreck
(Waldemer and Koschorreck, 2023). Briefly, sediment samples were
taken from the uppermost 5 cm using a gravity corer (UWITEC, Austria).
The sediment was stored anaerobically in Anaerocult® A bags (Merck
Millipore, Germany) and transported to the laboratory under refrigera-
tion for further analyses.

2.3. Chemical analyses

Sediment samples were transported and processed anaerobically to
obtain pore water for LC-FT-ICR mass spectrometer analysis. However,
precipitates formed in the acidified pore water before analysis, which is
why the freeze-dried and homogenised sediment subsamples (Waldemer
and Koschorreck, 2023) were used to extract WEOM. For this, the
sediment was dissolved in ultra-pure water (Integral 5, Merck, Darm-
stadt, Germany) with a ratio of 1:10 (w/w) following to DIN EN ISO
21268-2 (2019), shaken for about 12 h and centrifuged (Eppendorf
5804, Hamburg, Germany) for 4 min. We selected the ratio of liquid to
solid to account for the removal of sediment pore water due to the freeze
drying (original sediment water content: 75 + 11 %; Waldemer and
Koschorreck, 2023). The supernatant was filtered through 0.45 pm sy-
ringe membrane filters to obtain aqueous sample extracts for WEOM
analysis (mean recovery rate of organic C in aqueous extracts: 0.5 + 0.2
%). Aqueous extracts were diluted 1:10 with ultrapure water and
measured in random order by LC-FT-ICR MS using the method as
described in (Han et al., 2021), using 100 pL for injection into the LC.
Briefly, a reversed phase polar end-capped C18 ULC column (ACQUITY
HSS T3, 1.8 pm, 100 Z\, 150 x 3 mm, Waters, Milford, U.S.A.) equipped
with guard column (ACQUITY HSS T3 VanGuard, 100 A, 1.8 pm, 2.1
mm x 5 mm, Waters) was used for the separation of WEOM. Mobile
phases were ultrapure water with 0.05 % formic acid to reach pH 3 and
methanol (LC-MS-grade, Biosolve, Valkenswaard, Netherlands) to which
the same amount of formic acid was added. In the counter gradient
pump both mobile phases (methanol and ultrapure water) were used
without formic acid. Suwannee River Fulvic Acid from the International
Humic Substances Society (SRFA II; 2S101H) and select model com-
pounds were used for quality control of the LC system. The LC column
outlet was connected to an FT-ICR mass spectrometer equipped with a
dynamically harmonised analyser cell (solariX XR, Bruker Daltonics,
Billerica, U.S.A.) and a 12 T refrigerated actively shielded super-
conducting magnet (Bruker Biospin, Wissembourg, France). Electro-
spray ionisation source (Apollo II, Bruker Daltonics) in negative mode
was used with an ion accumulation time of 250 ms, 2 MWord data size,
and a mass range of m/z 147-1000.

Protein was extracted with sodium hydroxide and analysed photo-
metrically as explained in Bradford (Bradford, 1976). In addition, after
the C and N content of the sediment solid phase and the fish feed had
already been determined (Waldemer and Koschorreck, 2023), the
sulphur (S) content was measured using the same CN analyser (CN
analyser vario EL cube, Elementar Analysensysteme GmbH, Germany).
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2.4. LC-FT-ICR MS data analysis and calculations

LC-FT-ICR MS chromatograms were segmented into approx. one-
minute wide segments between 10 and 20 min. WEOM eluted mainly
between 10 and 15 min and so five segments with mean retention times
of 11.0, 12.2, 12.9, 13.6 and 14.5 min (width: 0.5-1.2 min) were pro-
cessed. Due to some large chromatographic peaks, adjusted segment
widths were chosen to avoid problems with mass spectral calibration.
All scans within each segment (per segment: 23-52 scans) were then
averaged and treated as individual mass spectra as described in previous
work (Han et al., 2021). Briefly, the signal to noise threshold was set to
four, and the spectra were internally recalibrated with a mass list of
commonly found organic matter masses (151 < m/z < 879; 38 < cali-
brants < 195, rmse < 0.2 ppm, n = 60). Mass spectral averaging and
internal re-calibration of segments was done in DataAnalysis (version
5.0, Bruker Daltonics). After calibration, molecular formulas (MF) were
assigned for the mass range 150-1000 Da with an error threshold of 1
ppm using in-house software considering the following elements:
12Cy 60, *Co-1, hydrogen (H) "Ho_122, "®0¢ 40, *No_s, **So_3, and **Sg 1.
As compromise between the detection potential at high molecular mass
(with the applied ion transfer settings) and the presumed aqueous sol-
ubility of large peptides, we limited the MF assignment to eight N atoms.
Only formulas with 0.3 <H/C <2.5,0<0/C<1,0<N/C<0.50<
DBE < 20 (double bound equivalent, DBE = C - (H/2) + (N/2) +1, where
C is the number of carbon atoms, H the number of hydrogen and halogen
atoms, and N the number of nitrogen atoms) and —10 < DBE-O < +10
(DBE-O = DBE - O with O as the number of oxygen atoms) were
considered for further data evaluation (Herzsprung et al., 2016; Koch
etal., 2014). To limit incorrect assignments due to the inclusion of up to
eight N atoms in the formula assignment, specific MF validation filters
were implemented including a mass error distribution approach (s. Text
S1; Gao et al., 2024). Isotopologue formulas (13C, 343) were used for MF
validation and quality control but removed from the final data set as
they represent duplicate chemical information. MF present in any of
three instrument blanks (i.e., injection of ultrapure water) were
removed from the respective segments. We differentiate between the MF
classes CHO, CHNO, CHOS and CHNOS as the main components of
dissolved organic matter.

The MFs found at two-thirds of the sites of the feeding area (F1-3; MF
present in >2 out of 3 samples) and the open water area (W1-9; MF
present in >6 out of 9 samples) were combined to two substitute average
samples by using the median (absolute) peak magnitudes (RAW; s. also
Text S2). This resulted in the average samples “F” and “W”, each with
five segments. Changes at the molecular level in the WEOM of the
feeding area and the open water area were determined based on the
change in peak magnitude (SRAW) of each mass peak “i” in each
segment using equation Eq. (1) according to Lechtenfeld et al. (2024):

RAWF — RAWY
RAWY

i

SRAW; = 1)
MFs with positive intensity change (SRAW > 0) were enriched in the
feeding area compared to the open water area and those with negative
intensity change (SRAW < 0) were depleted. In addition, the median
peak magnitudes of the substitute spectra “F” and “W” were used to
calculate the values for inter sample ranking (details in Text S2).

2.5. Statistics

Wilcoxon rank sum and t-tests were performed after the normality
check (Shapiro Wilk test) to determine significant differences between
MF classes, sediment protein and S contents of the feeding area and the
open water area. A linear correlation analysis between CH,4 ebullition
and the sediment protein content was performed. In addition, Spear-
man's rank correlation was calculated between molecular formula
abundances and CHy4 ebullition (Text S4). The software R was used for
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statistical analysis and data visualization (R Core Team, 2019).
3. Results and discussion

3.1. Protein-rich feed as driver of CHy ebullition

The protein content in the sediment was highest at the centre of the
feeding area (F1) with 118.0 mg g ! and declined to 33.4 + 5.9 mg g !
in the open water area (Fig. 2, Table S1). A comparison with literature
values shows that these protein contents surpassed those observed in
eutrophic marine ecosystems and aquacultures (Ape et al., 2019; Del-
I'Anno et al., 2002; Garcia-Rodriguez et al., 2011; Neira et al., 2001;
Patel et al., 2001; Pusceddu et al., 2003; Rossi et al., 2003; Vezzulli et al.,
2004). Notably, sediment protein data for freshwater ecosystems and
aquacultures are rare. On the one hand, this data scarcity may be
attributed to the rapid degradation of labile proteins in natural ecosys-
tems, as a result of which generally low levels can be expected (Arndt
et al., 2013; Knicker and Hatcher, 1997). In aquaculture sediments, on
the other hand, the nutrient content is typically high (Avnimelech and
Ritvo, 2003) and the protein content itself might be of secondary in-
terest. However, analogous to marine sediments (Arndt et al., 2013;
Burdige, 2007), amino acids can account for 20 % of the organic matter
in lacustrine sediments (Kemp and Johnston, 1979). In the sediment of
the open water area of the Gerstenteich, proteins accounted for 34.5 +
7.1 % of the organic matter. These values increased to 66.1 + 30.8 % in
the feeding area. The results therefore indicate an enrichment of the
sediment with proteins through the addition of protein-rich fish feed,
particularly in the feeding area.

This protein addition can be estimated to 4500 kg over the fish
growing season from March to October 2021 (protein content fish feed:
45 %). This is equivalent to approx. 720 kg of protein-N (Boyd et al.,
2007; Hu et al., 2012). As the total N input via the feed was 775 kg
(Table S1), proteins were the primary N source. Even if the pellet feed
was fully consumed by the fish, only approx. 25 % of this N is assimilated
(Hargreaves, 1998). 540 kg of protein-N can thus be assumed to return
to the ecosystem as fish faeces - 82 % of which probable already in a
dissolved, microbially more available form according to estimates of
Folke and Kautsky (1989). Assuming that the fish biomass contained
15.2 % N (Hilborn et al., 2018) and that there were no additional N
sources from natural feed production in the pond (which is usually the
case with this type of management), 50 % of the feed-N (i.e., 46.2 % of
protein-N) would be lost to eutrophication and accumulation in the
sediment. This is consistent with a previous study in another hyper-
eutrophic, semi-intensively managed carp fishpond in the temperate
zone: the efficiency of fish biomass production was found to be only 25
% of the N input and the majority of the organic C, N and phosphorus
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Fig. 2. Mean CH,4 ebullition rate (Waldemer and Koschorreck, 2023) and
sediment protein content of the Gerstenteich with distance to the automatic
pellet feeder (site F1, distance: 0 m). Marked in grey is the feeding area (sites
F1-3), in white the open water area (sites W1-9).
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inputs were directed towards ecosystem respiration and accumulation
(Rutegwa et al., 2019). This explains the typically observed high sedi-
ment accumulation in fishponds of up to 3.7 cm yr~! (Boyd et al., 2010)
and the high sediment N contents in aquaculture (Drozdz et al., 2020), in
the upper range of which the contents of the Gerstenteich also lie
(Table S1).

The measured sediment protein content correlated significantly with
the observed CH, ebullition (R? of 0.58, p < 0.05; Fig. 2), indicating
protein as a driver of CHy4 ebullition in the Gerstenteich. While undis-
solved proteins are initially unavailable for microbial degradation, they
can be anaerobically degraded into monomers within several days
(Weiland, 2010). Anaerobic protein degradation occurs in steps as the
hydrolytic exoenzymes proteases and peptidases break down the mac-
romolecules first into oligopeptides and amino acids, which are then
further degraded or incorporated into the microbial biomass (Janke,
2002; Weiland, 2010). Deamination transforms amino acids into
ammonium and volatile fatty acids, from which CH, is produced. As
described in Waldemer and Koschorreck (2023), also pore water total
bound N proved to be a very robust driver for CHy4 ebullition (R?0f0.98,
p < 0.001). Due to the methanogenic redox conditions in the sediments,
it can be assumed that the parameter mainly represents dissolved
organic N, such as proteins and their metabolites, as well as ammonium
as the metabolic end product of such N-containing organic matter. This
suggests that the quality, not the quantity of organic matter drives mi-
crobial activity in the Gerstenteich: N-rich, easily biodegradable pro-
teins and their metabolites from uneaten fish feed and faeces led to the
exceptionally high CH, ebullition rates of up to 1238 mmol m2d L. To
learn more about the composition of this pool and gain insights into
underlying biochemical processes, WEOM was extracted and analysed
by LC-FT-ICR MS.

3.2. Organic matter quality via LC-FT-ICR MS

LC-FT-ICR MS analysis provided detailed insights into the quality of
organic matter at the molecular level. The method enabled the estima-
tion of the relative proportions of individual formula classes in the
WEOM of the Gerstenteich: Overall, CHNO constituted the largest group
accounting for 35 % of the total intensity of all assigned MF, followed by
CHOS and CHNOS with 27 and 22 %, respectively. CHO only accounted
for 15 % of the total intensity of all assigned MF.

The summed intensities of all CHNO compounds in the feeding area
were significantly higher than those in the open water area (p < 0.001;
Figs. 3-5, s. also Fig. S2). The van Krevelen diagram in Fig. 3 shows the
CHNO components in relation to their H/C and O/C ratio and demon-
strates the difference in the WEOM of the neighbouring feeding and
open water sites, F3 and W1, as an example (s. also chromatograms in
Fig. S3A-B). Organic matter samples usually show a decreasing number
of molecules in the direction CHO > CHN;O > CHOS; > CHN,O >
CHN3O (Koch et al., 2007; Ohno and Ohno, 2013) and FT-ICR MS data
analysis beyond three N atoms are rare. However, since protein frag-
ments and metabolites consist of amino acids, the CHNO formula class
was expanded to up to eight N atoms. Over all retention times, the
WEOM from the feeding area showed a higher number and intensity of
CHNO-MF compared to the open water area (Figs. 4-5). A hotspot of
CHNO, exhibiting characteristics indicative of potential protein-like
substances (Sleighter and Hatcher, 2007), was identified in the range
0.2 < 0/C<0.5and 1.5 < H/C < 2.0 (Fig. S4A-B). With the help of the
Chem Spider database (Royal Society of Chemistry, 2023), matching
compositions of oligopeptides could be found for MFs with particularly
high intensities in the feeding area and up to seven N atoms (Table S2).
This indicates that the large amount of CHNO compounds we found
especially in the feeding area WEOM likely consist of protein fragments
and their metabolites.

To assess differences in WEOM quality between the feeding area and
open water area, the peak magnitude change (SRAW) was calculated
according to Eq. (1) for CHO, CHNO, CHNOS and CHOS compounds
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Fig. 3. Molecular hydrogen-vs-carbon (H/C) to oxygen-vs-carbon ratio (O/C) of LC-FT-ICR MS derived molecular formulas (MF) at 13.6 min retention time. (A) Site
F3 (feeding area) and (B) site W1 (open water area, approx. 8 m away). The size of the dots represents the relative peak intensity of the respective MF. Only MF
classes CHO (blue) and CHNO (red, with 1 to 8 N atoms) are displayed for simplicity.
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Fig. 4. Intensities of molecular formulas (MF) of the feeding area (F) and of the
open water area (W) over the retention times 11.0 to 14.5 min for the MF
classes CHO, CHNO (with 1 to 8 nitrogen atoms), CHNOS (with 1 to 8 nitrogen
and 1 to 3 sulphur atoms) and CHOS (with 1 to 3 sulphur atoms). Boxplots are
shown with median (black line), 25 and 75 % quantiles (box) and 1.5 IQR
(whiskers). Statistical significance thresholds were determined according to
data normality using the t and the Wilcoxon rank sum test and resulted in p-
values of <0.001 (***), and <0.05 (*).

(Figs. 5 and S5). In contrast to CHO, the CHNO, CHNOS and CHOS
compounds had higher relative abundances in the feeding area. This
trend is also evident in Figs. 4 and S4 and aligns with the observations
made by Nimptsch et al. (2015) and Kamjunke et al. (2017) in aqua-
culture sediments. Of note, here we used LC-FT-ICR MS to analyse water-
extracted organic matter from freeze-dried sediment samples, whereas
the literature data used solid-phase extraction of dissolved organic
matter, followed by analysis with direct injection mode FT-ICR MS,
limiting a direct comparison between datasets (Lechtenfeld et al., 2024).
A pronounced shift towards higher SRAW values was observed for
increasing numbers of N atoms in CHNO-MF. This indicates that espe-
cially oligopeptides with larger number of N atoms were abundant in the
feeding area.

The inter-sample ranking technique shown in Fig. S4 enables a more
detailed visualization of these effects (s. Text S2). Over all retention
times, CHN- 0 components within the protein-like range of 0.2 < O/C
< 0.5 (Sleighter and Hatcher, 2007) had higher intensities at the feeding
area (rank 1) compared to the open water area (Fig. S4A). In addition,
their molecule masses increased with increasing number of N atoms
(Fig. S4B). This further supports our hypothesis that these components
are oligopeptides: Although amino acids can contain two or more N
atoms (Gln, Asn, Lys, His, Arg, Trp), this only affects 30 % of all amino
acids. An increasing number of N atoms therefore goes hand in hand
with an increasing number of amino acids in the molecule and thus with
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Fig. 5. Distribution of differences in peak magnitudes (SRAW) between the
feeding area and the open water area for all retention time segments combined
(11.0 to 14.5 min) and the molecular formula (MF) classes CHO (blue), CHNO
(separated according to 1 to 8 nitrogen atoms in red), CHNOS (with 1 to 8
nitrogen and 1 to 3 sulphur atoms in green) and CHOS (with 1 to 3 sulphur
atoms in yellow). MFs with a positive SRAW were accumulated at the feeding
area compared to the open water area, MFs with negative SRAW were depleted.
The number of MFs per class is stated. The dashed lines indicate peak magni-
tude variability thresholds (+26.5 %) determined from duplicate injections.

an increasing molecular mass (mean mass (CHN;0): 342 Da -> mean
mass (CHNgO): 630 Da). The intensity distribution of CHN;O and
CHN30 components, on the other hand, was less clear (rank 1 and 2),
which is consistent with a SRAW closer to zero in Fig. 5. CHNO com-
pounds with a higher number of N atoms can thus be interpreted as
larger oligopeptides and less degraded metabolites of the fish feed
proteins, which are constantly replenished at the feeding area. There-
fore, their accumulation in the feeding area is consistent with our
expectation. CHN;0 and CHN,O components as more processed me-
tabolites and hydrolysis products, are present at the feeding area, but are
also degraded particularly quickly here: Due to the constant supply of
proteins, a high concentration of exoenzymes is to be expected at the
feeding area (Brown and Goulder, 1996; Danovaro et al., 2010), an
adaptation of the microbial community to maintain the high microbial
activity that leads to the observed high CH4 ebullition rates. A lower
abundance and intensity of these compounds in the feeding area
compared to the open water area is therefore comprehensible. The
Spearman rank correlation analysis (s. Text S4) provided direct evidence
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that elevated abundances of protein-like components were a driving
factor for CH4 ebullition. CHNO with 1.5 < H/C < 2.0 and 0.2 < O/C <
0.5 exhibited strong and statistically significant correlations with CHy4
ebullition (Fig. S6).

The S-containing formula classes CHOS and CHNOS, accounting
together for almost 50 % of the total intensity, generally showed the
same intensity distribution as the CHNO class: significantly higher in-
tensity at the feeding area compared with the open water area (Figs. 4-5,
S4C-D). Especially for CHOS, with H/C > 1.5 relatively larger in-
tensities were found at the feeding area, despite these molecules were
mainly small (< 400 Da) with a low number of C atoms (<15). The S
content of the pellet feed was determined at 3.4 + 0.4 g kg~ DW, so that
33.7 kg S were added to the pond at the feeding area between March and
October 2021. Due to the strongly reducing conditions in the sediment
(Waldemer and Koschorreck, 2023) and the high S input, high sulphide
concentrations can be expected in the pore water. Although the total S
content of the solid phase was similar at all sites (3.3 + 0.6 g kg~' DW,
Table S1) and corresponded to the S content of the fish feed, sulphate in
the range of 5.3 mg L™! was only detected in the pore water of F1. A
possible explanation could be that the increased fish activity directly at
the feeding site led to resuspension of sediment, whereby sulphides were
oxidised to sulphates in the oxygenated water column before redeposi-
tion (Table S1). As an external electron acceptor, sulphate has the po-
tential to inhibit methanogenesis until this pool is depleted and sulphate
has been reconverted to sulphide (Madigan and Martinko, 2013). Ac-
cumulations of CHOS molecules in presence of elevated inorganic sul-
phide concentrations were, however, reported from eutrophic and
oxygen-depleted aquatic systems (Melendez-Perez et al., 2016, 2018),
and a correlation between CHOS and sulphide concentrations was found
(Poulin et al., 2017). Abdulla et al. (2020) showed, that CHOS; and
CHOS; can be formed anaerobically by abiotic nucleophilic addition of
sulphides or polysulphides and that deaminated peptides can undergo
such alterations resulting in CHNOS compounds. In addition, the rela-
tively rapid, non-selective nature of this abiotic sulphurization in
reducing environments was demonstrated (Gomez-Saez et al., 2016;
Pohlabeln et al., 2017; Poulin et al., 2017). Such abiotic sulphurization
processes could explain the high abundance of CHOS and CHNOS
compounds found especially in the sediments of the feeding area with
the fish feed being the source of both, sulphides and dissolved organic
matter in the Gerstenteich. The compound CgH;3N;03S;, for example,
which exhibited a five-fold higher intensity at the feeding area, could be
a sulphurised oligopeptide (Sulfanylpropanoyl-proline; Table S2).
However, the fact that these compounds can also be found at site W7, 83
m away, also illustrates that the feed inputs at the feeding site affected
the organic matter of the entire fishpond.

3.3. Implications for a more climate-friendly aquaculture

The expansion of aquaculture is seen as a solution to the overfishing
of the world's oceans, but aquaculture also harbours risks due to massive
feed application and over-fertilisation (Henriksson et al., 2021; Mirto
et al., 2012). The use of protein-rich feed is widespread globally, often
applied regardless of species and species life cycle phase and differing
greatly from the natural diet in the wild (Cottrell et al., 2021; Henriksson
et al., 2021). In addition, the expensive protein pellets still contain large
proportions of fish caught in the sea (Henriksson et al., 2021). The
continuous supply of faeces and uneaten feed pellets in aquaculture al-
ters the quantity and quality of sedimentary organic matter and creates
anoxic conditions with potentially toxic compounds reducing the water
quality (Avnimelech and Ritvo, 2003). Our results now illustrate the
effect of excessive protein-feeding on organic matter quality and CHy4
production of the entire Gerstenteich, but especially at the stationary
feeding area. A previously in natural and aquaculture ecosystems un-
known CH4 ebullition of 1.24 mol m~2 d~! was observed (155 times
higher than in the open water area; Waldemer and Koschorreck, 2023),
which, as we were able to show, was mainly driven by degradation
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products of unassimilated feed protein. Due to the high rate of meth-
anogenesis here, ebullition accounted for 98 % of the total CH4 emission
(Waldemer and Koschorreck, 2023) and the bubble gas contained
considerable amounts of methanogenically produced carbon dioxide
(CO9; Waldemer et al., 2024). CO4 is highly soluble in water and is
therefore only part of the bubble gas at extremely high methanogenesis
rates, such as in biogas production (Waldemer et al., 2024; Weiland,
2010). Thus, the massive, unspecific input of high-protein feeds created
conditions similar to those in a bioreactor. Literature to biogas pro-
duction agrees that hydrolysis via exoenzymes is generally the rate-
limiting step (Deng et al., 2023; Li et al., 2022; Wang et al., 2022),
while kinetics and CH4 yield depends on a variety of parameters
(Bevilacqua et al., 2020; Duong et al., 2022; Weiland, 2010). Consistent
with this, >100 times higher intensities were observed for possible oli-
gopeptides at the feeding area using LC-FT-ICR MS (s. Table S2). This
analogy shows once again the need for a rethink in aquaculture practice
to make it more climate friendly.

The literature shows that high protein levels in fish feeds are not
always necessary and can even have a counterproductive effect on fish
production (Avnimelech and Ritvo, 2003; Kabir et al., 2019; Li and
Lovell, 1992; Saha et al., 2022). In salmon production, for example,
measures such as the optimisation of feed, including the reduction of
protein content, have led to significant improvements in feed conversion
and environmental impact (Henriksson et al., 2021). The wide range of
greenhouse gas emissions observed in the literature shows that aqua-
culture can be climate-friendly (e.g., Rosentreter et al., 2021). There is a
variety of aquaculture systems and management practices and by far not
all of them lead to high greenhouse gas emissions. Adapting manage-
ment and feeding strategies to increase efficient feed assimilation and
reduce eutrophication and organic matter accumulation could be a
promising way to make aquaculture more climate-friendly. Whether, for
example, the innovative bio-flocs technology, which has shown positive
effects on protein utilisation (Crab et al., 2007; Das et al., 2021; Saha
et al., 2022), represents a more climate-friendly alternative for the
aquaculture type studied awaits future research. Closing such knowl-
edge gaps is necessary to enable recommendations for companies and
decision-makers and to protect the environment and climate through
more sustainable aquaculture under the respective local social and
ecological conditions.

4. Conclusion

Aquaculture is a climate-relevant source of greenhouse gases like
CH4 (Rosentreter et al., 2021). CH4 emissions from aquaculture systems
are heterogenous and depend on various parameters, with organic
matter quality playing a crucial role. Nevertheless, little is known about
the molecular composition of organic matter in aquaculture systems and
the influence of applied fish feed. We investigated the effects of exces-
sive loading of high-protein fish feed pellets on sediment organic matter
quality using a transect from the stationary feeding site to the centre of a
temperate, semi-intensively managed fishpond to explain the extremely
high CH4 ebullition rates (bubble flux) measured. Analysing the mo-
lecular composition of water-extractable organic matter with LC-FT-ICR
MS, we found a strong enrichment of low-molecular weight nitrogen and
sulphur-rich organic compounds at the feeding area compared to the
open water area. The measured CHy ebullition correlated well with
sediment protein content and total bound nitrogen in the pore water. In
addition, Spearman rank correlation analysis evidenced that high
protein-like component abundance drove CH4 ebullition. Our results
indicate that feed proteins were hydrolysed to oligopeptides (CHNO)
and drove methanogenesis resulting in CHy4 ebullition rates of 1.24 mol
m~2 d ™! at the feeding site. In addition, subsequent conversion to CHOS
and CHNOS components during anaerobic deamination of protein and
peptide fragments in the presence of inorganic sulphides was indicated.
These metabolites accumulated at the feeding area due to continuous
feed supply. Our findings illustrate the adverse effects of excessive
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protein feeding leading to bioreactor-like CH4 emissions and provide
new insights into the composition and transformation of organic matter
in aquaculture systems. Aquaculture is an important contributor to
global food production but often involves excessive feeding with
expensive, protein-rich feeds (Cottrell et al., 2021; Henriksson et al.,
2021; Naylor et al., 2000, 2021). Improving feed management has the
potential to make aquaculture more climate-friendly and sustainable
and, with our study, we hope to provide further incentives to rethink
aquaculture feed management.
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ABSTRACT

Rising bubbles play a fundamental role in emitting greenhouse gases from shallow waters. Their
size is crucial for bubble dissolution, gas exchange with the surrounding water, and the release
of gases into the atmosphere. However, little is known about bubble sizes in shallow waters. To
address this, we investigated bubble diameters in a 1.2 m deep fish pond, employing 2
methods: first, we measured the bubble size distributions by optical bubble sensors; second, we
used an existing single bubble dissolution model to determine diameters representative for the
respective bubble size distributions at the water surface based on measured bubble oxygen
contents and dissolved oxygen concentrations. Results from optical bubble sensors were
relatively similar at all sites; however, subsequent analysis revealed problems, particularly in
detecting small bubbles under turbid, shallow water conditions. Model-derived bubble
diameters ranged from 0.5 to 10.5 mm, varied spatially within the pond, and displayed diurnal
fluctuations. With increasing bubble flux, bubble diameters increased; bubbles at feeding sites
were larger than in the open water area. A detailed sensitivity analysis revealed that, depending
on the bubble size distribution, the uncertainty of the model increases with increasing water
depth. For a typical bubble diameter of 5 mm, the simple method can provide robust estimates
of representative bubble size in waters shallower than 50 m.
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Introduction

Ebullition, the gas flux via bubbles, is an efficient trans-
port pathway for climate-relevant gases like methane
(CH,) into the atmosphere (Bastviken et al. 2011).
These fluxes are, however, difficult to determine, and
large uncertainties remain in current estimates of ebul-
litive greenhouse gas emissions (e.g., Rosentreter et al.
2021). In freshwater ecosystems, ebullition can account
for >80% of the total CH, emissions (e.g., Casper et al.
2000, DelSontro et al. 2010). Because of the high input
of organic matter and shallow water depth, pond ecosys-
tems, including artificial ponds in aquaculture, repre-
sent particular ebullition hotspots with high CH,
emissions (Kosten et al. 2020, Rosentreter et al. 2021,
Zhang et al. 2022, Waldemer and Koschorreck 2023).
While small bubbles may dissolve during their ascent
through the water column, large bubbles dominate the
gas transport (Greinert and Niitzel 2004, McGinnis
et al. 2006, Ostrovsky et al. 2008, DelSontro et al.
2015). Especially in shallow waters, only a small fraction
of the CH, initially contained in larger bubbles dissolves
during bubble rise and can eventually be oxidised in the

water (Kankaala et al. 2006, Delwiche and Hemond
2017a), emphasizing the importance of bubble sizes
for determining the CH, flux into the atmosphere (Del-
Sontro et al. 2015). To date, however, little is known
about bubble sizes in freshwater ecosystems, and, to
our knowledge, no published study has investigated
bubble sizes in ponds.

Bubbles form when the sum of the partial pressure
of dissolved gases exceeds the sum of the atmospheric
and hydrostatic pressure (Miyake 1951). Nitrogen
(N,) and argon (Ar) enter water and sediment mainly
via diffusion from the atmosphere and are usually rep-
resented in surface waters at gas pressures close to atmo-
spheric partial pressure. As a consequence of its high
water solubility, carbon dioxide (CO,) usually contrib-
utes little to gas pressure. Only oxygen (O,, in the
water column by photosynthesis) and CH, (in the sedi-
ment by anaerobic decomposition of organic matter)
are usually produced at rates high enough to raise gas
pressure for bubble formation (Boehrer et al. 2021).
Because O, and CH, are produced or consumed by
chemical and biological processes, their partial
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pressures vary in dependence of the corresponding reac-
tion rates (Madigan and Martinko 2006, Boehrer et al.
2021, Shikhani et al. 2024). In equilibrium, the initial
gas composition of bubbles reflects the ratio of partial
pressures at the location of its formation (Boehrer
et al. 2021), which explains why bubbles that leave
reduced, methanogenic sediments consist mainly of
CH, and N, in proportions that vary depending on
CH, production and diffusive N, supply from the
water column (Langenegger et al. 2019). During their
ascent, the bubbles exchange gases with the surrounding
water and lose CH,4 while taking up O, from the oxygen-
ated water column (McGinnis et al. 2006). The rate of
this gas exchange depends mainly on the surface to vol-
ume ratio of the bubbles and the time required to reach
the surface. Water depth and initial bubble size are
therefore important parameters, which determine if,
and with what final gas composition, a bubble reaches
the water surface, and thus the atmosphere (Leifer and
Patro 2002).

The few studies that have investigated the size spec-
trum of bubbles in freshwater ecosystems suggest a
rather narrow bubble size range, with mean diameters
4-6 mm and a high proportion of small bubbles
(Ostrovsky 2003, Ostrovsky et al. 2008, DelSontro
et al. 2015, Delwiche and Hemond 2017a). Measuring
bubble sizes in situ is not trivial, and methods are lim-
ited (e.g., Delwiche and Hemond 2017a). The 2 main
approaches are acoustic and optical methods. Passive
acoustic methods use audio recordings to analyse the
sound generated by oscillating bubbles upon their
release from a solid surface (Leifer and Tang 2007),
and the Minnart formula relates the sound frequency
to the bubble size (Ivanova et al. 2022). More frequently,
active acoustic methods are used, in which the rising
bubbles are identified as individual acoustic targets in
echograms, and empirical relationships are used to con-
vert acoustic backscatter strength to bubble volume
(Ostrovsky et al. 2008). The latter can be used to survey
large volumes of water (DelSontro et al. 2015), while
acoustic shadows and external noise are the main limi-
tations and complicate the analysis of dense bubble
plumes or the differentiation between organisms and
bubbles (Ostrovsky et al. 2008, DelSontro et al. 2015).
In addition, a minimum water depth is required to esti-
mate the rise velocity, which is used to distinguish bub-
bles from other objects. Optical detection, the second
major technology in use, can rely on image recognition
algorithms that search for characteristic diffraction pat-
terns or shapes (Al-Lashi et al. 2018). Bubble sizers, by
comparison, use optical sensors to detect the passage
of individual bubbles funneled into a narrow transpar-
ent tube (Delwiche and Hemond 2017a). They provide

direct access to bubble volume information and can be
used in shallow waters. Here, the minimum water
depth is determined by the design.

In this study, we tested an innovative method for
determining representative bubble size at the water sur-
face and the gas flux into the atmosphere by using the
O, content of bubble gas collected with conventional
bubble traps. We assumed that bubbles leaving the sedi-
ment were O,-free (Avnimelech and Ritvo 2003), and
that the O, content at the water surface originated exclu-
sively from stripping from the water during the ascent.
Hence, bubble size is determined by water depth, dis-
solved O, concentrations, and ebullition rate (Leifer
and Patro 2002, McGinnis et al. 2006). A representative
bubble size was calculated from the bubble O, content
using an existing single bubble dissolution model (Grei-
nert and McGinnis 2009). For comparison, we mea-
sured bubble sizes with optical bubble sizers according
to the design of Delwiche and Hemond (2017a). The
aim of this study was to apply and evaluate the described
modeling approach and to compare it with bubble sizer
measurements in a shallow freshwater fish pond. We
hypothesized that bubble size is related to ebullition
rates, leading to (1) spatially and temporally variable
bubbles sizes and (2) increasing bubble sizes with
increasing ebullition rate. To generalize our findings,
we also estimated bubble sizes in 10 adjacent, similarly
managed fish ponds using data from Waldemer and
Koschorreck (2023).

Methods
Study site description

Our study site, the 2.5 ha Gerstenteich fish pond, is 1.2
+0.3m deep and located near Bautzen, Germany
(51°29'N; 14°49'E; Fig. 1 and photos in Supplemental
Fig. S1). According to the manager, the pond was con-
structed more than 400 years ago. After being drained
during winter 2020/2021, it was semi-intensively
stocked with 580 kg ha™" of catfish (Silurus glanis) and
tench (Tinca tinca) in March 2021. A stationary pellet
feeder dispensed a certain amount of fish food into
the water below when triggered by fish. The automatic
feeder was located at the harvest pit, the deepest point
of the pond. Measures such as fertilisation, liming, aer-
ation, or dredging were not taken. There was no signifi-
cant inflow or outflow of surface water but a high
abundance of submerged water plants (in the center)
and phytoplankton was noted. Deciduous trees and
reeds surrounded the eutrophic pond as a narrow belt
of littoral vegetation between adjacent grassland and
farmland. As described in detail in Waldemer and
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Koschorreck (2023), ebullition decreased with radial
distance from the feeding site (Fig. 1c). Directly at the
floating feeder (site SO1; Fig. 1c), ebullition rates of
1238 mmol CH, m™2 d™* and 177 mmol CO, m > d™!
were measured, representing the highest rates reported
to date for natural and aquaculture systems (Waldemer
and Koschorreck 2023). Outside the zone influenced by
the feeding site, CH, ebullition was (mean [standard
deviation, SD]) 8 (7) mmol m > d™", and the CO, con-
tent in the bubble gas was negligible (additional Ger-
stenteich parameters are summarized in Supplemental
Table S1). To generalize the findings at Gerstenteich,
data from 10 adjacent, similarly managed fish ponds
were included (Waldemer and Koschorreck 2023).
The 2 sites investigated in June 2021 were one at the
deeper, stationary feeding sites and one 55 m towards
the pond center (“central sites”; Fig. 1b).

Field work

Ebullition and bubble sizes were studied in Gerstenteich
in September 2021. Bubble traps were installed at the
post of the pellet feeder (SO1, water depth: 1.65 m)
and at 42m (S02, 1.20m) and 83 m (S03, 1.15m)
from the post in the direction of the pond center. To
simplify, we distinguish between the “feeding site”
(S01) and immediate surroundings, and the “pond cen-
ter” (S02 and S03; Fig. 1c and 2a). Gas samples were col-
lected for 2 days every 3 h between 0530 h and midnight
(2400 h) using a syringe and evacuated Exetainers
(Labco Limited, UK). If the gas volume was too small
for complete gas analysis (<3 mL), the sampling period
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was extended by another 3 h. Because of the high ebul-
lition rate at SO1, an additional 15th sampling was con-
ducted at midnight on the second day. During each
sampling, vertical profiles of water temperature and dis-
solved O, were measured with a multiparameter probe
(Supplemental Table S2 and Fig. S2; Sea & Sun Technol-
ogies, Germany) and water samples from ~15 cm depth
were taken at S02 to determine dissolved CH, and CO,
concentrations by headspace analysis. We shook 30 mL
of surface water and 30 mL of ambient air in a syringe
for at least 1 min. The headspace gas in the syringe
was then transferred to an evacuated Exetainer (Labco,
Wales, UK) for later chromatographic analyses. In addi-
tion, water samples from the same depth were taken for
chemical analysis, such as alkalinity, which was mea-
sured by an automatic titrator (Metrohm. Herisau, Swit-
zerland; details in Waldemer and Koschorreck 2023).
Near S02, dissolved O, was logged every 6 s at ~35 cm
water depth and at the bottom (RINKO I dissolved oxy-
gen sensors, JFE Advantech Co., Ltd., Hyogo, Japan), and
weather data were monitored at the pellet feeder by a
weather meter on a tripod (Kestrel 4500, Boothwyn,
USA). At the 10 adjacent ponds, the bubble gas was col-
lected for 24 or 48 h, depending on the ebullition rate,
and the gas composition was measured as described ear-
ler. At the beginning and end of the sampling period,
multiparameter probe profiles were taken.

To measure bubble size spectra directly, 4 optical
bubble sensors according to the design of Delwiche
and Hemond (2017a) were installed at the water surface
on the first day between 1030 and 1100 h (Fig. 1c and
2b) to automatically detect and record the number

°
S03

Figure 1. Study site: (a) location close to Bautzen, Germany, (b) location of bubble traps (black dots) at the stationary feeding sites and
55 m towards the center of 10 fish ponds (investigated in Jun 2021) as well as the outline of the Gerstenteich fish pond (black solid
line, investigated in Sep 2021). (c) Gerstenteich with symbols marking the locations of bubble traps (black dots, SO1, S02, and S03) and
optical bubble sizers (open dots, BO1 to B04). The feeding site with elevated ebullition rates is marked in gray (adapted from Wal-

demer and Koschorreck 2023).
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and size of bubbles collected by the attached inverted
funnels until about noon on the third day; however,
only the data coinciding with the application periods
of the neighboring bubble traps were used. B0l and
B02 were 7 and 5 m from SO1, and B03 and B04 were
deployed around the middle of the transect, ~17 m
from S02 (distance from SO1 was 44 and 70 m, from
S03 was 60 and 44 m, respectively).

Gas analyses and calculations

We used a stepwise analysis to determine the total gas
composition of the collected samples. For CHy, N,
and Ar, we used a gas chromatograph equipped with a
5% palladium catalyst (to remove O,), a molecular
sieve 13X column at 50 °C, a flame ionization detector,
and a thermal conductivity detector with hydrogen as
carrier gas (SRI-8610C, SRI instruments, Torrance,
CA, USA). We analysed CO, with a HaySep D column
at 50 °C, a flame ionization detector with methanizer,
and a thermal conductivity detector with N, as carrier
gas. The calibration was adjusted to the concentration
range of the samples. The injected volume depended
on the sample volume. O, was measured directly in
the sample vials using a needle-type optode (Firesting,
Pyroscience, Aachen, Germany). As stated by the man-
ufacturer, the accuracy of the O, sensor was about 1% of
the measured concentrations with a detection limit of
0.02% O, (accuracy and resolution, respectively, at 1%
0,: £0.02% and 0.01%; at 20% O,: £0.2% and 0.05%).
O, measurements were repeated every second or third
sample to check the quality of the measurements. The
sum of the analysed gases was 99 + 2% (measurements
deviating >25% from 100% were repeated;
Supplemental Table S3).

Concentrations of dissolved CH, and CO, were cal-
culated with equation (1) from the gas concentrations
in the equilibrated headspace of the samples using
Henry’s Law and temperature-dependent solubility
coefficients:

Cw = Cf(cm Ve & BVw) = Cqu) with o
1

Vi
= P
I~ R(T + 273.15),

where c,, is the gas concentration in the water (umol L"),
¢ the measured volume-fraction (ppmv), and c, the
average atmospheric concentration (ppm); ¢y is a conver-
sion factor (mol L") from mole fraction (ppm) to concen-
tration (mmol m ™) at in situ temperature (T in °C), in situ
air pressure (p in kPa), and the molar gas constant R as
8314 J K ' mol™; Ve and V,, are the volumes of the head-
space air and water sample used for equilibration (V, and

V., in mL); and f8 is the Bunsen solubility calculated using
temperature dependent solubility coefficients (dimension-
less; Boehrer et al. 2021). We applied an alkalinity-based
correction for CO, and the chemical equilibration of the
carbonate system in the vials (Koschorreck et al. 2021).

Single bubble dissolution model

The single bubble dissolution model (SibuGUI) by Grei-
nert and McGinnis (2009) describes gas transfer across
the surface of an individual ascending bubble and tracks
the dissolution and extraction of dissolved gases (“strip-
ping;” after McGinnis et al. 2006; Supplemental Fig. S3).
It predicts changes in bubble size, gas composition, and
rise speed under a wide range of environmental condi-
tions (Greinert and McGinnis 2009, Delwiche and
Hemond 2017b). Based on an initial diameter and gas
composition, the model calculates the bubble size and
composition at the water surface as a function of water
depth and dissolved gas concentrations (CH,, CO, and
O,; N, in equilibrium with air). Further required inputs
include water temperature, salinity, and air pressure.
Model assumptions and underlying equations are
explained in detail in McGinnis et al. (2006).

We used version 1.2.6 of the SiBuGUI model to deter-
mine a bubble diameter representative for the bubble
size distribution at the water surface based on precisely
measured O, content in the bubble gas collected at the
water surface. Assuming an O,-free bubble formation
in the sediment (Supplemental Fig. S2g; Avnimelech
and Ritvo 2003), the measured O, was stripped from
the water column during bubble rise and provided
information about the bubble size. As the bubble size
decreases, the ratio of surface area to volume and thus
the gas exchange increases, and more O, is collected
from the surrounding water in relation to the bubble
volume (McGinnis et al. 2006). In addition, the bubble
rise velocity, which is higher for large bubbles, deter-
mines the available time for gas exchange (e.g., McGin-
nis et al. 2006). Because dissolved O, in water was
expected to change during the 3 h sampling periods,
we calculated bubble sizes for the vertical dissolved O,
profiles measured at the beginning and the end of
each sampling period (Supplemental Table S3).

Because CH, and N, were the main components of
bubbles originating from the sediment and their solubil-
ity and diffusion in water are similar (Boehrer et al.
2021), we assumed pure CH, bubbles for our estimates.
In a second step, we tested the effect of a complex bubble
gas composition and used the measured gas composi-
tion to reconstruct the initial gas composition in the
sediment. To test the effects of the O, concentration-
dependent accuracy of the optode measurements on


https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974

the model-derived bubble diameters, we determined the
diameter deviations for the O, contents 0.5%, 1%, 5%,
10% and 17% (Supplemental Table S2). Normally dis-
tributed bubble size spectra were generated to test
how the model-derived bubble diameters were related
to the mean diameters of the distributions. The distribu-
tions were divided into similar classes (number of clas-
ses, size of classes), and the model was applied to the
mean bubble size of each class assuming pure CH, bub-
bles and the site conditions at S02 or a dissolved O, con-
centration of 100% saturation (Supplemental Table S5).
Using the model-derived O, contents of these bubbles at
the water surface, we estimated the O, fraction of the
total gas volume at the water surface. Based on this, a
model-derived bubble diameter was determined and
compared with the mean value to investigate the
effects of varying bubble numbers, size distributions,
dissolved O, concentrations, water depths, water tem-
peratures, and salinities. Because the model results
were based on gas composition and volume, the Sauter
mean diameter (SMD) was determined according to
DelSontro et al. (2015) to achieve better comparability:

3
SMD = (—%’ g;), 2)
1 1

with D; denoting the diameters of individual bubbles
under the assumption of a spherical shape. Similarly,
the size distributions measured by the bubble sizers
were divided into 1 mm classes and used for compari-
son (Supplemental Figs S4 and S5).

At the neighboring fish ponds, once a day between
0830 and 2030 h, we determined site-specific dissolved
gas concentrations and water parameters to feed mean
values of water temperature (23.6 °C), salinity (0.19
PSU), and dissolved O, (4.9 mg L™ or 51.0% at the
feeding sites, 7.2 mg L' or 74.6% of saturation at the
central sites) into the model. Pure CH, bubbles were
assumed to leave the sediment. Water depths varied
between 0.5 and 2.5 m (Supplemental Table S6).

Bubble sizers

Optical bubble sizers were custom built after Delwiche
and Hemond (2017a) with 2 modifications: a real time
clock was added, and the housing was downsized from
2 to 1 compartment. Individual bubbles funneled into
a 5mm glass tube were detected by passing 3 photo-
electric barriers (Fig. 2b). The first sensor detected the
bubble and activated sensors 2 and 3, which recorded
the time of arrival and departure, respectively. Using
the distance of 5 mm between sensors 2 and 3, the
length of the rising gas volume in the cylinder was
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calculated. Multiplication with the cross-sectional area
of the glass tube provided the bubble volumes, which
were used for calculating spherical diameters. Bubble
passages detected consistently by all sensors were
labeled as error-free. One or more of 7 error codes
were assigned (details in Delwiche and Hemond
2017a) if, for example, not all sensors detected a bubble,
or it took >5s to pass the sensor array (“erroneous
detections”). The calibration was conducted according
to Delwiche and Hemond (2017a) for bubble diameters
of 1.6-22 mm. Bubbles with diameters much smaller
than that of the glass tube failed to trigger detections
because they did not diffract enough light while passing
the photoelectric barriers. The upper size limit was set
by the diameter and length of the glass tube because
the bubble volume needed to be smaller than the total
volume of the tube. Moreover, the determination of
the bubble volume relied on the constant bubble move-
ment through the tube. For example, large bubbles
reaching the upper end of the glass funnel while the
bubble was still passing a sensor could have led to
inconstant ascent speeds. Only error-free detected bub-
bles within the calibration range were used to determine
the SMD (equation 2) for each bubble trap sampling
period. Ebullition rates were calculated based on the
cumulative volume of all bubbles within the sampling
periods assuming spherical bubbles.

To evaluate erroneous detections and potential mea-
surement bias, laboratory experiments were performed
in a glass column filled with tap water. The internal
diameter of the glass tube of the bubble sizer was
6 mm, compared to 5mm in the field setup. Two
main tests were performed: first, to test the effect of
erroneous detections on estimated ebullition rates in
clear water, constant bubbling was sampled for 3.5h
using a pump rate of 1 Lh™". In a second experiment,
2 different syringe needles (internal diameter 0.55 and
0.60 mm) were used to produce bubbles of different
sizes. The size distributions were compared at different
ebullition rates (0.4, 1.0, 2.0, 3.0, and 4.0 Lh™).

Statistical analyses

R 4.2.2 (R Core Team 2022) and Origin 2022 (OriginLab
Corporation, Northampton, MA, USA) software were
used for statistical analysis and data visualisation. To
test for significant differences and correlations, we
used paired t-tests and correlation matrices (Spearman’s
rank), and to analyse erroneous bubble sizer detections
for potential systematic bias, we grouped data according
to the assigned error codes, including 0 for no error. An
analysis of variance (ANOVA) without the assumption
of equal variance was calculated to determine if there
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were groups of errors with significantly different mean
bubble diameters. Similarly, mean diameters from the
bubble sizers and the model were tested. In case of a sig-
nificant difference and after checking for normality
(Shapiro-Wilk test), Welch tests for all combination of
pairs were performed to test for differences between
methods or datasets.

Results
O, modeling method

Model-derived bubble diameters

Dissolved O, concentrations varied diurnally between
14.7 and 2.5 mg L™ in Gerstenteich and differed signifi-
cantly (p <0.01) between the feeding site and the pond
center. Mean (SD) dissolved O, was 5.6 (2.1) mg L!'at

SO1 and 8.4 (1.7) mg L™" at S02 and S03, where the dis-
solved O, concentration was higher by ~30% saturation
(Table 1, Supplemental Table S2 and Fig. S2). In the
morning, ~0830 h when dissolved O, was lowest, the
mean O, concentration of the profile was 28% saturation
at SO1 but was more than twice as high at S02 and S03
(Supplemental Table S2). Dissolved O, at S01 varied
over a wider range than at S02 and S03 (77-61% [4%])
but had a similar diurnal pattern.

Bubble O, contents ranged from 0.5% to 11.9%
(Fig. 3d, Supplemental Table S3) and were significantly
(p<0.001) lower at the feeding site; while only 0.9%
(0.3%) was measured at SO1, mean bubble O, content
was 5.9% (2.7%) with diurnal variation at S02 and S03
(Table 1). The bubble gas at SO1 contained 13% (3%)
CO,, 79% (4%) CHy, and 7% (1%) N,, whereas in the
pond center, CO, was negligible (0.05% [0.10%]) and

Table 1. Mean (standard deviation) of ebullition rates, bubble gas oxygen saturation dissolved oxygen saturation, model-derived (¥),
and Sauter mean (no mark) bubble diameters for bubble traps 501, S02 and S03 and bubble sizers BO1, B02, B03 and B04 at the

feeding site and in the open water area of the Gerstenteich.

Location Site Ebullition rate (mL m™2 d™") Bubble oxygen (%) Dissolved oxygen (%) Bubble diameter (mm)
Feeding site S01 38691 (9570) 0.9 (0.3) 60.5 (23.8) 7.2 (1.9)*
BO1 6937 (3138) — — 7.1 (3.0
B02 2942 (2081) — — 6.9 (3.3)
Pond center S02 243 (185) 4.7 (2.2) 89.6 (18.4) 1.6 (0.6)*
S03 158 (128) 6.9 (2.8) 94.0 (21.4) 1.1 (0.4)*
S02 & S03 198 (158) 5.9 (2.7) 91.8 (19.7) 1.3 (0.6)*
B0O3 20 (17) — — 5.1(1.2)
B04 128 (228) — — 6.1 (2.8)
a g b
Pole Buoy
A
°s|  Syringe with Bubble-sizer

three-way-valve

° Funnel

«— 050m —>»

with data logger

Detector

«— 035m —»

o Funnel

«— 075m —m—

Figure 2. Methods used to measure bubble sizes in the Gerstenteich fish pond: (a) schematic of a bubble trap consisting of an
inverted funnel (area: 0.14 m?) and a syringe closed by a 3-way valve, and (b) schematic of a bubble sizer designed according to
Delwiche and Hemond (2017a) with attached inverted funnel (area: 0.06 m?), which detected rising bubbles by 3 photoelectric sensors

at a depth of about 35 cm.
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CH, and N, accounted for 44% (7%) and 48% (6%),
respectively (Supplemental Table S3). Not only the bub-
ble composition but also ebullition rates varied. Ebulli-
tion at the feeding site reached up to 56.5 L m~> d ' and
was almost a factor of 200 higher than at the central sites
(Table 1, Supplemental Table S3). The stripping of dis-
solved O, by rising bubbles led to an O, ebullition of
14.6 mmol m > d~" at SO1 (i.e., >30 times higher than
at $02 and S03: 0.5 mmol m > d~'). Assuming the latter
for all of Gerstenteich, the O, efflux was 0.4 kg d.

Although CO, is highly water soluble (Sander 2015),
the bubble gas in SO1 contained significant amounts of
CO,, which influenced bubble size. Considering specific
compositions instead of assuming pure CH, bubbles
increased the bubble size at SO1 by 0.4 (0.2) mm,
whereas the change was negligible at S02 and S03
(0.01 [0.02] mm; Supplemental Table S3), confirming
our initial approach. The simplification is therefore
valid unless CO, is a major component of the gas com-
position at high ebullition rates, when taking the specific
gas composition into account leads to more accurate
results. Reconstructed by the model, the initial gas com-
position was determined as 57.5% (11.9%) CH,, 39.0%
(13.1%) CO,, and 3.6% (1.5%) N, at SO1, and 61.2%
(7.8%) CH, and 38.8% (7.8%) N, at S02 and S03
(Supplemental Table S3).

Because of varying dissolved O, concentrations and gas
compositions, the model-derived bubble diameters were
heterogeneous with 5 times larger bubbles at the feeding
site: 72(1.9) mm (4.2-10.5 mm) compared to 1.3
(0.6) mm at SO2 and S03 (0.5-3.2 mm; Fig. 3a, Table 1,
Supplemental Table S3). The use of dissolved O, concen-
trations at the beginning and end of the respective sam-
pling periods resulted in small deviations of 0.2 (0.3) mm
at S02 and SO3 but a larger effect at S01, especially in the
morning (1.5 [1.4] mm; Fig. 3a, Supplemental Table S3).
In contrast to S02 and S03, SO1 showed a repeating diurnal
pattern with smaller bubbles in the morning (Fig. 3a).
Because the bubble sizers detected bubbles at a depth of
~35 cm (Fig. 2b), we investigated the change in size during
the bubble ascent from the bottom to the water surface at
each site. The effect was small at S02 and S03 (0.02
[0.03] mm, relative change in volume: 4.8 % [4.7%]), but
at SO1, bubbles shrank by 0.5 (0.4) mm (20.7% [16.1%])
during ascent through the 1.65 m water column. These
changes correlated well with the initial CO, contents (R?
= -0.95, p <0.001).

To generalize our findings, we included data from 10
similar fish ponds (Waldemer and Koschorreck 2023).
Measured O, bubble contents (mean [SD]) were consis-
tently lower at the feeding sites, despite the heteroge-
neity among the different ponds (1.4% [1.2%]
compared to 4.8% [4.3%]; Supplemental Table S6).
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At the feeding sites, model-derived bubble diameters
were twice as large as in the pond center, confirming
the pattern observed at Gerstenteich: 4.2 (1.5) mm
(1.1-6.6 mm) compared to 2.1(1.6) mm (0.5-
5.0 mm; Supplemental Table S6). The pattern was
consistent across all ponds. Generally, bubble sizes
increased with ebullition rates approaching a maxi-
mum diameter of 1 cm at the extremely high rates at
the Gerstenteich feeding site (Fig. 4).

Sensitivity analyses and examination of model
results

To evaluate the dependency of the model-derived bubble
diameters on input data variability, we performed sensi-
tivity checks. The effect of the O, concentration-depen-
dent accuracy of the optode sensor was checked in the
O, range of our samples (0.5-17%). The error was
0.13 mm at 1% O,, 0.02 mm at 5% O,, and decreased
further with increasing O, content, showing that the
overall effects were small (Supplemental Table S4).

To check the representativeness of the model-
derived bubble diameter, the deviation from the
SMD was calculated for various hypothetical, normally
distributed bubble size distributions (mean values =
2-8 mm, standard deviations = 0.5-2.6 mm, counts =
200 and 2000), dissolved O, concentrations (100% sat-
uration, measured maximum and minimum concen-
trations at S02), water depths (1.2-50 m),
temperatures (8-25 °C), or salinities (0.17-10 PSU).
For this, spherical CH, bubbles and Gerstenteich
mean values of dissolved CO, and CH,, water temper-
ature, and salinity were assumed (Supplemental Table
S5). In the 25 cases we compared, the deviations were
small (0.07 [1.3] mm, 1.2 % [0.8%]), and relative errors
of >2% only occurred at depths 225 m. For a distribu-
tion of 2000 bubbles (mean [SD] = 4 [1.3] mm) and
water depths of 25 and 50 m, the deviations between
the model-derived diameter and the SMD were
0.6 mm (12%) and 1.9mm (51%), respectively.
Because the O, content of small bubbles quickly equil-
ibrated with the dissolved O, of the surrounding water,
their information content for subsequent size determi-
nation was limited. With increasing water depth, this
limited information affected an increasing number of
bubbles and increased the discrepancy between
model-derived diameter and SMD. For a 1 mm bubble,
most of the O, content change occurred within the first
5 m of ascent (Supplemental Fig. S3), but for a 5 mm
bubble occurred within 55 m. However, as water
depth increases, the proportion of small, equilibrated
bubbles that dissolve during their ascent also increases.
Bubbles of 2.5 mm dissolve completely during a 50 m
ascent. Therefore, the applicability of the method
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Figure 3. Lake Gerstenteich study results vs. time of the day in hours: (a) model-derived bubble diameter using dissolved gas con-
centrations at the beginning and at the end of the sampling periods at S01 (bubble trap at feeding site) and S02 and S03 (open water
area). (b) Sauter mean diameters (SMD) of the measurements at bubble sizers BO1, B02, B03, and B04. (c) Ebullition rates at all sites. (d)
Measured oxygen content in the collected bubble gas (errors due to measurement accuracy ~1% of measured value (not shown).

depends on both the bubble size distribution and the
water depth.

In a next step, we used the measured bubble size dis-
tributions (Supplemental Fig. S5) to simulate the O,
content of the bubble gas at the surface via the model
(size distributions were divided into classes of 1 mm,
mean bubble sizes of the classes, and mean values of
the water parameters measured at SO1 and S02 were
used as a basis for the model) to determine the model-
derived bubble diameter of the respective distribution
and compare it with the calculated SMD; the deviation
between the model-derived diameter and SMD was
only 0.1(0.1) mm (relative error = 1.7% [2.3%]).
Using the spectrum of B04 with some large outlier bub-
bles (Supplemental Fig. S5-S6) and assuming a dis-
solved O, concentration of 100% saturation, we
further investigated the influence of water depth. At
water depths of 10, 25, and 50 m, deviations between

the model-derived bubble diameter and SMD were
only 0.7 mm (8%), 0.7 mm (8%), and 1.5 mm (13%),
respectively. Simulations with a literature-based, typical
bubble size of 5.3 mm (Table 2) and a dissolved O, con-
centration of 100% saturation showed that at a water
depth of 50 m, the O, content of the bubble at the sur-
face was 15.6%, still well below the equilibrated O, con-
tent of 21% if adjusted to the surrounding water.
However, with significantly smaller bubble sizes, such
as in the center of Gerstenteich (1.3 [0.6] mm), a bubble
O, content of 17.0% was reached after 5 m.

With mean model-derived bubble diameters and initial
CH, concentrations, the CH, ebullition rate was esti-
mated and compared to the measured CH, fluxes. The
deviation was only 24 mmol m>d"!' at S01 (1.9%),
—-0.1 mmol m~2d " at S02 (1.2%), and 0.3 mmol m > d*
at S03 (10.2%), further confirming the representativeness
of the model-derived bubble diameter.
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Table 2. Published data on bubble size (mean [SD]) in different freshwater ecosystems.

Bubble diameter Diurnal

Study site Method (mm) variability Bubble composition Reference
Fish pond, Germany model yes CH,4, CO,, and O, This study

Feeding site: 7.2 (1.9) (all gases)

Pond center: 1.3 (0.6)
Wupper reservoir, Germany optical 6.9 no — Schwarz et al. 2023
Upper Mystic Lake, MA, USA optical 4.6 no CH,4 Delwiche and Hemond

2017b

Lake Wohlen reservoir, hydroacoustic 5.9 — CH,4 estimated from previous DelSontro et al. 2015

Switzerland work
Lake Kinneret, Israel hydroacoustic 5.7 — — Ostrovsky et al. 2008

In addition to our model, optical bubble sizers and hydroacoustic echosounders were used to determine the mean (standard deviation) bubble size. Diurnal
variations in bubble size were detected (yes), not observed (no), or not investigated (—); when the gas composition of the bubble gas was measured, the

analyzed gases are reported.

Bubble sizers

Bubble sizer field measurements

The results of the bubble sizer measurements were sim-
ilar for all sites with an SMD of 6.3 [1.2] mm throughout
the study period, which was in the range of the model-
derived bubble diameters at SO1 (Fig. 3a-b, Table 1,
Supplemental Table S7). Statistical analysis revealed sig-
nificant differences between the model-derived diame-
ters in the pond center and the SMD measured at B03
and B04. The determined ebullition rates were below
7000 and 130 mL m>d™" at the feeding and central
sites, respectively, and distinctly lower than those mea-
sured at SO1 and S02 (Fig. 3¢, Table 1). The unimodal
size distributions showed a high proportion of smaller
bubbles and, at B02 and B04, large outlier bubbles,
which had a strong influence on the total gas volume
(Supplemental Fig. S5-S6). Diurnal patterns did not
emerge.

BO01 and B02 at the feeding site had significantly more
error-free bubble events (1710 and 1406) than B03 (117)
and B04 (31), where ebullition was more sporadic and
heterogeneous (Supplemental Fig. S4 and Table S7).
However, the large number of bubble events at B0l
and BO02 led to data gaps caused by a technical aspect.
To be energy efficient but have sufficiently rapid sam-
pling frequency, 2 modes of data storage are used. For
fast recording, the content of a small chip with limited
memory is uploaded to an SD card after a predefined
period. The researcher must make an educated guess
regarding this period so the temporary storage is not
overflowed. The period cannot be too short because
the download uses significant amounts of the battery
life, and no events can be detected during the data trans-
fer. In addition, external noise in the form of, for exam-
ple, aquatic insects can add recorded events leading to
memory overflow. The available data at BO1 und B02
(26% and 29% of the sampling intervals) were assumed
to be representative for the respective sampling periods
(Supplemental Table S7). Because of the lower ebullition

rate at BO3 and B04, we assumed that the entire period
was recorded for these sites. No data were available for
the first sampling periods (Supplemental Table S7),
probably because of thermal background noise until
the devices equilibrated with the water temperature
and the readings from the photoelectric barrier in the
infrared were stable.

BO1 and B02 at the feeding site detected 78% and
73%, respectively, of the recorded bubbles error-free,
whereas in the pond center only 63% and 57% were
detected correctly (Supplemental Table S7 and Fig.
S7a-d). Especially small bubbles <2 mm and bubbles
>13 mm were detected with errors (Supplemental Fig.
S7f and h). Error code 10 was the most frequent, mean-
ing that detector 2 detected more bubbles than detector
3, which can be caused by bubble coalescence in the
glass tube, but also by zooplankton or floating debris
(Delwiche and Hemond 2017a). Similar reasons led to
11% excluded bubble events at B03 by a combination
of different error codes. Of the bubbles detected errone-
ously, 34% (B01), 44% (B02), 56% (B03), and 62% (B04)
had diameters that exceeded the mean diameter of the
correctly detected bubbles.

Bubble sizer laboratory experiments

To investigate potential artefacts, we performed labora-
tory experiments. To identify possible bias in the optical
bubble size measurements, a dataset was measured with
a bubbling rate of 1 L h™" over 3.5 h (Supplemental Fig.
S8a-e). If errors were random, the histograms of errone-
ous and correctly detected bubbles would be similar.
However, almost all bubbles <4 mm were detected erro-
neously, and from 13 mm the erroneous detections
seemed to increase again (Supplemental Fig. S8c
and e). These bubbles were likely big enough to trigger
detection but too small to move along a straight path
through the glass funnel. However, although small bub-
bles were more likely to be missed, only 1.6% of the gas
volume of erroneously detected bubbles stemmed from


https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974
https://doi.org/10.1080/20442041.2024.2327974

10 e C. WALDEMER ET AL.

bubbles <4 mm (Supplemental Fig. S8e). In this experi-
ment, ~1.4 L of bubble gas was detected correctly and
~0.328 L erroneously; 0.323L were erroneously
detected bubbles >4 mm.

In another test, bubbles were produced with 2 different
syringe needles (internal diameter = 0.55 and 0.60 mm) at
rates of 0.4, 1.0, 2.0, 3.0, and 4.0 Lh™". As expected, a
slight difference in bubble sizes was detected; for example,
at a rate of 0.4 L h™!, a mean value of 5.1 (0.7) mm was
observed for the smaller syringe diameter compared to
5.9(1.3) mm for the larger syringe (Supplemental Fig.
S8f-j). In addition, at 4.0 Lh™", a slight increase in size
occurred, most because of an increased coalescence of
bubbles.

Discussion

Using measured bubble gas compositions in combina-
tion with an existing single bubble dissolution model
(Greinert and McGinnis 2009), we found significant spa-
tial differences between bubble sizes at the feeding site
and the center of a shallow fish pond, confirming our
first hypothesis. At feeding site SO1, the consistently
low O, content of the bubble gas resulted in 5 times
larger model-derived bubble diameters than at the center
of the pond: 7.2 (1.9) mm compared to 1.3 (0.6) mm at
S02 and S03 (Table 1), a pattern confirmed by measure-
ments in 10 similar ponds. While there was heterogene-
ity among the ponds, the consistently lower O, content
in the bubble gas at the feeding sites resulted in larger
bubble diameters. Spatial heterogeneity of bubble sizes
has been observed in previous studies (Ostrovsky 2003,
DelSontro et al. 2015, Delwiche and Hemond 2017b),
but not to this extent. We attributed this variability
mainly to variations in ebullition rates and sediment
properties such as cohesiveness, affect bubble release,
and existing fractures, which might have served as con-
duits allowing easier bubble transit (Algar and Boudreau
2010, Algar et al. 2011, Scandella et al. 2011). Sediment
characteristics did not differ significantly in Gerstenteich
(Waldemer and Koschorreck 2023); however, as indi-
cated by the measurements of Delwiche and Hemond
(2017b), we found larger bubbles with increasing ebulli-
tion (Fig. 3b). Given that ebullition at the Gerstenteich
feeding site was 38.7 (9.4) L m~2d™!, almost 200 times
higher than in the center, spatial heterogeneity of the
observed magnitude seems plausible. Furthermore,
because of these high ebullition rates, the model-derived
maximum bubble diameter of 10.5 mm at SO1 may be
considered a rough upper size limit for bubbles in
these shallow ecosystems (Table 1, Fig. 4).

The bubble sizes measured with the optical bubble
sizers were relatively similar at all sites, with an SMD

=N
o
1

o
1

y = 0.41 X027
Adjusted RZ 0.79

Model-derived bubble diameter (mm)
(6]

T T T
20000 40000 60000

Ebullition rate (mL m™2 d™")
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Figure 4. Model-derived bubble diameter vs. ebullition rate
using data from the Gerstenteich (black, results via the dissolved
0, concentrations at the beginning (triangles) and at the end
(circles) of the 3 h sampling periods, and from the 10 neighbor-
ing fish ponds (red). Regression curve is shown along with 95%
confidence interval shaded.

of 7.0(3.2) mm, and differed significantly from the
model-derived bubble diameters (Table 1). The mea-
sured bubble sizes are within the size ranges reported
in other acoustic and optical studies in freshwater eco-
systems (Table 2). In general, bubble size spectra mea-
sured with acoustic and optical methods tend to be
relatively narrow with a high proportion of small bub-
bles (Hornafius et al. 1999, Ostrovsky 2003, Greinert
and Niitzel 2004, McGinnis et al. 2006, Ostrovsky et al.
2008, Vagle et al. 2010, DelSontro et al. 2015, Delwiche
and Hemond 2017b). However, these methods have lim-
itations, especially with respect to the detection of rela-
tively small and large bubbles and the analysis of dense
bubble plumes, which may coincide with large bubbles
(Ostrovsky et al. 2008, DelSontro et al. 2015, Delwiche
and Hemond 2017a, 2017b). The locations of the bubble
sizers and the bubble traps were meters apart, but the
generally observed ebullition pattern (Waldemer and
Koschorreck 2023), the relationship between ebullition
and bubble size in this and previous studies (Delwiche
and Hemond 2017b), and a comparison with additional
sites to the left and right of the transect (Waldemer and
Koschorreck 2023) indicated that differences in bubble
sizes at the feeding site and the pond center can be
expected. In addition, the ebullition rates calculated
from the bubble sizer data were lower than the rates
measured by the bubble traps. In the open water area,
ebullition at B04 was about half the ebullition measured
by 8 bubble traps (Waldemer and Koschorreck 2023).
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In our measurements, bubble sizers recorded a large
proportion of erroneous bubble detections. While Del-
wiche and Hemond (2017a) detected 86% of bubbles
error-free, the rate was lower (57-78%) under the turbid
water conditions in the pond, where floating debris and
aquatic organisms probably affected optical detection.
In addition, the high ebullition rates at the feeding site
exceeded the data storage capacity of the system, result-
ing in data gaps. Our error analysis of the field and lab-
oratory data indicated that especially small bubbles (<2
and <4 mm respectively; Supplemental Figs S7f, S8c
and h) were detected with errors, which make up a
large proportion of bubbles in natural bubble size distri-
butions (e.g., Ostrovsky et al. 2008, DelSontro et al.
2015, Delwiche and Hemond 2017b). This finding
may explain the discrepancy in the determined bubble
sizes in the pond center, where the size distributions
were mainly composed of small bubbles. The error anal-
ysis at B03 and B04 indicated that large bubbles were
also detected with errors, but these errors could also
have been caused by organisms and floating debris,
which were visibly more abundant in the pond center.
Because the model-derived diameters were 4 times
smaller than the bubbles detected at B03 and B04, we
assumed that sporadically rising small bubbles possibly
stuck to the outer funnel because of their lower buoy-
ancy, and merged there before they detached and con-
tinued to rise through the detector. At the feeding
sites, where larger bubbles dominated the size distribu-
tions, the deviation between model-derived and mea-
sured bubble sizes was relatively small (0.5 [0.4] mm).
Our experiments indicated that the bubbles in this size
range were detected similarly well (Supplemental Fig.
S8c), indicating that the deviation may be due to the
different locations and the decreasing ebullition rates
with distance from the pellet feeder (Waldemer and
Koschorreck 2023). In summary, the performance of
the bubble sizers depended on bubble size, with most
reliable results for medium-sized bubbles (~4-
13 mm). Thus, bubble sizes in freshwaters may be
more variable than previously thought, especially
because small bubbles could have escaped detection in
former studies, which could possibly affect greenhouse
gas emissions estimates made on the basis of bubble
sizes. In the case of the Gerstenteich open water area,
such estimates could have overestimated CH, ebullition.

These analyses and comparisons clearly support the
results of the newly presented modelling method for
estimating bubble size as well as provide insights into
the initial gas composition of the bubbles leaving the
sediment. At SO1, the CH, ebullition rate was higher
than any reported to date for natural and aquaculture
systems (Waldemer and Koschorreck 2023). Despite
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the high water solubility of CO, (Sander 2015), anaerobic
degradation also resulted in 177 mmolm>d™" CO,
ebullition (Waldemer and Koschorreck 2023). An initial
CO, content of 39.0 % (13.1%) explained the measured
rates, and an N, content of only 3.6 % (1.5%) illustrated
the effect of continuous gas stripping from the sediment
pore water (Reeburgh 1969, Brennwald et al. 2005,
McGinnis et al. 2006). High CO, contents in biogas pro-
duction show these numbers were realistic; gas contents
ranged between 50% and 70% CH, and 30% and 50%
CO,, depending on organic material and fermentation
conditions (Weiland 2010). The high initial CO, contents
at SO1 led to decreasing bubble sizes during the bubble
ascent (0.5[0.4] mm). Therefore, considering the mea-
sured bubble gas composition under these conditions
led to more accurate model-derived bubble sizes. By con-
trast, ebullition in the pond center was within the known
range for shallow, eutrophic ponds (Waldemer and
Koschorreck 2023). The contribution of CO, to the bub-
ble gas composition was negligible, and the bubble sizes
did not change much when the measured gas composi-
tion was considered instead of assuming pure CH,4 bub-
bles (0.01 [0.02] mm). This finding shows that under
conditions commonly observed in natural freshwaters,
in which CO, is not a significant component of the bub-
ble gas (e.g., Boehrer et al. 2021) and ebullition rates are
not particularly high, a complete analysis of the bubble
gas composition is not necessary to determine the correct
bubble size; it is sufficient to assume pure CH,4 bubbles.

Model-derived bubble sizes depend on dissolved O,
concentrations in the water column. By using 2 profiles,
1 from the beginning and 1 from the end of the 3 h sam-
pling periods, we determined a size range that
accounted for changing dissolved O, concentrations.
While differences were small at S02 and S03 (0.2
[0.3] mm), differences of up to 4.2 mm occurred at
S01 in the morning (Supplemental Table S3) because
of the low but rapidly increasing dissolved O, concen-
trations in the water column at SO1. Because of the
high respiratory O, demand and continuous bubbling,
the mean concentration of dissolved O, was <30% satu-
ration at ~0830 h but reached 120% in the early after-
noon (Supplemental Table S2 and Fig. S2). As the O,
concentration increases, so does the concentration gradi-
ent that drives diffusive gas transfer into the bubble
(McGinnis et al. 2006). The strongly fluctuating O, con-
tents of the water column were the reason for the devia-
tions at the high ebullition site S01, further demonstrated
when the dissolved O, was averaged over the entire study
period to compare the model-derived bubble diameters
with the mean values of the 3 h sampling periods: the
deviation at S02 and S03 was negligible (0.1 [0.1] mm)
while the deviation at SO1 was 1.5 mm. In addition,
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using the mean dissolved O, content of S02 for 2 addi-
tional bubble traps (Waldemer and Koschorreck 2023;
~24 and 43 m from S02 and 19 and 27 m from BO03
and B04), we determined bubble diameters of 1.5
(0.9) mm, comparable to those at S02 and S03. In addi-
tion to confirming the order of magnitude of the bubble
sizes determined at S02 and SO03, these considerations
show that within a fluctuation range of 125-60% satura-
tion (mean value 92%), like at S02 and S03, an average O,
concentration can be sufficient to estimate bubble size.
Although the mean dissolved O, concentration was
high in the afternoon, the bubble O, contents at S01
remained low throughout the day, resulting in a diur-
nal pattern with larger bubble diameters during the
day without correlating with increased ebullition
rates. By contrast, at S02 and S03, the tendency
towards higher bubble O, contents of higher dis-
solved O, concentrations resulted in rather constant
bubble sizes. To date, diurnal variations in bubble
size have not been investigated, and this is the first
study to observe this phenomenon (Table 2). The
low bubble O, content at SO1 can be attributed to
extremely high ebullition rates and frequently
observed bubble plumes at the site. A bubble plume-
induced flux of O,-depleted, near-bottom water
could occur, in which the bubbles rise to the water
surface (Leifer and Patro 2002, McGinnis et al.
2004). The locally reduced O, levels would reduce
gas transfer into the bubbles. These plumes occur epi-
sodically and would not be recorded by the measure-
ments of the multi-parameter probe, and therefore
would not be included in the model. Also, in bubble
plumes, the rise velocity of the bubbles increases, fur-
ther reducing gas exchange with the surrounding
water (e.g., McGinnis et al. 2006). These processes
could potentially lead to an overestimation of bubble
size at SO1, but they do not explain the repeated diur-
nal pattern. Because Waldemer and Koschorreck
(2023) observed a tendency of higher ebullition rates
in the morning, which could not be explained by
physical parameters such as temperature or atmo-
spheric pressure and were attributed to bioturbation,
we can assume that the smaller bubbles are due to the
increased activity of the benthivorous fish. Muddy
sediments behave mechanically as a fracture-elastic
solid, so gas migration is determined by a fracture-
dominated regime because of the large capillary-
entry pressure (Katsman et al. 2013, Sirhan et al.
2019). Sediment disturbance by fish could directly
trigger the release of smaller bubbles but could also
reduce the counter pressure of the sediment and
open additional conduits for the bubbles through
sediment displacement (Johnson et al. 2002, Algar

and Boudreau 2010, Scandella et al. 2011). Because
fish activity was highest at the feeding site, the diurnal
variations in bubble size occurred here.

To determine bubble size via the model, O, contents
of the bubble rising from anoxic sediments must be in a
measurable range and below the equilibrium concentra-
tion. In the O, range of the bubble gas at S01, small
changes in the O, content can lead to differences in
the model-derived bubble diameters. However, the accu-
racy of the O, measurement caused only a small error
(0.13 [0.03] mm). Potential O, contamination during
sampling and analysis would result in smaller bubble
diameters; however, bubble gas contents as low as
0.08% O, (water column ~50 cm, data not shown) indi-
cate that contamination may have occurred only to a
limited extent. Such an O, contamination would reduce
the model-derived bubble diameter by 0.4 (0.2) mm at
S01, but at S02 and S03, the changes would be negligible
(0.02 [0.01] mm; using the site-specific mean O, content
of the bubble gas and the minimum and maximum dis-
solved O, concentrations measured).

When the ratio of surface area to volume is impor-
tant, the SMD is used to represent size distributions.
Compared to the arithmetic mean, the influence of a rel-
atively small number of large bubbles can be better
taken into account. Greinert and Niitzel (2004) reported
that >50% of the gas volume in their experiments came
from the largest 7% of the bubbles, and DelSontro et al.
(2015) found that the largest 10% of the bubbles were
responsible for >65% of the total CH, emission, illus-
trating that large bubbles transport disproportionately
large amounts of CH, into the atmosphere. Based on
this finding, as in DelSontro et al. (2015), we calculated
the SMD as the diameter of a spherical bubble that
would have the same ratio of surface area to volume
as the investigated size distributions. Using simulated
normal and in situ measured bubble size distributions,
only small deviations were found between SMD and
model-derived diameters (0.07 [0.04] mm, water depth
<25 m). Although large outlier bubbles had the potential
to bias the model-derived diameters, the diameters cor-
responded well to the SMD. The applicability of the
method is, however, limited by the water depth. The
ponds studied were between 0.5 and 2.5 m deep, but in
systems that are very shallow, installing a bubble trap
my be impossible. In addition, the discrepancies between
model-derived bubble diameters and SMD increased at
water depths of 25 m as, with increasing depth, more
and more small bubbles equilibrate with the dissolved
O, concentrations of the surrounding water and do
not contain representative information on bubble size.
However, at a water depth of 50 m, this discrepancy
was still <2 mm (normal and in situ measured bubble



size distributions assuming a dissolved O, concentration
of 100% saturation). Using a literature-based, typical
bubble size of 5.3 mm (Table 2) and a water depth of
50 m, the model-derived bubble O, content was still
well below the equilibrium O, content of 21%. Further-
more, the CH, ebullition derived from the model results
and the measured CH, ebullition agreed well. The dis-
crepancy was small, even at the feeding site (relative
deviation 2%), showing that the model-derived bubble
diameters were representative for both the bubble size
distributions and the gas flux into the atmosphere.

Another aspect of this study is the effect of O, strip-
ping from the water column by rising bubbles. The
observed O, ebullition was within the range reported in
the literature (Koschorreck et al. 2017, Long et al.
2020). A net ecosystem production of 0.1 mg CL™" d™!
was determined for the study period (Waldemer and
Koschorreck 2023), meaning that with a mean water
depth of 1.2 m, photosynthesis provided about 3.6 kg O,
d™'. Based on the data of S02 and S03, ~10.7% of this O,
(0.4 kg d™) was lost to the atmosphere via O, ebullition.
Because of the high ebullition, this efflux was <30 times
higher at S01, suggesting the lower dissolved O, concen-
trations were not only caused by respiration, but also by
constant O, stripping. Therefore, depending on the ebul-
lition rate, O, ebullition can significantly impact the O,
budget in the water, even if bubble O, contents and dis-
solved O, concentrations are low.

Overall, the O, modeling method provided bubble
sizes representative for the respective bubble size distri-
butions at the water surface and enabled new insights
into the bubble size range in shallow freshwater
ponds. With increasing ebullition rates, the bubble
sizes increased, and the CH, ebullition estimated from
the model results agreed well with the measured rates
even at the feeding sites. Despite the concern that
large outlier bubbles could limit the validity of the
model-derived bubble diameters, the method proved
to be a reliable and simple alternative to optical bubble
sizers. Depending on the bubble size distribution, the
applicability is, however, limited by water depth, and
the discrepancies between model-derived bubble diam-
eters and SMD increased at depths of 25 m. In addition,
because the method is sensitive to dissolved O,, a repre-
sentative mean value or several measurements over the
day are recommended. To determine the bubble size ris-
ing from anoxic sediments, the bubble must have an O,
content in a measurable range and below the equilib-
rium concentration. Nevertheless, for shallow waters,
where ebullition is a significant greenhouse gas pathway
to the atmosphere and measurements of bubble sizes are
difficult, the O, modeling method can provide a reliable
method for estimating a representative bubble size.
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ARTICLE INFO ABSTRACT

Keywords: Fish ponds with their typically high carbon and nutrient inputs are relevant sources of greenhouse gases.

EPullition However, not much is known about gas bubble emissions (ebullition) and their high spatiotemporal variability.

ils}‘ P°‘1‘d This is the first study which quantified diffusive and ebullitive greenhouse gas emissions from temperate fish
quaculture

ponds. To improve greenhouse gas estimates, we investigated the diurnal and spatial variability of diffusive and
ebullitive fluxes in 12 extensively to semi-intensively managed fish ponds near Bautzen, Germany. Emissions
differed greatly between the different ponds but methane was consistently the predominant greenhouse gas. The
feeding sites were hotspots with one order of magnitude higher ebullition rates compared to other parts of the
ponds. At these hotspots, ebullitive fluxes of up to 38 L/m?d were measured with a mean bubble methane content
of 79%, corresponding to a methane flux of 1.24 mol/m?d. Methane accounted for 90% of the global warming
potential in one fish pond but carbon dioxide emissions of up to 242 mmol/m?d at the feeding sites were also
significant. Nitrous oxide fluxes, in contrast, were low with 5 + 9 pmol/m?d. Greenhouse gas ebullition
decreased exponentially along a transect from the feeding site into the pond and showed some diurnal fluctu-
ations. While diffusion was higher during night, ebullition rates increased in the morning, presumably caused by
higher benthivorous fish activity. Our results highlight the potential of temperate fish ponds as significant
greenhouse gas sources and ebullition as a significant pathway. For robust quantification, both small scale spatial

Methane (CHy4)
Greenhouse gas emissions

and temporal variability as well as the hotspot of the feeding area must be considered.

1. Introduction

Global climate change driven by elevated greenhouse gas (GHG)
concentrations is one of the main challenges of our time. Understanding
the interplay of GHG sources and sinks would enable us to give sound
advice to politicians and decision-makers and make a change. Inland
water bodies play a significant role in global GHG emissions (IPPC,
2021) but particularly high emissions were reported for aquaculture
systems and fish ponds (Kosten et al., 2020; MacLeod et al., 2020;
Rosentreter et al., 2021; Yuan et al., 2021). These ecosystems cover >8
Mio ha globally and aquaculture production increases annually by 5 to
11% (FAO, 2018; Verdegem and Bosma, 2009). Significant quantities of
carbon dioxide (CO,), methane (CH4) and nitrous oxide (N,O) are
emitted from fish ponds (Kosten et al., 2020; Yuan et al., 2019). Yuan
etal. (2019) estimated that the top 21 fish-producing countries emit 218
Tg CO3-eq as CH4 and 11 Tg CO2-eq as N»O from aquaculture annually,
while Zhang et al. (2022) reported CH4 emissions of up to 129 mmol/
m?d and 182 Tg COz-eq (CH4 and CO3) for Chinese aquaculture.

Classical excavated earth ponds seem to play a large part in this (FAO,
2018; Yuan et al., 2019; Zhang et al., 2022).

The reason for the high potential of GHG emissions from aquaculture
lies both in the morphology of the ponds and in the high loads of nu-
trients and organic carbon (OC), a combination of physical and
biogeochemical properties. Unconsumed feed, fish feces, and nutrient
stimulated aquatic primary production lead to a high availability of
labile organic matter (OM) which fuels microbial mineralization and
further promotes eutrophication and oxygen (O3) depletion (Avnime-
lech and Ritvo, 2003; Kosten et al., 2020; Pechar, 2000; Yuan et al.,
2019). Within 1 mm, anoxic conditions prevail in the sediment (Avni-
melech and Ritvo, 2003). Due to the shallow water depth, sediment
temperatures are high and drive microbial activity and methanogenesis
once other external electron acceptors are depleted (Bastviken et al.,
2004). Furthermore, the shallow and well-mixed nature of these eco-
systems promotes GHG emissions through diffusion and ebullition, the
flux via gas bubbles (e.g. Holgerson and Raymond, 2016). Bubbles form
when the sum of the partial pressures of all dissolved gases exceeds the
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local total pressure, consisting of hydrostatic and atmospheric pressure
(Boehrer et al., 2021). Gaseous degradation products contribute to high
dissolved gas pressures while the shallow water column leads to only a
low counter pressure. Ebullition, however, shows a high small scale
spatiotemporal variability and an episodic nature and is more relevant
for the less soluble gases like CH4 (Bastviken, 2009; Boehrer et al.,
2021). Representative measurements require longer time periods and a
sufficient number of sampling sites (Beaulieu et al., 2020; Kosten et al.,
2020; Wik et al., 2016).

Due to the high spatiotemporal variability of ebullition, studies often
focus on diffusive GHG fluxes and there are only a handful of aquacul-
ture studies which investigate both gas transport pathways. With the
exception of one study in Brazil (Flickinger et al., 2020), the vast ma-
jority of research to aquaculture was conducted in southeast Asia. But
management practices, environmental conditions and aquaculture
products vary greatly, and so do the reported GHG fluxes: From tanks to
excavated ponds, from mixed species to monocultures with different
biomass densities (fish, crab, shrimp etc.), from grain to artificial feed
(several times a day to weekly at one feeding site or over the whole
system), with additional aeration or fertilization, end of season
drainage, dredging or liming — aquaculture strategies are manifold and
GHG emissions estimates from aquaculture systems remain poorly
constrained (Kosten et al., 2020; Yuan et al., 2019). For Chinese aqua-
culture, wide ranges of —0.03 to 565 g CH4-C /m? yr and —382 to 551 g
CO,-C /m? yr and a strong emphasis on ebullition accounting for 70 to
99% of the total CH4 emissions were reported (Zhang et al., 2022). But
for other types of aquaculture management and for other regions sys-
tematic data are still completely lacking. So far, to our knowledge, there
is only one study dealing with GHG emissions from fish ponds in
temperate latitudes, more precisely with diffuse CH4 emissions
(Rutegwa et al., 2019).

Carp ponds have been excavated in Central and Eastern Europe since
the eleventh century, and this aquaculture hardly changed from the
Middle Ages until the end of the nineteenth century, when liming,
fertilization and supplementary feeding in the form of pellets and grain
increased both fish production and ecosystem degradation (Adamek
et al., 2014; Francova et al., 2019; Gal et al., 2016; Geldhauser and
Gerstner, 2022; Pechar, 2000). Most of these extensively to semi-
intensively managed, natural-looking freshwater fish ponds are several
hundred years old, shallow and eutrophic (Potuzdk et al., 2007). Pre-
vious studies focussed on the environmental impact of fish ponds in
temperate regions, on eutrophication and biodiversity (Adamek et al.,
2014; Pechar, 2000; Rutegwa et al., 2019). Rutegwa et al. (2019) was
the first to investigate their climate relevance, but only diffusion as one
of the two main GHG transport pathways. To our knowledge, we are the
first to investigate diffusive and ebullitive CH4, CO5 and N,O emissions
from this type of aquaculture, which is widespread in Europe. We ex-
pected high GHG emissions due to the explained physical and biogeo-
chemical properties. We hypothesised that the static feeding sites
represent significant GHG hotspots due to the input of fish feed as labile,
easily biodegradable OM. To verify this, we compared the GHG emis-
sions from the feeding and a central site in 12 German fish ponds. To
identify possible short-term diurnal dynamics, we measured GHG
ebullition over two days in the most productive fish pond in a second
step. By sampling several sites within this pond, we addressed the spatial
variability. In addition, we searched for drivers of the observed CHy4
emissions using a variety of environmental parameters. We therefore
address a relevant knowledge gap regarding the GHG impact of aqua-
culture and also hope to provide incentives for more climate-friendly
aquaculture.

2. Methods
2.1. Study site description

The investigated excavated, earthen freshwater fish ponds located
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near Bautzen, Germany, included 11 extensively to semi-intensively
managed fish ponds with low to medium fish stocking and one
recently reconstructed carp nursery pond (Table 1, Fig. 1). According to
the operators, the youngest fish ponds, Teich 1 to 4, were built for fish
production between 1950 and 1990; the others are up to 400 yr old and
were reconstructed in the 1960s and 1980s. The fish growing season
lasted from spring to autumn. In spring, the ponds were filled with water
and stocked with fish, which were harvested by drainage in autumn. As
sediment accumulates in deeper areas, the internal drainage troughs and
harvesting pits with the water discharge were dredged every 3 to
5 years. However, with the exception of the newly reconstructed carp
nursery, no pond was dredged during the last 3 years prior to our study.
Fertilization, liming or aeration did not take place. The fish ponds
contained common carp (Cyprinus carpio), which were fed grain at sta-
tionary feeding sites weekly or twice weekly, as required. Only two fish
ponds, the Gerstenteich and the Kleiner (Kl.) Krahenteich, contained
catfish (Silurus glanis) and tench (Tinca tinca), which were fed with fish
and plant meal pellets via automatic feeders. These floating feeders
carried two pellet containers and dispensed a certain amount of feed into
the water below when touched by fish. They rotated around a fixed point
covering an area of ~50 m?. All feeding sites were located at the easily
accessible harvest pits, the deepest point of the fish ponds (mean depth:
1.5 £+ 0.4 m). Mean water depth at the central sites was 1.0 + 0.4 m. The
ponds were classified as eutrophic (Klaper and Korinek, 1992), with no
significant inflow or outflow of surface water. Some of the fish ponds
had high populations of Elodea and Potamogeton species, partly also
green filamentous algae (Zygnemataceae), duckweed (Lemnoideae) or
water lilies (Nymphaea). Often the water was greenish due to high algae
density (indicated by the shallow Secchi depth). Deciduous trees and
reeds surrounded the fish ponds as a narrow belt of littoral vegetation
between adjacent grassland and farmland.

2.2. Field work

We conducted two field campaigns: from 22 to 25 June and from 6 to
10 September 2021. During the survey in June, ebullitive fluxes were
measured using bubble traps, inverted funnels with an area of 0.14 m?
(Fig. S1), at the water surface at two sites per fish pond: One close to the
feeding site (for simplicity, hereinafter called “feeding site” (F)), the
other 55 m apart in the direction of the centre of the pond (“central site”
(M)) (Fig. 1). Due to an island in the nursery Heikteich, the distance was
here only 35 m. After 24 h, the gas collected by the funnels was trans-
ferred into evacuated exetainer vials (Labco Limited, United Kingdom).
If the collected gas volume was too low for later gas chromatography,
another 24 h were added to cover another complete daily cycle. To
calculate diffusive fluxes, samples for dissolved concentrations of CHy,
CO; and N0 were taken at the water surface (headspace method).
Vertical profiles of water temperature, electrical conductivity, pH, dis-
solved oxygen (DO), turbidity, and fluorescence-based chlorophyll were
acquired by a multiparameter probe (depth interval: 5.0 & 3.6 cm, Sea &
Sun Technologies, Germany). Water transparency was measured using a
Secchi disk and samples for water chemical parameters were taken at the
central site (s. section 2.4). In addition, samples from the upper 5 cm of
the sediment were taken using a gravity corer and PVC liners (UWITEC,
Austria, PVC liners of 60 x 9 cm).

In September, we investigated the fish pond with the highest ebul-
lition rate, the Gerstenteich, in more detail. The spatial heterogeneity
and diurnal variability of ebullitive CH4 and CO-, fluxes were the focus of
this second field campaign. Starting from the post of the automatic pellet
feeder (site S00), we used a transect of bubble traps into the fish pond
(Fig. 2). The sites were about 8.5 m apart with 30 m to the last site (S07).
The transect covered ~80 m in total. Four additional sites were placed
left and right from the transect (S08, S09) and near to the shore left and
right (S10, S11). Over 2 days, the sites were sampled every 3 h between
5:30 a.m. and midnight using evacuated exetainers (Labco Limited,
United Kingdom; average duration of complete sampling cycle:
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Table 1

Characteristics of the investigated 12 freshwater fish ponds.
Fish pond (abbr.) Area Fish stocking Feed OC of feed Depth Secchi depth

kind/age start end F M
(ha) (kg/ha) (kg/ha) (kg/ha yr) (g/kg) (m) (m) (m)

Teich 1 15.7 Cl 13 136 6000 415 1.4 1.3 1.3
Teich 2° 14.2 C3 134 486 6700 415 2.5 1.6 0.75
Teich 3% 13.3 C3 167 248 8400 415 1.5 1.5 0.65
Teich 4* 10.8 C3 361 583 12,000 415 1.6 1.0 0.85
Brauereiteich® 2.2 C3 750 755 2500 415 1.5 1.1 0.7
StraBenteich® 7 Cc4 430 786 10,010* 407 2.0 1.2 0.35
Gerstenteich® 2.5 S2/T2 580 1600 4000%* 250 1.4 1 0.65 (0.55)
Kl. Krahenteich® 3.1 S2/T2 580 1446 4000** 250 1.2 0.3 0.45
ALl Kréhenteich® 5.3 C3 300 471 5000 415 0.9 0.6 0.2
Inselteich® 15 C2 100 433 12,000 415 1.5 0.7 0.65
Thronteich® 5.1 c2 50 252 3000 415 1.3 0.6 1.2
Heikteich® 10 Carp nursery 40,000 pc/ha 250 5000 415 1.3 0.7 0.65

Fish stockings of Common carp or Catfish/Tench (C or S/T plus fish age at the start of the season) at the start and the end of the season. Feed included wheat (or wheat
meal in case of the nursery pond; no mark), triticale* and fish pellets made from fish/vegetable meal mix**. Organic carbon (OC) content of annual feed quantity, water
depth at the feeding (F) and the central sites (M), Secchi depth (measured in June and, in brackets, Sept 2021) and surface area. Data on fish stocking and feed provided
by the fishing companies: (a) Forellen- und Lachszucht Ermisch, 01844 Neustadt, (b) KREBA-FISCH GmbH, 02906 Sproitz / Quitzdorf am See, (c) Teichwirtschaft
Kauppa, 02694 Kauppa/Grofidubrau (part of the Biosphere reserve Oberlausitz).
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Fig. 1. CH,4 ebullition during the survey of 12 extensively to semi-intensively managed fish ponds close to Bautzen, Germany, in June 2021 (bubble traps over 24 h or
48 h). Investigated temperate freshwater fish ponds sorted according to companies and spatial distribution: A: 1) Teich 1, 2) Teich 2, 3) Teich 3, 4) Teich 4, 5)
Brauereiteich; B: 6) StraRenteich; C: 7) Gerstenteich, 8) Kl. Krahenteich, 9) Al. Krahenteich, 10) Inselteich, 11) Thronteich, 12) Heikteich (nursery carp pond).
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Fig. 2. CH4 ebullition during the detailed Gerstenteich-study in Sept. 2021: (A) Mean CH,4 ebullition over 48 h (S00 — S11) or 24 h (SO1A and S02A). CH,4 ebullition
scheme with hotspot at the pellet feeder (S00), transition areas and the background. (B) Photo of the automatic pellet feeder and (C) the transect. (D) Decrease of CHy4
ebullition with distance from the feeding site (boxplot with median (black line), 25% and 75% quantiles (box), outliers of 1.5 IQR (whiskers) and extreme outliers

(circles)). Exponential fit: y = 1301.18 exp.(—x/3.52) + 2.27 with R? 0.99.

110 min). In addition, due to time constraints, two bubble traps were
used for 24-h measurements, at the feeding site and next to the transect
50 m apart (SO1A and SO02A). The sampling was accompanied by
multiparameter probe profiles at three sites of the transect (S00, SO5,
S07) and the shore sites (Sea & Sun Technologies, Germany). CH4 and
CO, diffusion was measured using a floating chamber connected a
portable FTIR analyser (DX4015, Gasmet Technologies, Finland). In
addition, water samples for headspace analysis were collected at site
S05, around 40 m from SO0, as in June. Close by, also the DO concen-
tration was logged in around 35 cm depth and at the ground (RINKO I
DO sensors, JFE Advantech Co., Ltd., Hyogo). Weather data was moni-
tored at the pellet feeder by a small weather meter mounted on a tripod
(Kestrel 4500, Boothwyn, U.S.A.). At all sites, 5 cm sediment samples
were taken.

2.3. Gas analysis and calculations

The analysis of the total gas composition was achieved stepwise by
gas chromatography (two different columns) and O, measurements
directly in the sample vials using a needle-type optode (Firesting,
Pyroscience, Aachen, Germany). For CHy, nitrogen (N3) and argon (Ar),
a gas chromatograph equipped with an aluminium oxide catalyst (5%
palladium), a molecular sieve 13X column at 50 °C, a flame ionization
detector and a thermal conductivity detector was used with hydrogen as
carrier gas (SRI—8610C, SRI instruments, Torrance, USA). CO, and N2O
were analyzed with a HaySep D column at 50 °C, a flame ionization
detector and an electron capture detector (Ny as carrier gas). The

calibration was adjusted to the concentration range of the respective
samples and the injected volume was dependent on the sample volume.
For quality control, all relevant bubble gas components were analyzed
and summed up (mean 99 + 2%, single measurements that deviated
>5% were repeated, data not shown). Since the gas samples were in
contact with water, it can be assumed that the missing portion is water
vapor (e.g. Boehrer et al., 2021; Horn et al., 2017). Ebullition rates were
calculated by multiplying gas ebullition rates with respective gas con-
centration in the samples, assuming a molar volume of 24.21 L/mol.

Dissolved CHy4, CO2 and N,O concentrations were calculated via Eq.
(1) from the gas concentrations in equilibrated headspace samples using
Henry’s Law and temperature corrected solubility coefficients:

Ve x Bx V, 100

T 1
V. )Wl T 8314 x (T +273.15) 1)

Cy = Cpy X Cf X (

¢y is here the concentration of the gas in the water (pmol/L), while ¢,
is the measured mole fraction of the gas (ppmv). ctis a conversion factor
from mole fraction (ppm) to concentration (mmol/m®) at in situ tem-
perature (T in °C). Vg and V,, are the volumes of the headspace air and
water sample used for equilibration and f is the Bunsen solubility
calculated using temperature corrected solubility coefficients. Without
affecting the water temperature, 30 mL of air and 30 mL of surface water
were shaken in a 60 mL syringe for at least 1 min. We used an alkalinity
based correction for CO5 and the chemical equilibration of the carbonate
system in the vials (Koschorreck et al., 2021).
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Diffusion fluxes were calculated from the dissolved concentrations c,,
using Fick’s law (Eq. (2)). ceq is the equilibrium concentration measured
using atmospheric pressure (1.013 bar or measured values) and water
temperature, k is the transfer velocity and Sc the Schmidt number,
defined as the kinematic viscosity of water divided by the diffusion
coefficient of a chemical substance contained therein. Sc was calculated
for the individual gases according to Wanninkhof (1992) as a function of
absolute water temperature. kggp is the transfer velocity adjusted to a
Schmidt number of 600. As the ponds are small, shallow and surrounded
by trees, the gas transfer velocity parametrization of Cole et al. (2010)
for small lakes under low-wind conditions was used to estimate kggg. k
for CH4, CO, and NoO was calculated from kggp according to Crusius and
Wanninkhof (2003). Total fluxes were calculated as the sum of diffusive
and ebullitive fluxes.

Diffusive fluxes measured via floating chambers should be calculated
by using linear concentration increases. However, the high background
concentration and frequent ebullition events made a quantitative eval-
uation of the data difficult. For CHy, only in around 5% of the mea-
surements a continuous linear increase over several minutes could be
detected (data not shown). This is why, we use only the headspace
derived diffusive fluxes in the following.

To compare the impact of the different GHG and fluxes, we also
calculated the global warming potential (GWP) based on the factors
given in Neubauer and Megonigal (2015) for CH4, CO2 and N,O diffu-
sion and ebullition of the Gerstenteich in September 2021. That is, we
assumed that the effect of CH4 and N5O is ~45 and 270 times that of CO5
over a time horizon of 100 years.

2.4. Water, sediment and pore water analysis

Surface water samples were taken in around 10 cm depth at the
central site of the 12 fish ponds during the survey in June 2021. Samples
for total bound nitrogen (TNy), nitrite, nitrate, ammonium (NHy), total
and dissolved organic carbon (TOC and DOC), sulphate and chlorine
were filled into a 500 mL brown glass bottles (filtered through pre-
muffled 0.7 pm glass fibre filter). Samples for total and dissolved inor-
ganic carbon were filled gas bubble-free into 100 mL brown glass bot-
tles. Samples for magnesium, calcium, sodium, potassium, aluminium,
dissolved iron, zinc and manganese were filled into PE-bottles (filtered
through 0.45 pm syringe membrane filters). Samples for soluble reactive
phosphorus were filled into 250 mL brown glass bottles (filtered through
0.2 pm membrane filters). Total phosphorus (TP) samples were stabi-
lized by adding 1 mL of diluted H2SO4 (1:4). All samples were kept
refrigerated until analysis. Carbon fractions were analysed IR-
spectrometrically using a C-analyser (Dimatec, Germany, Herzsprung
et al., 1998). Nitrogen fractions (Herzsprung et al., 2005; Krom, 1980)
and soluble reactive phosphorus (Mecozzi, 1995) were measured by
continuous flow analysis (CFA, Skalar, Netherlands, Herzsprung et al.,
2006). TP was measured photometrically (Skalar, Netherlands). Sul-
phate and chlorine anions were analysed by suppressed conductivity
using an ICS-3000 ion chromatography system (Dionex, Germany) and
automatically generated potassium hydroxide eluent. Cations were
determined by optical emission spectroscopy with inductively coupled
plasma (ICP-OES, Perkin-Elmer, OPTIMA 3000, Germany, Baborowski
et al., 2011). Alkalinity were measured by an automatic titrator
(Metrohm).

At all sites, sediment samples of the upper 5 cm were taken. Sediment
organic matter content and porosity were determined by drying at 60 °C
and the Loss-on-Ignition method (muffle furnace: 4 h, 500 °C). After
freeze-drying and homogenisation, total carbon (PC), total organic
carbon (POC, after removal of inorganic carbon by acidification), and
total nitrogen (PN) were determined by a CN analyser vario EL cube
(Elementar Analysensysteme GmbH, Germany). In addition, at the
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Gerstenteich in September 2021, the sediment was centrifuged to
analyse for pore water sulphate by ion-chromatography (Dionex). Pore
water DOC and TN}, were analysed using a DIMATOC 2100 (Dimatec,
Germany). Since nitrate was below the detection limit in the surface
water, we expected that the concentration of this electron acceptor
would be below the detection limit in the anoxic pore water (no ana-
lyses). In addition, sediment sludge was analysed photometrically (Cary
60 UV-Vis Spectrophotometer, United States) for iron using Ferrozin
and Hydroxylammoniumchlorid (Lovley and Phillips, 1987).

2.5. Net ecosystem production

Based on continuous DO concentrations measured in Gerstenteich in
September 2021, metabolism calculations were done using the R pack-
age LakeMetabolizer (Winslow et al., 2016). Using the Maximum Like-
lihood method and a mean water depth of 1.2 m, the C input via net
ecosystem production (NEP) was estimated. To compare the annual OC
input via fish feed and NEP, extrapolations were done for 8 (fish growing
phase, afterwards drained) and 12 months.

2.6. Statistics

Software R version 3.5.1 was used for statistical analysis and data
visualizations (R Core Team, 2019). To search for significant differences
and correlations, paired t-tests, principal component analyses, non-
metric multidimensional scaling and correlation matrices (Spearman’s
rank) were used on the several data sets (initial fish pond/site-specific
variables: Table S6). We used different types of models (linear models,
generalized linear models, linear mixed-effects modelling with e.g. the
fish companies as random factor) to investigate possible drivers of CHy
emissions. However, using the Akaike Information Criterion, linear
correlation proved to be the best model type.

3. Results
3.1. Survey — characterisation and comparison of 12 temperate fish ponds

3.1.1. Chemical and physical parameters of surface water and sediment

Temperature (23.9 &+ 1.0 °C), pH (7.7 &+ 0.4) and water cations and
anions contents were in a similar range in the eutrophic to polytrophic
fish ponds (Tables S1 and S2) (Klaper and Korinek, 1992). Nitrate and
nitrite in surface water exceeded the limit of quantification only in
StraBenteich. NH4 concentrations were variable and distinctly higher in
Gerstenteich (0.7 mg/L). Soluble reactive phosphor contents were also
higher in Gerstenteich and Teich 1. The DO profiles were measured
during sampling and thus at different times for the respective ponds
(between 7:30 and 20:30). The DO contents averaged over the profiles
and those measured near the sediment were 62.5 + 26.2% and
53.6 + 26.3%, respectively and were slightly (but not significant, paired
t-test) higher at the feeding sites. Chlorophyll a and turbidity varied
partly strongly between the sites and the fish ponds but showed no
significant differences. The highest mean chlorophyll a content of the
measured vertical profiles was 130 g/L at the central site of the Ger-
stenteich. DOC was between 7.0 and 10.9 mg/L (9.5 £+ 1.2 mg/L). POC
was significantly higher in the feeding site sediments compared to the
central sites (63.2 + 39.5 g/kg dry weight (DW) compared to
26.3 + 11.6 g/kg DW, recently reconstructed Heikteich excluded) and
accounted for 98 + 3% of the total sediment carbon. This tendency was
also true for porosity and PN, which was particularly high at the feeding
site of Gerstenteich (16.5 g/kg DW). The C/N ratio was 8.5 + 2.2.

3.1.2. GHG emissions during the survey — comparison of feeding and
central sites

The investigated 12 fish ponds showed a high variability with
significantly higher GHG emissions at the feeding sites (Table 2, bubble
gas composition and emission pathways in detail in Table S3, Figs. S2
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Table 2
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Total, ebullitive and diffusive CH4, CO, and N,O emissions at the feeding (SF) and central sites (SM) of the survey and at the Gerstenteich in June 2021 (feeding (GF)
and central site (GM)) and in Sept. 2021 at site SO0, directly at the automatic pellet feeder (GH), the area with (GFA, calculation based on concentric scheme of Fig. 2)
and without (GBA) the influence of the feeding site and the Gerstenteich as a whole (G).

Site / area SF SM GF GM GH GFA GBA G
CH4 Eb. (mmol/m?d) 139 + 134 9412 462 42 1238 108 8+7 13
Diff. (mmol/m?d) 13+7 10+8 19 24 - - 23 £17* 23 £17*
Total (mmol/m?2d) 153 + 138 19+19 481 66 1261 131 31 +24 36
% eb. (%) 91 48 96 63 98 82 25 35
CO, Eb. (mmol/m?d) 6+8 0.3+ 0.6 30 1.8 177 24 0.1+0.3 0.5
Diff. (mmol/m?d) 111 + 68 58 £ 63 184 157 - - 65 + 50* 65 + 50*
Total (mmol/m?d) 118 £ 72 59 + 64 214 159 242 90 66 + 50 66
% eb. (%) 5.4 0.5 14 1.2 73 27 0.2 0.8
N20 Total (umol/m?3d) 6 +10 4+10 6.8 4.6 - - 0.8 + 0.9* 0.8 + 0.9*
% eb. (%) 3.7+ 4.6 0.2+0.3 6.3 0.5 - - - -

Given is the mean + standard deviation, if possible, and the share of ebullition (% eb.). *The diffusive fluxes measured at SO5 were used as a reference for the diffusion

of the whole Gerstenteich.

and S3): In addition to one order of magnitude higher ebullition rates,
the bubble CH4 contents at the feeding sites were 77.1 + 3.6% compared
to 51.8 + 20.5% at the central sites. Mean CHj4 ebullition was
139 + 134 mmol/m?d, >15 times higher than at the central sites
(Fig. 1). It ranged from 462 mmol CH,/m2d at the Gerstenteich feeding
site to 0.2 mmol CH4/m2d at the central sites of Teich 2 and 4. The
variability between the fish ponds was in the same order of magnitude as
the CH4 ebullition itself. The recently reconstructed nursery pond
(Heikteich) had lower CH4 ebullition rates and will be discussed
separately.

CH, diffusion did not differ significantly between sites, averaging
11.5 + 7.6 mmol/m?d. Total CH4 emissions were highest at the Ger-
stenteich, up to 481 mmol/m?2d, while only 3 mmol/m?d were emitted at
the central site of the Alter (Al.) Krahenteich. Ebullition accounted for
84.4 + 18.2% of the CH4 emissions at the feeding sites reaching 96% at
the Gerstenteich feeding site. But at the central sites, ebullition was only
half as important (38 + 25%) and the dominance of the pathways
changed.

CO, emissions varied greatly between fish ponds and sites: from
undersaturated conditions (theoretical CO, uptake, autotrophic) to
emission of 213.6 mmol/m?d at the Gerstenteich feeding site. Diffusion
was clearly the dominant pathway (96.9 + 3.9% of heterotrophic COy
emissions). CO ebullition and diffusion were significant higher at the
feeding sites where mean CO; emission was twice as high with
118 + 70 mmol/m?d. CO, ebullition was highest at the Gerstenteich
feeding site.

Bubble N,O contents ranged between 0.2 and 1.8 ppm and ebullitive
fluxes were negligible. Diffusion was with 97.9 + 3.8% the main
pathway but N»O uptake was also observed. N2O emissions ranged from
-7.0 pmol/mzd (central sites of Teich 3 and 4) to 32.1 pmol/mzd
(StraBenteich). However, without these values, mean N0 emission was
3.3 + 3.9 pmol/m?d with no significant difference between sites.

Emissions at the recently reconstructed carp nursery pond had a
different pattern. At the central site of the Heikteich, the ebullition rate
was higher than at the feeding site. However, as the CHy4 content of the
bubbles was very low at 1.6%, CHy4 ebullition was still higher at the
feeding site. The CHy4 ebullition rate at the feeding site was comparable
to that at the central sites of the other fish ponds - as were CH4 and CO,
diffusion and total emission. N5O emissions were similar to the other fish
ponds.

3.2. Detailed study at the Gerstenteich

3.2.1. Chemical and physical parameters of water, sediment and pore water

While the pH was in the same range as in June, the water tempera-
ture was 6 °C lower at 19.2 + 0.7 °C (Table S4). Trends with distance
from the feeding site SO0 were more pronounced for pore water DOC
and TNy, than for POC, PN or their C/N ratio (mean C/N: 7.3 + 1.3).

Figs. S4, S5 and S6 show CTD-profiles and contour plots of water tem-
perature, DO and chlorophyll at SO0, SO5 and SO7, the beginning,
middle and end of the transect into the Gerstenteich. On both days,
stratification built up during the day and disappeared at night. The DO
content was lowest at the feeding site reaching values down to 30% in
the early morning hours near the sediment and increased with distance
from the feeding site. Although there was no clear trend in turbidity and
chlorophyll concentration, higher DO maximum values were reached at
S05 and S07 in the early afternoon. Near S05, the diurnal DO ranged
from 33% to 161% at 35 cm depth, but remained close to 0% at the
sediment surface (Fig. S7). Diurnal temperature variations at both
depths were small. Wind speed was mostly below 1 m/s and slightly
higher on the second day when also air pressure dropped by 6 mbar
(Fig. S8).

Based on the DO measurements, the NEP was determined to be
0.1 mg C/Ld. Extrapolated to 8 months of fish production, NEP
accounted for only 17% of the annual OC input via fish feed. Since our
measurements took place in September and higher DO values could be
expected in summer, we also made an estimate for 12 months, as a
maximum estimate. The share was 26%.

3.2.2. Spatial heterogeneity of ebullition

By using a transect of bubble traps and additional sites in the Ger-
stenteich, we were able to identify a clear ebullition pattern influenced
by the feeding site. Directly at the automatic pellet feeder (S00), an
ebullition rate of 38 L/m?d with a mean bubble CH,4 content of 79 + 11%
was observed (Fig. S2 and Table S5). The resulting CHy4 ebullition was
1.24 mol/m?3d (Table 2). CHy4 ebullition declined exponentially with
distance to the feeding site due to both, reduced ebullition rates and
bubble CH,4 contents (Fig. 2). This resulted in a feeding site influenced
area of about 40 m diameter. Outside this area, which is referred to as
background in the following, CH4 ebullition was <1% of the rate at site
S00. This means that the variability within the ecosystems was of the
same order of magnitude as the ebullitive CH4 flux itself and that 40% of
the total CHy4 ebullition occurred in <5% of the area. Mean CH4 diffusion
measured at SO5 was 23 + 17 mmol/m?d and was thus comparable to
the diffusive flux determined in June. Based on this value, we estimated
a CH, emissions rate of 36 mmol/m?d for the whole Gerstenteich. While
ebullition accounted for 82% of the total CH4 emissions from the area
influenced by the feeding site, its importance for the entire fish pond was
significantly lower at 35%.

At S00, the bubble gas also contained CO; in significant proportions
leading to a CO ebullition of almost 400 mmol/m?d at high times and a
mean value of 177 mmol/m?d. However, CO, ebullition decreased faster
than CH4 ebullition with increasing distance from the feeding site,
resulting in a feeding site influenced area of about 12 m radius and a
negligible background CO; ebullition flux, which was lower by a factor
500. This means that in <2% of the area 79% of the total CO5 ebullition
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Fig. 3. Temporal variability of CH4 ebullition rate during the detailed
Gerstenteich-study in Sept. 2021. Mean sampling times are indicated as circles
for SO0 and SO1. Periods with increased ebullition shaded.

occurred. Mean CO,, diffusion at SO5 was with 66 + 50 mmol,/m?d lower
than in June, but accounted for 99% of the CO, emissions. NoO diffusion
at SO5 was low with 0.8 = 0.9 pmol/m?d.

3.2.3. Diurnal variability of ebullition

We observed considerable temporal variability of CH4 ebullition
(Fig. 3). The picture seemed heterogeneous, but at the second sampling,
between 5:30 and 10:30 in the mornings, 90% of the sites had CHy4
ebullition rates above the site mean CHy4 ebullition value. This pattern
occurred on both days. If the CH4 ebullition was calculated separately
for both days according to the concentric scheme in Fig. 2, there was
only a slight deviation of 3.3% or 11 mol CH,. Fig. 4 shows diffusive and
ebullitive CH4 and CO-, fluxes at site S05, 42 m from S00. Total CH4 and
CO4 emissions were highest at night and in the morning. N,O diffusion
was low and showed no distinct diurnal pattern (data not shown).
Although the floating chamber measurements were difficult to evaluate
due to the high ebullition rates, the trends and ranges observed for CO,
diffusion confirmed our headspace measurements (data not shown).

3.3. Global warming potential

The GWP of the Gerstenteich for both days in September 2021 was
287 g COz—eq/mzd or 0.65 mol COz—eq/mZd. While N,O fluxes and CO,
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ebullition were negligible (accounting for 0.03% and 0.1%), COs
diffusion accounted for 10.1% of the GWP. CH4 accounted for almost
89.9%, 58.4% emitted by diffusion and 31.5% by ebullition.

3.4. Drivers of CH4 emissions

In contrast to CHy diffusion and N,O fluxes, CH4 and CO5, ebullition,
bubble gas composition (mainly CH4 and N»), CO, diffusion, and total
CH4 and CO, emission differed significantly between the feeding and
central sites. The factor “feeding site” or “central site” explained 55% of
the variance in the CHy ebullition flux. Other factors like “high/low
abundance of macrophytes” or “fishing companies” (possible manage-
ment differences) were not significant. Significant differences between
the survey feeding and central sites were found only for the sediment
parameters POC and PN and for water depth. Linear correlation analyses
showed that sediment associated parameters were important drivers for
the CHy4 emissions (Table 3 and S.6 with an overview of the parameter
variety of the modelling). PN and POC clearly correlated with CH4
ebullition when survey feeding and central sites were taken into account
(PN: R? of 0.62, p < 0.001; POC: R? of 0.32, p < 0.005). This pattern was
also true when the feeding sites were modelled separately (PN: R? of
0.55, p < 0.005). However, at the central sites, PN or POC correlated
only weakly with CH4 ebullition while chlorophyll a was the strongest
predictor (R2 of 0.44, p < 0.05) followed by the amount of fish at the end
of the season (R? of 0.39, p < 0.05). Especially at the central sites,
chlorophyll a correlated strongly with the amount of fish at the begin-
ning and the end of the season (R? of 0.62 and 0.79, both p < 0.001), as
well as with the annual input of OC via fish feed (R? of 0.38, p < 0.05).

Table 3

Linear modelling of CH,4 ebullition, diffusion and total emission via environ-
mental variables for the survey feeding (SF) and central sites (SM) as well as the
Gerstenteich (G).

Parameter Sites Linear modelling n R?
CHj4 ebullition SF & SM 0.7 PN + 0.3 NH4—-0.3 DO 24 0.72
SF 0.4 + 0.6 NH4—0.5 DO +0.3 PN 12 0.87
SM —0.5 4+ 0.08 NH,4 + 0.03 ChLA 12 0.81
G 115.7 + 323.5 PW.TN, 12 0.98
CH, diffusion SF & SM 0.6 PW.DOC - 0.5 NH4 + 0.3 POC 24 0.74
CH4 emission SF & SM 0.7 PN + 0.2 NH4 24 0.70

Number of included sites (n) and adjusted R? with a significance of p < 0.001.
Drivers are sediment organic carbon (POC) and nitrogen (PN), ammonium
(NH,), dissolved oxygen (DO), chlorophyll a (Chl.A), pore water dissolved
organic carbon (PW.DOC) and total bound nitrogen (PW.TNy,).
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Fig. 4. Diurnal course of CH4 and CO, ebullition and diffusion at site SO5 of the detailed Gerstenteich-study in Sept. 2021. Sampling (circles) at this site started at
6:30 a.m. and lasted until midnight. Total fluxes as the sum of ebullition and diffusion.
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The amount of fish at the beginning of the season or the annual input of
OC or N via the fish feed did not correlate significantly with CH4 ebul-
lition. But we identified NH4 in surface water as a strong proxy of CHy
ebullition, both at the feeding and central sites (both: R? of 0.77,
p < 0.001). While DO correlated with CH4 ebullition at the feeding sites
(R2 of 0.41, p < 0.05), there was no significant correlation at the central
sites.

The sites of the detailed Gerstenteich study covered both, areas with
and without the influence of the feeding site. Pore water TN}, and DOC
had adjusted R? values of 0.98 and 0.92 when correlated with CHy4
ebullition (p < 0.001). Just like PN and POC, TN}, and DOC were strongly
intercorrelated. Solid-phase PN and POC were not significantly corre-
lated with the observed CHy4 ebullition and even when CH4 ebullition
data from both field campaigns were combined, the R? of PN was only
0.14 (p < 0.05). Furthermore, there was no correlation between the C/N
ratio and CH4 emissions. Water temperature near the sediment was very
similar between the sites and thus did not explain spatial variability of
ebullition. Although also the water depth was quite similar at the
different sites, there was a positive correlation with the emissions.

4. Discussion
4.1. GHG emissions from temperate freshwater fish ponds

Before we go into the interpretation of the data, it is important to
clarify the explanatory power of our investigations: Due to the high
spatiotemporal variability of GHG emissions, especially ebullition, flux
measurements at one site are not sufficient to describe an ecosystem in a
representative way (e.g. Wik et al., 2016). Nevertheless, the mean values
of our survey provide a benchmark to compare these 12 temperate,
extensively to semi-intensively used fish ponds with other aquaculture
and natural ponds and to assess the impact of feeding sites. They reflect
trends and orders of magnitude, which are then investigated represen-
tatively in our detailed study on the Gerstenteich. Here, the focus was
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placed specifically on the ebullitive gas transport pathway. In addition,
we studied the ponds during the fish growing season in June and
September 2021, not covering the period of winter drainage when redox
conditions in the sediment may change, resulting in lower CH4 but
possibly increased CO, and N3O emissions (Madigan and Martinko,
2006).

4.1.1. Methane emission

During our field campaigns, we observed a wide range of CHy
emissions with a remarkable inter- and intra-ecosystem variability -
especially with respect to ebullition. The feeding sites were striking CH,4
hotspots with previously unknown ebullitive fluxes of up to 1.81 mol/
m?d at the Gerstenteich (site mean value over 48 h: 1.24 mol/m?d). And
CH4 diffusion was also high compared to other aquaculture systems,
urban ponds or small water bodies (Table 4). In the Gerstenteich, CHy
diffusion was comparable in June and September 2021 and was addi-
tionally verified by floating chamber measurements. With both fluxes,
total CH4 emissions were calculated. CH4 emissions from aquaculture
are influenced by the type of management, the species cultivated and the
environmental conditions and therefore span a considerable range,
leading to large uncertainties in GHG emission estimates from aqua-
culture (Dong et al., 2023; Kosten et al., 2020; Rosentreter et al., 2021;
Zhang et al., 2022). The reviews currently available mainly refer to
aquaculture of crab, shrimp or mixed shrimp-fish systems, with a clear
focus on Chinese aquaculture. Mean CH,4 emissions of the central sites of
the survey and the result of the detailed Gerstenteich study at the end of
the fish growing season in September, where ebullition was recorded not
only with the variability inherent of the system, but also with the in-
tensity and spatial extent of the feeding site, were in the upper range of
values reported for aquaculture. The 36 mmol/m?2d of the entire Ger-
stenteich in September were higher than the CH4 emission currently
reported by Rosentreter et al. (2021) for lakes with an area of
<0.001 km? and were more than double the top end value for natural
freshwater ecosystems of Bastviken et al. (2011). This shows that the

Table 4

GHG emissions from aquaculture systems, urban ponds and other water bodies in comparison to the semi-intensively managed Gerstenteich in Sept. 2021.
Ecosystem CH4 emissions CH,4 Diffusion CH4 Ebullition CO, emissions N-O emissions Literature

(mmol/m?2d) (mmol/m?d) (mmol/m?d) (mmol/m?d) (umol/m?3d)

FW fish pond, Germany 36 23 +17* 13 65 + 50* 0.8 + 0.9* This study
Feeding site hotspot 1261 23 +£17* 1238 65 + 50* 0.8 + 0.9*
Aquac., extensive 6.6 +10.3 - - - 4.1 +3.7 Kosten et al. (2020)
Aquac., semi-intensive 15.0 + 6.6 - - - 15.3 +17.7
FW aquac. ponds 27.4 + 36.8 - - - - Rosentreter et al. (2021)
Aquac., China —0.01 to 129 — - —87 to 126 - Zhang et al. (2022)
Inland aquac. ponds, China 9.2 +3.3 - - 245 + 5.4 -
Lake/reservoir aquac., China 1.4+08 - - 24.6 + 6.6 -
Rice-field, China 6.7 £ 1.0 - - 116.2 -
Aquac., China 10.0 + 3.0 - - - - Dong et al. (2023)
FW fish pond, Czech - 0.53 £ 0.57 - - - Rutegwa et al. (2019)
FW fish ponds, India 37.2 +£18.0 - - - - Shaher et al. (2020)
FW fish pond, China 1.4 0.2 1.2 - 11.4 Fang et al. (2022a, 2022b)
FW carb ponds, China 165+ 1.1 - - 0.8 to 12.4 - Yuan et al. (2019)
FW crab ponds, China 13.5to 21.5 2.7 to 3.5 10.8 to 18.0 - <5 Yuan et al. (2021)
Shrimp maric., China 23.9 2.4 21.5 - - Yang et al. (2020)
Coastal shrimp ponds, China 33.9 +10.4 3.4+1.0 30.5+9.3 10.0 + 4.0 - Tong et al. (2021)
Urban ponds, Germany 26.2 + 36.2 7.5+1.0 18.7 + 35.2 - - Ortega et al. (2019)
Urban pond, Netherlands 10.6 2.1 8.6 80.4 - van Bergen et al. (2019)
Water retention ponds, USA 5.5 to 53.1 — — 12 to 115 7.3 to 70.3 Gorsky et al. (2019)
Urban ponds, Sweden - 1.9 - 17.1 - Peacock et al. (2019)
Agricultural ponds, Canada - 0.14 to 92 - —21 to 466 —12to —2 Webb et al. (2019a, b)
Common FW ponds, India 17.9 £ 185 3.1 14.8 67.1 £ 64.0 - Selvam et al. (2014)
Natural FW ponds, Canada - - 21.7 £15.4 - - Baron et al. (2022)
Natural lakes <0.001 km? - 3.1+0.7 - 96 +1.4 - Holgerson and Raymond (2016)
Lakes <0.001 km? 25.4 + 14.8 - — - - Rosentreter et al. (2021)
Lakes 9.2+ 2.6 - - - -

*Diffusive fluxes measured at SO5 as a reference for the diffusion of the whole fish pond. Given is the mean =+ standard deviation or the range as in the references. FW
abbreviated for freshwater, aquac. for aquaculture and maric. for mariculture. Given are current review articles on aquaculture with a focus on freshwater systems,
relevant case studies on aquaculture and urban ponds, and reviews on natural ecosystems.
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natural-looking, temperate fish pond emitted more CH4 than natural
systems, despite its semi-intensive use and even if the hotspot of the
feeding site is excluded. A comparison of the ebullition rates of the pond
centre in June and September also suggests that CH4 emissions have
already decreased due to the 6 °C lower temperature of the water
column.

Most aquaculture studies examining both gas pathways report that
ebullition was the predominant pathway, accounting for 70 to 90% of
the total CHy flux (Tong et al., 2021; Yang et al., 2020; Yuan et al., 2021;
Zhao et al., 2021). We observed a wide range regarding the relative
importance of ebullition but comparable high shares were only linked to
the high total CH4 emission at the feeding sites. Nevertheless, ebullition
proved to be a significant transport mechanism for CH,, accounting for
35% of emissions from the Gerstenteich in September (> 310 mol daily).

4.1.2. Carbon dioxide emission

For aquaculture systems a wide range of CO, emissions is reported,
equally so for urban and agricultural ponds, and our results fall with
—12 to 242 mmol/m?d within this range (Table 4). CO; emissions in this
range were also reported for lakes, reservoirs, rivers or beaver ponds
(Deemer et al., 2016; Lazar et al., 2014; Room et al., 2014; Selvam et al.,
2014; Teodoru et al., 2012; Zhang et al., 2020). During the survey, CO5
emissions at the feeding sites were twice as high as at the central sites. As
expected, due to its high water solubility, diffusion was the main
pathway for COy (Boehrer et al., 2021), but at the feeding sites also
ebullition played a role. So far, CO3 ebullition has not been considered in
GHG studies but, in the case of the Gerstenteich, CO5 ebullition directly
at the automatic pellet feeder was with 177 mmol/m?d surprisingly high
and accounted for 73% of the total CO; flux. It is plausible that the CO5
was produced anaerobically, since similar amounts of CH4 and CO are
produced during the mineralization of OM under methanogenic condi-
tions (Schwoerbel and Brendelberger, 2016). Obviously, methano-
genesis rates were sufficiently high to override the high water solubility
and significantly increase the partial pressure of CO5 in the sediment
pore water. Nevertheless, the CH4 emissions at the Gerstenteich feeding
site were >5 times higher than the CO, emissions. This can be attributed
to the high solubility, the carbonate buffer system and the uptake of CO,
into the biomass of phototrophic organisms (Schwoerbel and Brendel-
berger, 2016). Assuming that CH4 emission of 36 mmol/m?d reflected
the average methanogenesis rate (steady state), that CH4 and CO5 were
produced anaerobically in equal parts and that there were no additional
CO4 sources, our NEP calculation allows to estimate the proportion of
methanogenically formed CO; that is incorporated into the biomass at
69%. It is therefore an important sink in these eutrophic waters. It can be
assumed that the emitted CO originated from the easily biodegradable
fish feed, feces, and aquatic primary production (Kosten et al., 2020).

4.1.3. Nitrous oxide

Since an increase in NoO emissions with N load have been observed
in lotic systems (e.g. Seitzinger et al., 2000), high N2O emissions were
originally also expected from aquacultures (Hu et al., 2012). N,O is
formed as a by-product during aerobic nitrification or through incom-
plete denitrification under conditions that are not completely oxygen
free (Schlesinger, 2009). However, the low redox potentials in anaerobic
sediments favour complete denitrification and result in NH4 accumula-
tion and NOj depletion, which also limits denitrification rates. There-
fore, N»O in lakes and ponds is mainly produced in the epilimnion or at
the epilimnion-hypolimnion interface as a by-product of nitrification
and, compared to oxygenated and well mixed lotic ecosystems, NoO
emissions are often low (Beaulieu et al., 2015; Deemer et al., 2011;
Kosten et al., 2020; Malyan et al., 2022; Webb et al., 2019; Yuan et al.,
2021). For example, Baulch et al. (2011) observed N3O emissions of
776 + 61 mmol/m?d in streams in Canada, while N,O uptake was
observed in the majority of 101 highly eutrophic, agricultural ponds
(Webb et al., 2019) and was reported for >40% of the boreal aquatic
ecosystems studied in Soued et al. (2016). In addition, N2O can be
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consumed in aquatic systems by e.g. denitrifiers and a downward N»O
diffusion gradient into the hypolimnion was assumed (Beaulieu et al.,
2015; Deemer et al., 2011; Soued et al., 2016; Webb et al., 2019; Yuan
et al., 2021). In line with these findings and other aquaculture studies
(Table 4), the investigated fish ponds were only weak N3O sources with
very low emissions during the fish growing season ranging from small
N0 uptake to 32 pmol/m?d in one fish pond. It is therefore becoming
increasingly clear that despite intensive N loads and cycling in aqua-
cultures and fish ponds, NyO emissions are of rather minor importance.

4.1.4. Global warming potential of the Gerstenteich

In order to compare the impact of the different GHG and fluxes, we
calculated the GWP to 28.7 g COy-eq/m>d. While CO, ebullition was
negligible, CO diffusion accounted for around 10% of the GWP. The
contribution of NO as the most potent GHG was negligible (Myhre
et al., 2013). CH4 was clearly the most important GHG, with ebullition
responsible for more than a one-third of the GWP fraction of CH,. This
strong dominance of CHy4 is consistent with studies on artificial storm-
water ponds, where CH,4 accounted for 94% of the GWP, CO, was the
second most important greenhouse gas and N2O was <1% (Gorsky et al.,
2019). Yuan et al. (2019) also attributed the significant increase in GWP
following the conversion of paddy rice fields to extensively managed
crab aquaculture ponds mainly to increased CH4 emissions.

4.2. CHjy ebullition — spatiotemporal variability and differences between
fish ponds

CH,4 was clearly the predominant GHG in the observed fish ponds,
and a large proportion of the emissions were caused by ebullition. In line
with other literature on ebullition (e.g. Beaulieu et al., 2016; DelSontro
et al., 2016; Wik et al., 2016), significant differences were observed
between the fish ponds and a considerable spatiotemporal variability
was found within a single pond. This heterogeneity led to great un-
certainties in climate impact assessments and is therefore the subject of
the following sections.

4.2.1. Spatial heterogeneity of CH,4 ebullition

Our traditional fish ponds had stationary feeding sites where grain or
pellets were dispensed. Since these feeding sites were the deepest parts
of the fish ponds and this was where the water was drained for har-
vesting, sludge and fine sediment could accumulate (Avnimelech and
Ritvo, 2003; Boyd et al., 2010). Here, we observed 15.5 times higher
ebullitive fluxes and 8 times higher total emissions. Similarly, the
feeding site influenced area of the Gerstenteich emitted 13.5 times more
CHy via ebullition than the background. In <5% of the area 40% of the
CH4 ebullition and 16% of the total CH4 emission occurred. Up to 5 times
higher emissions at the feeding zones were also reported for Chinese
aquaculture (Fang et al., 2022a; Yang et al., 2020; Zhao et al., 2021) but
the differences were not in these dimensions. Directly at the automatic
pellet feeder of the Gerstenteich, CH, ebullition in September was 155
times as high as the background flux and, at times, >2 mol CH4/m?2d was
emitted.

With the exception of water depth, only sediment OC and PN con-
tents (both highly intercorrelated) were significantly different between
the survey feeding and central sites. Although the ponds were generally
rich in OM and had a low C/N ratio, unconsumed feed and fish feces can
accumulate around the feeding site due to the low C utilization effi-
ciency of the fish (Avnimelech and Ritvo, 2003; Rutegwa et al., 2019).
The N-rich OM contains large amounts of starch and proteins and is
easily bioavailable and rapidly degraded to methanogenic substrates
(Yuan et al., 2019). Therefore, previous studies have already shown a
good correlation between PN and CH4 production or emission, espe-
cially in OM-rich ecosystems (Gebert et al., 2006; Isidorova et al., 2019).
PN explained 62% and 55% of the CH4 ebullition variability for the
survey and the survey feeding sites but for the central sites chlorophyll a
had much higher predictive power, explaining 44%. We assume that,
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outside the feeding site influenced area, aquatic primary production was
the primary source of the quickly consumed, labile OM used for CH4
production. Autochthonous OM is (in comparison to allochthonous OM)
also rich in protein and relatively easily transformed into CH4 (Grasset
et al., 2018; West et al., 2012).

Fish stocking and feed use correlated only weakly with the measured
CH,4 emissions and were outperformed by other predictors. The com-
parison between the neighbouring fish ponds Kl. Krahenteich and Ger-
stenteich also showed that neither the fish species nor the type of feed
allowed direct conclusions to be drawn about CH4 emissions. Despite the
same catfish/tench stocking and feed quantity, the CH4 ebullition rates
were 5 to 11 times higher at the Gerstenteich than at the K. Krahenteich.
However, the PN values in the sediment of the Gerstenteich were twice
as high. While the CH4 emissions of the Kl. Krahenteich were in the
middle range, the carp pond StraBenteich (grain-fed) had the second
highest emissions. The low CHy4 emissions at the Heikteich, the freshly
homogenised carp nursery pond, also pointed to the importance of the
labile OM input.

Negatively correlated DO played a role at the feeding sites of the
survey, where DO levels dropped to only about 30% saturation in the
early morning hours due to high respiration. Methanogenesis is an
anaerobic process. However, redox conditions at the water-sediment
interface change at the microscopic level (e.g. Meijer and Avnimelech,
1999; Phan-Van et al., 2008), and variable DO content in the water
column therefore does not appear to be a reliable predictor of CHy4
production and emission. Due to the narrow temperature range, tem-
perature did not have the reported strong effect (e.g. Fuchs et al., 2016)
but the temperature difference of 6 °C between June and September
could explain the higher CH4 ebullition rate at the Gerstenteich central
site in June.

At the Gerstenteich, where feeding site influenced (4) and central
sites (10) were combined, correlations showed that not the sediment
solid phase, but the pore water TNy, and DOC contents explained the
measured CH, ebullition to astonishing 98% and 92%. Labile pore water
OM derived from fish feed and feces as well as from primary production
determined the observed CHy4 ebullition. Correlations between chloro-
phyll a and fish abundance or OC input via fish feed indicated a fertil-
ization effect as reported by Flickinger et al. (2020), but, analogous to
Yuan et al. (2019), our extrapolations (on the basis of 8 months) showed
that annual OC input via fish feed accounted for about 85.4% of the total
OC inputs. It is natural to assume that the fish pellets with a C/N ratio of
3.2 (data not shown) contained even more easily degradable proteins
and organic acids than the phytoplankton (assuming a C/N ratio of 6.6
based on the Redfield ratio; Redfield, 1958). Since the C/N ratio of the
sediment was comparable for all sites (mean at the Gerstenteich:
7.3 + 1.3) and also for the different fish ponds (mean during the survey:
8.5 + 2.2), these substances were consumed so quickly that, despite the
high input, the sediment solid phase was not permanently altered. The
high emissions near the feeding site can therefore be explained by the
high, punctual input of very easily biodegradable OM. This would mean
that methanogenesis in these OM- and nutrient-rich fish ponds was still
limited by (the quality of) the substrate, as has been demonstrated for
many other ecosystems and sites (e.g. Bastviken, 2009). The positive
correlation with water depth, on the other hand, seems to be an artefact
of the strong OM influence, since with increasing depth also the absolute
pressure increases, which must be overcome to form bubbles (Boehrer
etal., 2021). In addition, NH4 proved to be a strong and easily measured
indicator of CH4 emissions during the survey. NHy is a mineralization
product related to reducing redox conditions and a part of the TNy
measured in the pore water of the Gerstenteich (Madigan and Martinko,
2006).

4.2.2. Temporal variability of CHy4 ebullition

In the morning, between 8:30 and 10:30 a.m., we observed higher
rates of CHy ebullition that could not be explained by physicochemical
conditions in the water and atmosphere. DO in the water column, lowest
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during the first sampling, were already rising slightly during this period,
atmospheric pressure and wind were inconspicuous, and temperature
variations were small over the entire period (Table S4, Figs. S5, S7 and
S$8). This points to bioturbation as trigger of CH,4 ebullition. Bioturbation
can influence redox conditions and physicochemical parameters in the
sediment that regulate the production, transport and consumption of
CH4 (Bezerra et al., 2020; Oliveira Junior et al., 2019). The effects of
bioturbation on ebullition and GHG emissions are complex and dis-
cussed contradictorily in the literature. On the one hand, bioturbation
by benthivorous fish can oxygenate water column and sediment and
reduce the production of CH4 or toxic reduced species such as hydrogen
sulphide (Adamek and Marsalek, 2013; Joyni et al., 2011; Oliveira Ju-
nior et al., 2019; Rutegwa et al., 2019). OM accumulation is reduced and
fish productivity is increased due to the better soil and water conditions
(Joyni et al., 2011). Oliveira Junior et al. (2019) observed a decrease in
CH4 emissions of 62.1% in mesocosm experiments with and without
benthivorous fish. It is also assumed that the continuous disturbances
prevent the bubble build-up. In contrast, a large number of studies
described increased ebullition rates for fish and other benthivorous
fauna because bubble release would be triggered by physical distur-
bances (Bezerra et al., 2020; Datta et al., 2009; Frei and Becker, 2005;
Leal et al., 2007). And Yuan et al. (2021) reported optimal redox con-
ditions for methanogenesis despite crab bioturbation. As in this study,
Bezerra et al. (2020) suggested that diurnal CH4 emission patterns are
shaped by the specific activity patterns of benthivorous fauna. The
overall effect of bioturbation on GHG emissions is therefore difficult to
predict. So is the maximum activity and distribution areas of certain
benthivorous fish species like catfish (e.g. Riha et al., 2021). Some
studies (e.g. Long et al., 2016) examined ebullition over shorter time
spans than 24 h, often during the morning. When ebullition rates at the
Gerstenteich were measured only between 8:30 a.m. and 1:00 p.m., total
CH4 ebullition would have been overestimated by 55%. Thus, for a
correct quantification of ebullition, the bubble traps need to be deployed
over a complete 24 h cycle.

5. Conclusion

Global climate change is one of the main challenges of our time but
current estimates of the climate impacts of aquaculture come with huge
uncertainties. This study is the first to quantify both diffusive and
ebullitive greenhouse gas emissions from freshwater fish ponds in a
temperate climate. At the stationary feeding sites of the investigated
extensively to semi-intensively managed fish ponds, CH4 emissions of up
to 2 mol/m?d were observed. CH4 was the most important greenhouse
gas and accounted for ~90% of the global warming potential in one
pond. Ebullition, the gas flux via bubbles, clearly dominated the CHy4
emissions at the feeding site hotspots. Here, unconsumed feed and fish
feces promoted mineralization and resulted in, to our knowledge, the
highest rates of CH4 and CO», ebullition reported to date from natural or
aquaculture ecosystems. We therefore conclude that ebullition and the
feeding site must be considered for robust quantification, otherwise
greenhouse gas emissions from aquaculture are significantly under-
estimated. For the 2.5 ha Gerstenteich, excluding ebullition would
reduce anthropogenic CH4 emission estimates by 35% and not including
the feeding site would result in a 15% error. We observed high spatio-
temporal variability among and within the fish ponds with respect to
ebullition, which was mainly due to nitrogen-rich and easily degradable
organic matter and presumably bioturbation. Despite high organic ni-
trogen loads, N2O emissions were insignificant, probably because of the
strongly reducing conditions in the sediment. We hope to trigger stra-
tegies for a more climate-friendly fish industry and see the potential to
adapt traditional fish pond management through more efficient feeding
and reduced accumulation of organic matter.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2023.739656.


https://doi.org/10.1016/j.aquaculture.2023.739656
https://doi.org/10.1016/j.aquaculture.2023.739656

C. Waldemer and M. Koschorreck
CRediT authorship contribution statement

Carolin Waldemer: Investigation, Formal analysis, Methodology,
Data curation, Visualization, Writing — original draft, Writing — review &
editing. Matthias Koschorreck: Conceptualization, Funding acquisi-
tion, Methodology, Project administration, Supervision, Validation,
Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data is available in the extensive appendix. If further data is
required, it will be provided upon request.

Acknowledgments

We thank Martin Wieprecht, Thomas Bechle, Hannah Mihm, and
Patrick Aurich for their eminent help during field and laboratory work.
Further we thank Bertram Boehrer, Peifang Leng, and Michael Seewald
for their constructive input and advice. In addition, Andrea Hoff on
behalf of the GEWANA team is acknowledged for analysing water,
sediment, and pore water parameters. This research was financially
supported by the German Research Foundation (DFG) (Grant number
KO 1911/7-1).

We thank the expert reviewers for their valuable and constructive
comments and the fish companies for the support and fruitful
cooperation.

References

Adéamek, Z., Marsélek, B., 2013. Bioturbation of sediments by benthic
macroinvertebrates and fish and its implication for pond ecosystems: a review.
Aquac. Int. 21, 1-17. https://doi.org/10.1007/s10499-012-9527-3.

Adamek, Z., Helesic, J., Marsalek, B., Rulik, M., 2014. Applied Hydrobiology. Univ.South
Bohemia in Ceské Budéjovice.

Avnimelech, Y., Ritvo, G., 2003. Shrimp and fish pond soils: processes and management.
Aquaculture 220, 549-567. https://doi.org/10.1016/50044-8486(02)00641-5.
Baborowski, M., Biittner, O., Einax, J.W., 2011. Assessment of water quality in the Elbe
River at low water conditions based on factor analysis. CLEAN - Soil Air Water 39,

437-443. https://doi.org/10.1002/clen.201000373.

Baron, A.A.P., Dyck, L.T., Amjad, H., Bragg, J., Kroft, E., Newson, J., Whitfield, C.J.,
2022. Differences in ebullitive methane release from small, shallow ponds present
challenges for scaling. Sci. Total Environ. 802, 149685 https://doi.org/10.1016/j.
scitotenv.2021.149685.

Bastviken, D., 2009. Methane. Elsevier, pp. 783-805.

Bastviken, D., Cole, J., Pace, M., Tranvik, L., 2004. Methane emissions from lakes:
dependence of lake characteristics, two regional assessments, and a global estimate.
Glob. Biogeochem. Cycles 18. https://doi.org/10.1029/2004GB0022.38.

Bastviken, D., Tranvik, L.J., Downing, J.A., Crill, P.M., Enrich-Prast, A., 2011.
Freshwater methane emissions offset the continental carbon sink. Science 331, 50.
https://doi.org/10.1126/science.1196808.

Baulch, H.M., Schiff, S.L., Maranger, R., Dillon, P.J., 2011. Nitrogen enrichment and the
emission of nitrous oxide from streams: NITROUS OXIDE EMISSIONS FROM
STREAMS. Glob. Biogeochem. Cycles 25, n/a-n/a. https://doi.org/10.1029/
2011GB004047.

Beaulieu, J.J., Nietch, C.T., Young, J.L., 2015. Controls on nitrous oxide production and
consumption in reservoirs of the Ohio River Basin. J. Geophys. Res. 16.

Beaulieu, J.J., McManus, M.G., Nietch, C.T., 2016. Estimates of reservoir methane
emissions based on a spatially balanced probabilistic-survey. Limnol. Oceanogr. 61,
$27-540. https://doi.org/10.1002/In0.10284.

Beaulieu, J.J., Waldo, S., Balz, D.A., Barnett, W., Hall, A., Platz, M.C., White, K.M., 2020.
Methane and carbon dioxide emissions from reservoirs: controls and upscaling.

J. Geophys. Res. Biogeosci. 125 https://doi.org/10.1029/2019JG005474
€2019JG005474.

Bezerra, M.P., McGinnis, D.F., Bezerra-Neto, J.F., Barbosa, F.A.R., 2020. Is it stochastic?
Chaoborus larvae bioturbation likely affect the timing of daily methane (CH4)
ebullitive flux in a tropical reservoir. Hydrobiologia 847, 3291-3308. https://doi.
org/10.1007/s10750-020-04331-w.

Boehrer, B., Jordan, S., Leng, P., Waldemer, C., Schwenk, C., Hupfer, M., Schultze, M.,
2021. Water | Free Full-Text | Gas Pressure Dynamics in Small and Mid-Size Lakes

11

Aquaculture 574 (2023) 739656

[WWW Document]. URL: https://www.mdpi.com/2073-4441/13/13/1824
(accessed 3.24.22).

Boyd, C.E., Wood, C.W., Chaney, P.L., Queiroz, J.F., 2010. Role of aquaculture pond
sediments in sequestration of annual global carbon emissions. Environ. Pollut. 158,
2537-2540. https://doi.org/10.1016/j.envpol.2010.04.025.

Cole, J.J., Bade, D.L., Bastviken, D., Pace, M.L., Van de Bogert, M., 2010. Multiple
approaches to estimating air-water gas exchange in small lakes. Limnol. Oceanogr.
Methods 8, 285-293. https://doi.org/10.4319/lom.2010.8.285.

Crusius, J., Wanninkhof, R., 2003. Gas transfer velocities measured at low wind speed
over a lake. Limnol. Oceanogr. 48, 1010-1017. https://doi.org/10.4319/
10.2003.48.3.1010.

Datta, A., Nayak, D.R., Sinhababu, D.P., Adhya, T.K., 2009. Methane and nitrous oxide
emissions from an integrated rainfed rice—fish farming system of eastern India. Agric.
Ecosyst. Environ. 129, 228-237. https://doi.org/10.1016/j.agee.2008.09.003.

Deemer, B.R., Harrison, J.A., Whitling, E.W., 2011. Microbial dinitrogen and nitrous
oxide production in a small eutrophic reservoir: an in situ approach to quantifying
hypolimnetic process rates. Limnol. Oceanogr. 56, 1189-1199. https://doi.org/
10.4319/10.2011.56.4.1189.

Deemer, B.R., Harrison, J.A., Li, S., Beaulieu, J.J., DelSontro, T., Barros, N., Vonk, J.A.,
2016. Greenhouse gas emissions from reservoir water surfaces: a new global
synthesis. BioScience 66, 949-964. https://doi.org/10.1093/biosci/biw117.

DelSontro, T., Boutet, L., St-Pierre, A., del Giorgio, P.A., Prairie, Y.T., 2016. Methane
ebullition and diffusion from northern ponds and lakes regulated by the interaction
between temperature and system productivity. Limnol. Oceanogr. 61, S62-S77.
https://doi.org/10.1002/In0.10335.

Dong, B., Xi, Y., Cui, Y., Peng, S., 2023. Quantifying methane emissions from aquaculture
ponds in China. Environ. Sci. Technol. 57, 1576-1583. https://doi.org/10.1021/acs.
est.2c05218.

Fang, X., Wang, C., Zhang, T., Zheng, F., Zhao, J., Wu, S., Liu, S., 2022a. Ebullitive CH4
flux and its mitigation potential by aeration in freshwater aquaculture:
measurements and global data synthesis. Agric. Ecosyst. Environ. 335, 108016
https://doi.org/10.1016/j.agee.2022.108016.

Fang, X., Zhao, J., Wy, S., Yu, K., Huang, J., Ding, Y., Zou, J., 2022b. A two-year
measurement of methane and nitrous oxide emissions from freshwater aquaculture
ponds: affected by aquaculture species, stocking and water management. Sci. Total
Environ. 813, 151863 https://doi.org/10.1016/j.scitotenv.2021.151863.

FAO (Ed.), 2018. Meeting the Sustainable Development Goals. The State of World
Fisheries and Aquaculture, Rome.

Flickinger, D.L., Costa, G.A., Dantas, D.P., Proenca, D.C., David, F.S., Durborow, R.M.,
Valenti, W.C., 2020. The budget of carbon in the farming of the Amazon river prawn
and tambaqui fish in earthen pond monoculture and integrated multitrophic
systems. Aquac. Rep. 17, 100340 https://doi.org/10.1016/j.aqrep.2020.100340.

Francova, K., Sumberov, K., Janauer, G.A., Adamek, Z., 2019. Effects of fish farming on
macrophytes in temperate carp ponds. Aquac. Int. 27, 413-436. https://doi.org/
10.1007/510499-018-0331-6.

Frei, M., Becker, K., 2005. Integrated rice-fish culture: coupled production saves
resources. Nat. Resour. Forum 29, 135-143. https://doi.org/10.1111/j.1477-
8947.2005.00122.x.

Fuchs, A., Lyautey, E., Montuelle, B., Casper, P., 2016. Effects of increasing temperatures
on methane concentrations and methanogenesis during experimental incubation of
sediments from oligotrophic and mesotrophic lakes - Fuchs - 2016 - Journal of
Geophysical Research: Biogeosciences - Wiley Online Library [WWW document].
URL. https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JG003328.
accessed 10.22.22.

Gal, D., Pekar, F., Kerepeczki, E., 2016. A survey on the environmental impact of pond
aquaculture in Hungary. Aquac. Int. 24, 1543-1554. https://doi.org/10.1007/
$10499-016-0034-9.

Gebert, J., Kothe, H., Grongroft, A., 2006. Prognosis of methane formation by river
sediments (9 pp). J. Soils Sediments 6, 75-83. https://doi.org/10.1065/
j8s2006.04.153.

Geldhauser, F., Gerstner, P., 2022. Der Teichwirt, scholars-Titel ohne Reihe. Ulmer.

Gorsky, A.L., Racanelli, G.A., Belvin, A.C., Chambers, R.M., 2019. Greenhouse gas flux
from stormwater ponds in southeastern Virginia (USA). Anthropocene 28, 100218.
https://doi.org/10.1016/j.ancene.2019.100218.

Grasset, C., Mendonca, R., Villamor Saucedo, G., Bastviken, D., Roland, F., Sobek, S.,
2018. Large but variable methane production in anoxic freshwater sediment upon
addition of allochthonous and autochthonous organic matter. Limnol. Oceanogr. 63,
1488-1501. https://doi.org/10.1002/In0.10786.

Herzsprung, P., Friese, K., Packroff, G., Schimmele, M., Wendt-Potthoff, K., Winkler, M.,
1998. Vertical and Annual Distribution of Ferric and Ferrous Iron in Acidic Mining
Lakes. https://doi.org/10.1002/(SICI)1521-401X(199809)26:5<253::AID-
AHEH253>3.0.CO;2-S.

Herzsprung, P., Duffek, A., Friese, K., de Rechter, M., Schultze, M., Tiimpling, W.v.,
2005. Modification of a continuous flow method for analysis of trace amounts of
nitrate in iron-rich sediment pore-waters of mine pit lakes. Water Res. 39,
1887-1895. https://doi.org/10.1016/j.watres.2005.02.017.

Herzsprung, P., Bozau, E., Biittner, O., Duffek, A., Friese, K., Koschorreck, M., Wendt-
Potthoff, K., 2006. Routine analysis of sediment pore water of high ionic strength.
Acta Hydrochim. Hydrobiol. 34, 593-607. https://doi.org/10.1002/
aheh.200500656.

Holgerson, M.A., Raymond, P.A., 2016. Large contribution to inland water CO2 and CH4
emissions from very small ponds. Nat. Geosci. 9, 222-226. https://doi.org/10.1038/
ngeo2654.

Horn, C., Metzler, P., Ullrich, K., Koschorreck, M., Boehrer, B., 2017. Methane storage
and ebullition in monimolimnetic waters of polluted mine pit lake Vollert-Sued,


https://doi.org/10.1007/s10499-012-9527-3
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0010
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0010
https://doi.org/10.1016/S0044-8486(02)00641-5
https://doi.org/10.1002/clen.201000373
https://doi.org/10.1016/j.scitotenv.2021.149685
https://doi.org/10.1016/j.scitotenv.2021.149685
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0030
https://doi.org/10.1029/2004GB002238
https://doi.org/10.1126/science.1196808
https://doi.org/10.1029/2011GB004047
https://doi.org/10.1029/2011GB004047
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0050
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0050
https://doi.org/10.1002/lno.10284
https://doi.org/10.1029/2019JG005474
https://doi.org/10.1007/s10750-020-04331-w
https://doi.org/10.1007/s10750-020-04331-w
https://www.mdpi.com/2073-4441/13/13/1824
https://doi.org/10.1016/j.envpol.2010.04.025
https://doi.org/10.4319/lom.2010.8.285
https://doi.org/10.4319/lo.2003.48.3.1010
https://doi.org/10.4319/lo.2003.48.3.1010
https://doi.org/10.1016/j.agee.2008.09.003
https://doi.org/10.4319/lo.2011.56.4.1189
https://doi.org/10.4319/lo.2011.56.4.1189
https://doi.org/10.1093/biosci/biw117
https://doi.org/10.1002/lno.10335
https://doi.org/10.1021/acs.est.2c05218
https://doi.org/10.1021/acs.est.2c05218
https://doi.org/10.1016/j.agee.2022.108016
https://doi.org/10.1016/j.scitotenv.2021.151863
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0125
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0125
https://doi.org/10.1016/j.aqrep.2020.100340
https://doi.org/10.1007/s10499-018-0331-6
https://doi.org/10.1007/s10499-018-0331-6
https://doi.org/10.1111/j.1477-8947.2005.00122.x
https://doi.org/10.1111/j.1477-8947.2005.00122.x
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JG003328
https://doi.org/10.1007/s10499-016-0034-9
https://doi.org/10.1007/s10499-016-0034-9
https://doi.org/10.1065/jss2006.04.153
https://doi.org/10.1065/jss2006.04.153
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0160
https://doi.org/10.1016/j.ancene.2019.100218
https://doi.org/10.1002/lno.10786
https://doi.org/10.1002/(SICI)1521-401X(199809)26:5<253::AID-AHEH253>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1521-401X(199809)26:5<253::AID-AHEH253>3.0.CO;2-S
https://doi.org/10.1016/j.watres.2005.02.017
https://doi.org/10.1002/aheh.200500656
https://doi.org/10.1002/aheh.200500656
https://doi.org/10.1038/ngeo2654
https://doi.org/10.1038/ngeo2654

C. Waldemer and M. Koschorreck

Germany. Sci. Total Environ. 584-585, 1-10. https://doi.org/10.1016/j.
scitotenv.2017.01.151.

Hu, Z., Lee, J.W., Chandran, K., Kim, S., Khanal, S.K., 2012. Nitrous Oxide (N2O)
emission from aquaculture: a review. Environ. Sci. Technol. 46, 6470-6480. https://
doi.org/10.1021/es300110x.

IPPC, 2021. Summary for policymakers of the scientific review of the impact of climate
change on plant pests: a global challenge to prevent and mitigate plant pest risks in
agriculture, forestry and ecosystems; Gullino, M.L., Albajes, R., Al-Jboory, I.,
Angelotti, F., Chakraborty, S., Garrett, K.A., Hurley, B.P., Juroszek, P., Makkouk, K.,
Pan, X., Stephenson, T., 2021. (Report). In: Food and Agriculture Organisation of the
United Nations. https://doi.org/10.4060/cb4777en.

Isidorova, A., Grasset, M., Mendonca, R., Sobek, S., 2019. Methane formation in tropical
reservoirs predicted from sediment age and nitrogen. Sci. Rep. 9 (1), 1-9 [WWW
Document]. URL. https://www.nature.com/articles/s41598-019-47346-7. accessed
10.22.22.

Joyni, M.J., Kurup, B.M., Avnimelech, Y., 2011. Bioturbation as a possible means for
increasing production and improving pond soil characteristics in shrimp-fish
brackish water ponds. Aquaculture 318, 464-470. https://doi.org/10.1016/j.
aquaculture.2011.05.019.

Klaper, H., Kofinek, V., 1992. Eutrophierung und Gewasserschutz | SpringerLink. Gustav-
Fischer-Verlag, Jena.

Koschorreck, M., Prairie, Y.T., Kim, J., Marcé, R., 2021. Technical note: CO5 is not like
CH4 - limits of and corrections to the headspace method to analyse pCOx in fresh
water. Biogeosciences 18, 1619-1627. https://doi.org/10.5194/bg-18-1619-2021.

Kosten, S., Almeida, R.M., Barbosa, 1., Mendonca, R., Santos Muzitano, 1., Sobreira
Oliveira-Junior, E., Barros, N., 2020. Better assessments of greenhouse gas emissions
from global fish ponds needed to adequately evaluate aquaculture footprint. Sci.
Total Environ. 748, 141247 https://doi.org/10.1016/j.scitotenv.2020.141247.

Krom, M.D., 1980. Spectrophotometric determination of ammonia: a study of a modified
Berthelot reaction using salicylate and dichloroisocyanurate. Analyst 105, 305.
https://doi.org/10.1039/an9800500305.

Lazar, J.G., Addy, K., Welsh, M.K., Gold, A.J., Groffman, P.M., 2014. Resurgent beaver
ponds in the northeastern United States: implications for greenhouse gas emissions.
J. Environ. Qual. 43, 1844-1852. https://doi.org/10.2134/jeq2014.02.0065.

Leal, J.J.F., dos Santos Furtado, A.L., de Assis Esteves, F., Bozelli, R.L., Figueiredo-
Barros, M.P., 2007. The role of Campsurus notatus (Ephemeroptera:
Polymitarcytidae) bioturbation and sediment quality on potential gas fluxes in a
tropical lake. Hydrobiologia 586, 143-154. https://doi.org/10.1007/s10750-006-
0570-9.

Long, L., Xiao, S.-B., Zhang, C., Zhang, W.-L., Xie, H., Li, Y.-C., Zahng, J.-W., 2016.
Characteristics of methane flux across the water-air Interface in subtropical shallow
ponds. Huan Jing Ke Xue Huanjing Kexue 37, 4552-4559. https://doi.org/
10.13227/j.hjkx.201605093.

Lovley, D.R., Phillips, E.J.P., 1987. Competitive mechanisms for inhibition of sulfate
reduction and methane production in the zone of ferric Iron reduction in sediments.
Appl. Environ. Microbiol. 53 (11), 2636-2641 [WWW Document]. URL. https://jo
urnals.asm.org/doi/full/10.1128/aem.53.11.2636-2641.1987. accessed 7.26.22.

MacLeod, M.J., Hasan, M.R., Robb, D.H.F., Mamun-Ur-Rashid, M., 2020. Quantifying
greenhouse gas emissions from global aquaculture. Sci. Rep. 10, 11679. https://doi.
org/10.1038/541598-020-68231-8.

Madigan, M.T., Martinko, J.M., 2006. Brock Mikrobiologie, 11th ed. Pearson Studium,
Miinchen.

Malyan, S.K., Singh, O., Kumar, A., Anand, G., Singh, R., Singh, S., Kumar, A., 2022.
Greenhouse gases trade-off from ponds: an overview of emission process and their
driving factors. Water 14, 970. https://doi.org/10.3390/w14060970.

Mecozzi, M., 1995. Robust regression methods to calibrate a continuous flow analyzer in
the colorimetric analysis of inorganic phosphorus in seawater. Talanta 42,
1239-1244. https://doi.org/10.1016/0039-9140(95)01566-T.

Meijer, L.E., Avnimelech, Y., 1999. On the use of micro-electrodes in fish pond
sediments. Aquac. Eng. 21, 71-83. https://doi.org/10.1016/50144-8609(99)00024-
2.

Myhre, G., Samset, B.H., Schulz, M., Balkanski, Y., Bauer, S., Berntsen, T.K., Zhou, C.,
2013. Radiative forcing of the direct aerosol effect from AeroCom phase II
simulations. Atmos. Chem. Phys. 13, 1853-1877. https://doi.org/10.5194/acp-13-
1853-2013.

Neubauer, S.C., Megonigal, J.P., 2015. Moving beyond global warming potentials to
quantify the climatic role of ecosystems. Ecosystems 18, 1000-1013. https://doi.
org/10.1007/510021-015-9879-4.

Oliveira Junior, E.S., Temmink, R.J.M., Buhler, B.F., Souza, R.M., Resende, N.,
Spanings, T., Kosten, S., 2019. Benthivorous fish bioturbation reduces methane
emissions, but increases total greenhouse gas emissions. Freshw. Biol. 64, 197-207.
https://doi.org/10.1111/fwb.13209.

Ortega, S., Romero Gonzalez-Quijano, C., Casper, P., Singer, G.A., Gessner, M.O., 2019.
Methane emissions from contrasting urban freshwaters: rates, drivers, and a whole-
city footprint. Glob. Chang. Biol. 25, 4234-4243. https://doi.org/10.1111/
gcb.14799.

Peacock, M., Audet, J., Jordan, S., Smeds, J., Wallin, M.B., 2019. Greenhouse gas
emissions from urban ponds are driven by nutrient status and hydrology. Ecosphere
10, e02643. https://doi.org/10.1002/ecs2.2643.

Pechar, L., 2000. Impacts of long-term changes in fishery management on the trophic
level water quality in Czech fish ponds. Fish. Manag. Ecol. 7, 23-31. https://doi.org/
10.1046/j.1365-2400.2000.00193.x.

Phan-Van, M., Rousseau, D., De Pauw, N., 2008. Effects of fish bioturbation on the
vertical distribution of water temperature and dissolved oxygen in a fish culture-
integrated waste stabilization pond system in Vietnam. Aquaculture 281, 28-33.
https://doi.org/10.1016/j.aquaculture.2008.04.033.

12

Aquaculture 574 (2023) 739656

Potuzak, J., Hiida, J., Pechar, L., 2007. Changes in fish production effectivity in eutrophic
fishponds—impact of zooplankton structure. Aquac. Int. 15, 201-210. https://doi.
0rg/10.1007/510499-007-9085-2.

R Core Team, 2019. R Development Core Team. R: A Language and Environment for
Statistical Computing (R Foundation for Statistical Computing, 2021).

Redfield, A.C., 1958. The biological control of chemical factors in the environment. Am.
J. Sci. 46, 205-221.

Riha, M., Rabaneda-Bueno, R., Jari¢, L., Souza, A., Vejtik, L., Drastik, V., Peterka, J.,
2021. Dynamics of the habitat use of three predatory freshwater fish in a lentic
ecosystem | bioRxiv [WWW document]. URL. https://www.biorxiv.org/content/1
0.1101/2021.12.16.471647v1.abstract. accessed 10.23.22.

Room, E.-I., Noges, P., Feldmann, T., Tuvikene, L., Kisand, A., Teearu, H., Noges, T.,
2014. Years are not brothers: two-year comparison of greenhouse gas fluxes in large
shallow Lake Vortsjarv, Estonia. J. Hydrol. 519, 1594-1606. https://doi.org/
10.1016/j.jhydrol.2014.09.011.

Rosentreter, J.A., Borges, A.V., Deemer, B.R., Holgerson, M.A., Liu, S., Song, C., Eyre, B.
D., 2021. Half of global methane emissions come from highly variable aquatic
ecosystem sources. Nat. Geosci. 14, 225-230. https://doi.org/10.1038/541561-021-
00715-2.

Rutegwa, M., Gebauer, R., Vesely, L., Regenda, J., Strunecky, O., Hejzlar, J., Drozd, B.,
2019. Diffusive methane emissions from temperate semi-intensive carp ponds.
Aquac. Environ. Interact. 11, 19-30. https://doi.org/10.3354/a€i00296.

Schlesinger, W.H., 2009. On the fate of anthropogenic nitrogen | PNAS [WWW
document]. In: URL. https://www.pnas.org/doi/full/10.1073/pnas.0810193105.
accessed 7.28.22.

Schwoerbel, J., Brendelberger, H., 2016. Einfiihrung in die Limnologie: Stoffhaushalt -
Lebensgemeinschaften - Technologie. Springer, Berlin, Heidelberg doi:10.1007/978-
3-662-63334-2.

Seitzinger, S.P., Kroeze, C., Styles, R.V., 2000. Global distribution of N20 emissions from
aquatic systems: natural emissions and anthropogenic effects. Chemosphere - Glob.
Change Sci. Atmos. Nitrous Oxide 2, 267-279. https://doi.org/10.1016/51465-9972
(00)00015-5.

Selvam, B.P., Natchimuthu, S., Arunachalam, L., Bastviken, D., 2014. Methane and
carbon dioxide emissions from inland waters in India — implications for large scale
greenhouse gas balances. Glob. Chang. Biol. 20, 3397-3407. https://doi.org/
10.1111/gcb.12575.

Shaher, S., Chanda, A., Das, S., Das, L., Giri, S., Samanta, S., Mukherjee, A.D., 2020.
Summer methane emissions from sewage water—fed tropical shallow aquaculture
ponds characterized by different water depths. Environ. Sci. Pollut. Res. 27,
18182-18195. https://doi.org/10.1007/511356-020-08296-0.

Soued, C., del Giorgio, P.A., Maranger, R., 2016. Nitrous oxide sinks and emissions in
boreal aquatic networks in Québec. Nat. Geosci. 9, 116-120. https://doi.org/
10.1038/ngeo2611.

Teodoru, C.R., Bastien, J., Bonneville, M.-C., del Giorgio, P.A., Demarty, M., Garneau, M.,
Tremblay, A., 2012. The net carbon footprint of a newly created boreal hydroelectric
reservoir. Glob. Biogeochem. Cycles 26. https://doi.org/10.1029/2011GB004187.

Tong, C., Bastviken, D., Tang, K.W., Yang, P., Yang, H., Zhang, Y., Lai, D.Y., 2021.
Annual CO2 and CH4 fluxes in coastal earthen ponds with Litopenaeus vannamei in
southeastern China. Aquaculture 545, 737229.

van Bergen, T.J.H.M., Barros, N., Mendongca, R., Aben, R.C.H., Althuizen, I.H.J.,
Huszar, V., Kosten, S., 2019. Seasonal and diel variation in greenhouse gas emissions
from an urban pond and its major drivers. Limnol. Oceanogr. 64, 2129-2139.
https://doi.org/10.1002/In0.11173.

Verdegem, M.C.J., Bosma, R.H., 2009. Water withdrawal for brackish and inland
aquaculture, and options to produce more fish in ponds with present water use.
Water Policy 11, 52-68. https://doi.org/10.2166/wp.2009.003.

Wanninkhof, R., 1992. Relationship between wind speed and gas exchange over the
ocean. J. Geophys. Res. Oceans 97, 7373-7382. https://doi.org/10.1029/
92JC00188.

Webb, J.R., Hayes, N.M., Simpson, G.L., Leavitt, P.R., Baulch, H.M., Finlay, K., 2019.
Widespread nitrous oxide undersaturation in farm waterbodies creates an
unexpected greenhouse gas sink. Proc. Natl. Acad. Sci. 116, 9814-9819. https://doi.
org/10.1073/pnas.1820389116.

West, W., Coloso, J., Jones, S., 2012. Effects of algal and terrestrial carbon on methane
production rates and methanogen community structure in a temperate lake sediment
- WEST - 2012 - Freshwater Biology - Wiley Online Library [WWW Document]. URL.
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2427.2012.02755.x?
casa_token=b130kokJQW8AAAAA:x6ulsVRu080potV-zRgj_tuVi8d1MCOF6DJp25
enpoFBLsyg9vBODzFN1AtL6mZIRPQhtr knWkSOswZ (accessed 10.22.22).

Wik, M., Thornton, B.F., Bastviken, D., Uhlback, J., Crill, P.M., 2016. Biased sampling of
methane release from northern lakes: a problem for extrapolation. Geophys. Res.
Lett. 43, 1256-1262. https://doi.org/10.1002/2015GL0O66501.

Winslow, L., Zwart, J., Batt, R., Dugan, H., Woolway, R., Corman, J., Read, J., 2016.
LakeMetabolizer: an R package for estimating lake metabolism from free-water
oxygen using diverse statistical models. Inland Waters 6, 622-636. https://doi.org/
10.1080/1W-6.4.883.

Yang, P., Zhang, Y., Yang, H., Guo, Q., Lai, D.Y.F., Zhao, G., Tong, C., 2020. Ebullition
was a major pathway of methane emissions from the aquaculture ponds in Southeast
China. Water Res. 184, 116176 https://doi.org/10.1016/j.watres.2020.116176.

Yuan, J., Xiang, J., Liu, D., Kang, H., He, T., Kim, S., Ding, W., 2019. Rapid growth in
greenhouse gas emissions from the adoption of industrial-scale aquaculture. Nat.
Clim. Chang. 9, 318-322. https://doi.org/10.1038/541558-019-0425-9.

Yuan, J., Liu, D., Xiang, J., He, T., Kang, H., Ding, W., 2021. Methane and nitrous oxide
have separated production zones and distinct emission pathways in freshwater
aquaculture ponds. Water Res. 190, 116739 https://doi.org/10.1016/j.
watres.2020.116739.


https://doi.org/10.1016/j.scitotenv.2017.01.151
https://doi.org/10.1016/j.scitotenv.2017.01.151
https://doi.org/10.1021/es300110x
https://doi.org/10.1021/es300110x
https://doi.org/10.4060/cb4777en
https://www.nature.com/articles/s41598-019-47346-7
https://doi.org/10.1016/j.aquaculture.2011.05.019
https://doi.org/10.1016/j.aquaculture.2011.05.019
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0220
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0220
https://doi.org/10.5194/bg-18-1619-2021
https://doi.org/10.1016/j.scitotenv.2020.141247
https://doi.org/10.1039/an9800500305
https://doi.org/10.2134/jeq2014.02.0065
https://doi.org/10.1007/s10750-006-0570-9
https://doi.org/10.1007/s10750-006-0570-9
https://doi.org/10.13227/j.hjkx.201605093
https://doi.org/10.13227/j.hjkx.201605093
https://journals.asm.org/doi/full/10.1128/aem.53.11.2636-2641.1987
https://journals.asm.org/doi/full/10.1128/aem.53.11.2636-2641.1987
https://doi.org/10.1038/s41598-020-68231-8
https://doi.org/10.1038/s41598-020-68231-8
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0265
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0265
https://doi.org/10.3390/w14060970
https://doi.org/10.1016/0039-9140(95)01566-T
https://doi.org/10.1016/S0144-8609(99)00024-2
https://doi.org/10.1016/S0144-8609(99)00024-2
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.1007/s10021-015-9879-4
https://doi.org/10.1007/s10021-015-9879-4
https://doi.org/10.1111/fwb.13209
https://doi.org/10.1111/gcb.14799
https://doi.org/10.1111/gcb.14799
https://doi.org/10.1002/ecs2.2643
https://doi.org/10.1046/j.1365-2400.2000.00193.x
https://doi.org/10.1046/j.1365-2400.2000.00193.x
https://doi.org/10.1016/j.aquaculture.2008.04.033
https://doi.org/10.1007/s10499-007-9085-2
https://doi.org/10.1007/s10499-007-9085-2
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0325
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0325
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0330
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0330
https://doi.org/10.1101/2021.12.16.471647v1.abstract
https://doi.org/10.1101/2021.12.16.471647v1.abstract
https://doi.org/10.1016/j.jhydrol.2014.09.011
https://doi.org/10.1016/j.jhydrol.2014.09.011
https://doi.org/10.1038/s41561-021-00715-2
https://doi.org/10.1038/s41561-021-00715-2
https://doi.org/10.3354/aei00296
https://www.pnas.org/doi/full/10.1073/pnas.0810193105
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0360
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0360
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0360
https://doi.org/10.1016/S1465-9972(00)00015-5
https://doi.org/10.1016/S1465-9972(00)00015-5
https://doi.org/10.1111/gcb.12575
https://doi.org/10.1111/gcb.12575
https://doi.org/10.1007/s11356-020-08296-0
https://doi.org/10.1038/ngeo2611
https://doi.org/10.1038/ngeo2611
https://doi.org/10.1029/2011GB004187
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0390
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0390
http://refhub.elsevier.com/S0044-8486(23)00430-1/rf0390
https://doi.org/10.1002/lno.11173
https://doi.org/10.2166/wp.2009.003
https://doi.org/10.1029/92JC00188
https://doi.org/10.1029/92JC00188
https://doi.org/10.1073/pnas.1820389116
https://doi.org/10.1073/pnas.1820389116
http://10.1111/j.1365-2427.2012.02755.x?casa_token=b130kokJQw8AAAAA:x6ulsVRu080potV-zRqj_tuVi8d1MC0F6DJp25enpoFBLsyg9vB0DzFN1AtL6mZlRPQhtr_knWkSOswZ
http://10.1111/j.1365-2427.2012.02755.x?casa_token=b130kokJQw8AAAAA:x6ulsVRu080potV-zRqj_tuVi8d1MC0F6DJp25enpoFBLsyg9vB0DzFN1AtL6mZlRPQhtr_knWkSOswZ
http://10.1111/j.1365-2427.2012.02755.x?casa_token=b130kokJQw8AAAAA:x6ulsVRu080potV-zRqj_tuVi8d1MC0F6DJp25enpoFBLsyg9vB0DzFN1AtL6mZlRPQhtr_knWkSOswZ
https://doi.org/10.1002/2015GL066501
https://doi.org/10.1080/IW-6.4.883
https://doi.org/10.1080/IW-6.4.883
https://doi.org/10.1016/j.watres.2020.116176
https://doi.org/10.1038/s41558-019-0425-9
https://doi.org/10.1016/j.watres.2020.116739
https://doi.org/10.1016/j.watres.2020.116739

C. Waldemer and M. Koschorreck

Zhang, D., Tian, X., Dong, S., Chen, Y., Feng, J., He, R.-P., Zhang, K., 2020. Carbon
budgets of two typical polyculture pond systems in coastal China and their potential
roles in the global carbon cycle. Aquac. Environ. Interact. 12, 105-115. https://doi.
org/10.3354/aei00349.

Zhang, Y., Tang, K.W., Yang, P., Yang, H., Tong, C., Song, C., Sun, D., 2022. Assessing
carbon greenhouse gas emissions from aquaculture in China based on aquaculture

13

Aquaculture 574 (2023) 739656

system types, species, environmental conditions and management practices. Agric.
Ecosyst. Environ. 338, 108110 https://doi.org/10.1016/j.agee.2022.108110.

Zhao, J., Zhang, M., Xiao, W., Jia, L., Zhang, X., Wang, J., Lee, X., 2021. Large methane
emission from freshwater aquaculture ponds revealed by long-term eddy covariance
observation. Agric. For. Meteorol. 308-309 https://doi.org/10.1016/j.
agrformet.2021.108600.


https://doi.org/10.3354/aei00349
https://doi.org/10.3354/aei00349
https://doi.org/10.1016/j.agee.2022.108110
https://doi.org/10.1016/j.agrformet.2021.108600
https://doi.org/10.1016/j.agrformet.2021.108600

APPENDIX D - Gas Pressure Dynamics in Small and Mid-Size Lakes

This is a published co-author paper in the Journal Water with the respective Supplementary Material.
Online access via https://doi. org/10.3390/w13131824.

99



ﬁ water

Article

Gas Pressure Dynamics in Small and Mid-Size Lakes

Bertram Boehrer '*, Sylvia Jordan 2, Peifang Leng
and Martin Schultze !

Michael Hupfer 2

check for

updates
Citation: Boehrer, B.; Jordan, S.;
Leng, P.; Waldemer, C.; Schwenk, C.;
Hupfer, M.; Schultze, M. Gas Pressure
Dynamics in Small and Mid-Size
Lakes. Water 2021, 13, 1824.
https:/ /doi.org/10.3390/w13131824

Academic Editor: Lars Bengtsson

Received: 1 June 2021
Accepted: 18 June 2021
Published: 30 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

L34 Carolin Waldemer 1, Cornelis Schwenk 1/,

Helmholtz-Centre for Environmental Research—UFZ, 39114 Magdeburg, Germany;

peifang.leng@ufz.de (P.L.); carolin.waldemer@ufz.de (C.W.); cornelis.schwenk@ufz.de (C.S.);
martin.schultze@ufz.de (M.S.)

Leibniz-Institute of Freshwater Ecology and Inland Fisheries—IGB, 12587 Berlin, Germany;
jordan@igb-berlin.de (S.J.); hupfer@igb-berlin.de (M.H.)

Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China

College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China
Institute for Environmental Physics, University Heidelberg, 69120 Heidelberg, Germany

*  Correspondence: bertram.boehrer@ufz.de

Abstract: Dissolved gases produce a gas pressure. This gas pressure is the appropriate physical
quantity for judging the possibility of bubble formation and hence it is central for understanding
exchange of climate-relevant gases between (limnic) water and the atmosphere. The contribution of
ebullition has widely been neglected in numerical simulations. We present measurements from six
lacustrine waterbodies in Central Germany: including a natural lake, a drinking water reservoir, a
mine pit lake, a sand excavation lake, a flooded quarry, and a small flooded lignite opencast, which has
been heavily polluted. Seasonal changes of oxygen and temperature are complemented by numerical
simulations of nitrogen and calculations of vapor pressure to quantify the contributions and their
dynamics in lacustrine waters. In addition, accumulation of gases in monimolimnetic waters is
demonstrated. We sum the partial pressures of the gases to yield a quantitative value for total gas
pressure to reason which processes can force ebullition at which locations. In conclusion, only a small
number of gases contribute decisively to gas pressure and hence can be crucial for bubble formation.
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1. Introduction

Dissolved gases in aquatic systems have moved into the focus of limnological studies
recently because of their central role in the carbon cycle and hence their relevance for the
climate [1,2]. Lakes are known for the burial of organic material but also as sources of
methane (CH,) and carbon dioxide (CO;). Lakes contribute decisively to fluxes of CHy
and CO; into the atmosphere by both diffusive processes and ebullition [1]. CHy is a
highly potent greenhouse gas, i.e., a multiple of CO, at equal concentrations [3]. The
concentrations of both gases keep rising in the atmosphere. This fact emphasizes the
need for elucidating the involvement of lakes and rivers in global carbon fluxes [4]. As a
consequence, many recent studies have aimed at quantifying the fluxes from limnic waters
into the atmosphere. In particular, reservoirs are known for releasing methane—especially
in shallow or dry-falling areas. This fact may put the reputation of hydropower as green
energy at stake at least in some cases [2,5].

Beyond their recognition as being climate-relevant, gases are central players in the
ecology of limnic waters, especially oxygen (O) for all breathing organisms and carbon
dioxide (CO;) for photosynthetic organisms. Furthermore, dissolved gases that are con-
ceived as less reactive such as nitrogen become relevant for nitrogen fixation when supply
with inorganic nitrogen runs short (e.g., [6,7]).
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Any dissolved gas produces a gas pressure. The contributions of all gases add up
to the total gas pressure. Though not in wide use in limnology, total gas pressure is
the proper physical quantity to judge proximity to spontaneous bubble formation and
ebullition [8]. The ratios between partial pressures determine the composition of forming
bubbles (e.g., [9,10]) and the exchange with the surrounding water while ascending through
the waterbody to the surface [11]. In conclusion, putatively irrelevant gases have a decisive
impact on the removal of ecologically relevant gases. Hence, gas pressure is central for
quantifying gas fluxes to the atmosphere and for understanding ebullition.

Despite its relevance, gas pressure is not widely referred to in the limnological lit-
erature and appears nearly exclusively in connection with large-scale ebullition events—
so-called limnic eruptions (e.g., [12]). Catastrophic events of spontaneous gas ebullition
from deep waters (Lake Nyos and Lake Monoun—both in Cameroon, Africa) have cost the
lives of many humans in single events [12-15]. Since then, a number of other lakes with
gas pressures of concern have been reported in the literature (e.g., Lake Kivu: [16]) and
assessed for the danger of limnic eruptions (Lake Kivu: [17], Guadiana pit Lake: [18]).

Distribution of gases in the water column and chemical reactions—most of them
biologically mediated—change gas concentrations and hence affect gas pressure. However,
a good overview of processes increasing gas pressure to the level of spontaneous ebullition
is missing in the limnological literature as well as the physical limnology literature. The
same accounts for the localization of these processes where gas pressure may be raised
sufficiently. What limits the gas pressure and, if ebullition sets in, what controls the bubble
composition and hence the removed or stripped gas? In conclusion, a closer competent view
on the gas pressure in lakes with appropriate depictions is urgently needed to effectively
impart the knowledge to the wider limnological community.

With this paper, we attempt to fill this gap. We present new data from six lakes in
the German state of Saxony-Anhalt, including natural and artificial lakes reflecting the
broad variety of limnic waters. Observations of extreme gas pressures in lakes are referred
to in the discussion. Solubilities of the most relevant gases are listed in comparison. We
demonstrate the contributions of the most relevant gases to gas pressure and complement
the gas measurements with profiles from numerical model simulations to finally depict
them together with their contributions to gas pressure. This gas pressure can be affected by
chemical reactions (produced or removed) or temperature change. We demonstrate under
which conditions total gas pressure can be raised to absolute pressure to finally result in
bubble formation and ebullition.

2. Environmental Gases and Methods
2.1. Solubility of Gases

When a water surface gets into contact with the atmosphere, atmospheric gas flux
goes into the water until an equilibrium concentration c; is reached, which is described by
the Henry law:

ci =kp;i-pi 1)

where p; represents partial pressure in the gas phase (e.g., the atmosphere) and i is the
marker for the different gases. Henry coefficients kp are specific for gases and depend on
the temperature (and much weaker on other dissolved substances and pressure) (see Table 1
or [19]). The temperature effect is remarkable and the value roughly drops to half from 0 °C
to 30 °C for many gases. A simplified quantitative description (e.g., Sander 2015) is

ket = kpa (25 oC)-exp<TE. (;, - 298115K)> @

where Tr = —(Ay;H) /R has the dimension of (absolute) temperature and is generally
determined empirically (also listed in Table 1; A,,;H—dissolution enthalpy, general gas
constant R = N4k is the product of Avogadro number and Boltzmann constant).
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Table 1. Henry coefficients (from [19] Sander, 2015); volumetric portion in dry atmosphere (N, O, Ar from [20] Roedel 1992,
CO, from [21] Worch 2015, CH, by [22] Saunois et al. 2020); Ostwald coefficient calculated from values in [19] and coefficients
for Equation (4) for Np and O, ([23] Weiss 1970), Ar ([24] Jenkins et al. 2019), CHj ([25] Wiesenburg and Guinasso 1979) and
CO; ([26] Weiss 1974); changes due to the introduction of the new temperature standard ITS-90 in 1990 are too small to show up

on our scale and temperature range.

Atmosphere kg (25°C) kg (25 °C) Tg ky (25 °C) Aq A2 A3 u
[%] [mol/m3/Pa] [mol/L/bar] [K] [-] Coefficients for Equation (4)
N, 78.09 6.4 x 107° 6.4 x 10~* 1300 0.016 —59.6274 857661  24.3696
0, 20.95 13 x 10°° 13 x 103 1500 0.032 583877 858079  23.8439 92263'991/
Ar 0.93 14 x 1075 14 x 1073 1400 0.035 —55.6578  82.0262  22.5929
CH,4 0.00019 14 x107° 14 x 1073 1600 0.035 —68.8862 1014956  28.7314
CO, ~0.039 33x1074 33 x 1072 2400 0.82 —58.0931 905069  22.2940 1.(%25

If concentration is given in mol/L and partial pressure in bar, the Henry coefficient
has the unit of (mol/L)/bar. However, both the concentration in the liquid phase as well
as the partial pressure can be given in various units. Hence Henry coefficients can have
differing units with accordingly differing values. A particularly interesting version of
Henry coefficients results from replacing partial pressure p; with the concentration in the
gas space ¢, ;, by applying the ideal gas law

i = ®)

As a consequence of having concentration on either side of Equation (1), the Henry
coefficient does not possess a unit, and is commonly referred to as Bunsen coefficient (at
25 °C) or Ostwald coefficient (temperature dependent). This version of Henry coefficient
relates concentration in the water directly to concentrations in the gas phase. Most common
gases have a Bunsen coefficient in the range of 0.01 to 0.03 with the important exception of
carbon dioxide, which has a Bunsen coefficient of the order of 1. In conclusion, most gases
have concentrations of a factor 50 lower in solution than in the adjacent gas phase. Of the
listed gases, only carbon dioxide is present at nearly the same concentration in equilibrated
water as in air.

The conversion between units for concentrations is straightforward between mols
and grams by multiplication by molar mass (in g/mol). However the conversion between
molar units and other concentration units (e.g., molal units (mol/(kgH,O) or permille (or
practical salinity units (psu) or g/(kgSample))) or partial pressures can be complex for a
mixture of solutes [19,21,27].

A more accurate temperature fit compared to Equation (2) is achieved, when the
Clausius-Clapeyron equation is solved and the result developed into a Taylor series, of
which the exponent of the first three terms has the following form fitted with coefficients
Aj (see also Supplementary Materials):

kH:exp<A1+A21;),O+A3ln<1Z;O>> U 4)
where we added a unit conversion factor u, as solubilities have traditionally been presented
in a variation of different units.

Intuitively the Henry law is understood as a limited water volume in contact with
an infinite atmosphere. However, the law also applies for a closed system with a limited
air (or gas) space. Moreover in this case, partial pressures and concentrations are coupled:
conditions inside the gas space are set by the concentrations in the water as used in
headspace extractions for measurements of gas concentrations.
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2.2. Gas Pressure, Saturation, Total Gas Pressure

By solving Henry’s law (Equation (1)) for pressure, we find that each dissolved volatile
substance is connected to a gas pressure of its own, which is proportional to its concentration.
Hence we can use the specific Henry coefficients to evaluate the gas pressures from concentra-
tion profiles of each gas. The temperature dependence of the Henry coefficient results in a
temperature dependence of the gas pressure at given gas concentration (Equation (2), Table 1).
However, in equilibrium between air and (e.g., surface) water, the dissolved gas in the water
produces the same gas pressure as the partial pressure in the gas space. For a water surface at
sea level and normal pressure, this amounts to 21% of 1013.25 mbar for oxygen: accordingly
less for higher altitude, low air pressure and moist air.

Gas concentrations in the water can change due to sources and sinks. As a conse-
quence, also gas pressures are affected. In addition, heating can raise gas pressures. The
ratio between gas pressure and partial pressure in the adjacent air volume is defined as
the saturation and usually given as a percentage with 100% representing equilibrium
with dissolved gas and the adjacent air space. The conditions of partial pressures at the
lake surface, which depend on air pressure and humidity at the time of measurement,
function as the conventional reference, as instruments are usually calibrated on site. This
reference, however, is variable in the range of few percent over the year due to changing
weather conditions.

In the usual range of gas concentrations and pressures, gas pressures of all gases
can be added to a total gas pressure: non-linearities and mutual interaction only play
a role at extreme conditions: e.g., Lake Kivu [28]. A (hypothetical) bubble in the water
column is subject to the gas pressure of the ambient water and it will eventually collapse, if
local pressure p,s lies above total gas pressure py, [8,11]. As a consequence, the bubble
formation limits the increase of total gas pressure to absolute pressure in natural waters
(mainly hydrostatic and atmospheric pressure), which is a function of water depth. At
greater depth, higher amounts of gases are soluble as a consequence.

Ptdg < Pabs ©)

2.3. Relevant Gases

Clearly, the number of detectable gases in natural water bodies goes far beyond
those listed in Table 1. Unlisted gases may be of central ecological relevance and others
are used for tracing water bodies, but only in very extreme cases, they may contribute
considerably to the total gas pressure (e.g., [6,29-31]). We use the simple approximation
of an exponential temperature dependence as this facilitates an easy intercomparison
of solubility and temperature dependence. For many purposes, these approximations
are sufficiently accurate, but calculations of high accuracy must use more sophisticated
numerical approximations: for N, and O, [23], Ar [24], CH4 [25], and CO; [26]. The
deviation of the exponential fit and the more sophisticated approach lies within about
3% for temperature 10 to 35 °C; at lower temperatures deviation are even larger (see
Supplementary Materials and Figure S1). The effect of dissolved solids on the Henry
coefficient is small for freshwater (<3 g/L of dissolved solids) and quantifications are
not available for salt compositions in inland waters (e.g., [28,32]) and hence has not been
included in our evaluation.

In addition to the dissolved gases, water itself develops a vapor pressure which
contributes to the total gas pressure as described by the Magnus equation. We follow
the recommendation of Alduchov and Eskridge [33] and propose the simple formula for
vapor pressure:

©)

E(f) = 6.1094 exp( 17.625 6 )

0 + 243.04

with temperature 6 in °C.
This equation approximates the curve [34], which is recommended by the International
Association of Properties of Water and Steam—IAPWS by better than 0.385% in the range
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0 to 40 °C (see Supplementary Materials and Figure S2). Another good approximation
(better than 0.006% even for temperatures beyond 40 °C) is proposed by Huang [35] (see
Supplementary Materials).

Gas concentration in natural waters tend to equilibrate with the atmosphere while
their surfaces are exposed to the atmosphere. However source and sink terms modify the
concentrations. This can involve inflows, but also geochemical processes with many of
them controlled by organisms. We included supporting information for a brief overview of
the most important sources and sinks of the most important gases. Beyond this, we refer to
textbooks on geochemistry of natural waters (such as [21,31]).

2.4. Simulations

To complement measurements for gases that have not been in field survey pro-
grammes, and to produce vertical profiles of good resolution, we implemented a simple
one-dimensional model for a conservative gas, i.e., without sources and sinks in the water.
We divided the water column into 48 equally spaced layers of d = 1 m thickness each. The
simulations were run in MATLAB. Diffusion was implemented by exchanging half of each
layer in steps of t = 30 days with neighboring layers to implement a turbulent diffusivity
of the order k = d?/t =4 x 10~ m?/s. Equilibrium conditions were implemented for the
gas for the entire epilimnion according to the measured water temperatures in spring and
summer (as justified below in the results with measurements of oxygen in the epilimnion).
As a result, we gained continuous and vertically coherent profiles for conservative gases.

3. Measurements
3.1. Investigated Lakes

The investigated lakes are located in Saxony-Anhalt, one federal state in Central
Germany. This state has only few natural lakes as a consequence of its locations outside the
area of the last glaciation. We present six lacustrine water bodies, including (1) a natural
lake, (2) a drinking water reservoir, (3) one gravel pit lake, (4) one salt-affected mine pit
lake and (5) one flooded quarry, and finally (6) one mine pit lake temporarily used as a
dumping side (Figure 1). These water bodies are representative of the range of lacustrine
waters in this area, which has been densely populated since the Middle Ages and hence
intensively used for agriculture, forestry, settling, and exploitation of ore and salt deposits.
Since the industrial revolution around 1870, it has also been heavily affected by traffic,
lignite mining, and industrial production. Precipitation is generally low (around 550-600
mm per annum, except for the catchment of Rappbode Reservoir, where precipitation can
reach up to 1700 mm per annum in the highest areas of the Harz mountains).

Figure 1. Location of investigated lakes; depth contour maps Arendsee, Rappbode Reservoir, Rass-
nitzer See, Barleber See, Vollert-Sued, Felsensee.
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The lakes in detail:

Arendsee is a natural lake and originates from subsidence caused by dissolution of a
salt deposit deeper in the ground [36]. The eutrophic lake has no river inflow and is
mainly fed by groundwater [37,38].

Rappbode Reservoir was built in the 1950s for flood protection and drinking water
supply and is in full operation since 1959 [39-41].

Rassnitzer See formed in the abandoned lignite mine Merseburg Ost 1b in the 1990s.
Fresh and salty groundwater filled the void, resulting in a salinity-stratified water
body, which does not overturn completely in winter. The final water level was reached
by introducing freshwater from the nearby river Weisse Elster in 2002 [42—45].
Barleber See is the residual of a gravel pit (gravel excavations took place at the begin-
ning of the 1930s). As the local open air swimming facility of the city of Magdeburg,
it is intensively used for recreation. Increasing nutrient concentrations led to heavy
algal and cyanobacteria blooms and a restoration by alum treatment in 1986 [46,47].
A further use as recreational area required a second chemical treatment of the waters
with poly-aluminum chloride from 9th July to 15th October 2019. Inflow and outflow
exclusively happen through exchange with groundwater [48].

Felsensee is a small lake, which formed in a former quarry. After stone production
ceased, the quarry filled with groundwater. The water level has reached about 22 m.
Higher conductivity groundwater inflows have turned the lake meromictic [49].
Lake Vollert-Sued is a flooded opencast lignite mine. The pit was (until 1969) used
to dispose of wastewater from lignite processing. There is no surficial inflow or
outflow but exchange with groundwater balancing the evaporation deficit and causing
groundwater contamination in the near vicinity of the lake [50,51]. Hence it is heavily
affected through its history as a dumping site. The water has been treated in 1999 to
reduce the unpleasant smell and the impact on animals in the area [52,53]. The lake
has since been meromictic.

The first three lakes have been selected to demonstrate the oxygen dynamics under

usual conditions, while the latter three were selected to demonstrate special features of gas
production and accumulation in lakes.

3.2. Equipment

From most lakes, we could retrieve profiles of temperature and electrical conductivity

as indicators of density stratification, as well as oxygen profiles at three times of the year: one
profile in early spring before stratification set in, one in summer when surface temperatures
were high, and one in autumn, when the cooling surface forced a deeper recirculation of the
lake water. In the case of Felsensee, we only show measurements of one sampling date, as
well as for Lake Vollert-Sued, where we include data from Horn et al. [53].

SRR LI S

Following pieces of equipment were used:

Arendsee: CTD profiles 2017: YSI 6600 V2, 2019: EXO2 from YSI, USA; optical oxygen
sensor; CO; and gas pressure measurement in a gas volume behind a permeable mem-
brane; CO, detection by IR spectrometry) CONTROS HydroC® CO, from Kongsberg
Maritime, Germany;

Rappbode Reservoir: CTM90 from Sea & Sun Technology, Germany; optical oxy-
gen sensor;

Rassnitzer See: CTM90 from Sea & Sun Technology, Germany; optical oxygen sensor;
Barleber See: CTM90 from Sea & Sun Technology, Germany; optical oxygen sensor;
Felsensee: Ocean Seven 316 from Idronaut, Italy; amperometric oxygen sensor;
Vollert Sued: CTD + Oy: Ocean Seven 316 from Idronaut, Italy; amperometric oxygen
sensor; gas pressure: (TDG-sensor pressure measurement in a gas filled permeable
silicon tube) Hydrolab, USA; CH4, CO; and Nj: samples in GC thermal conductivity
detector (see [53]).
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4. Results
4.1. General Picture of Circulation and Atmospheric Recharge

Profiles with a multiparameter probe documented the stratification in the lakes Arend-
see, Rappbode Reservoir, and (mine pit lake) Rassnitzer See (see Figure 1 and Table 2).
During deep recirculation (profiles in March), the oxygen concentration was homogenized
over the entire circulated water body (Figure 2, middle panel); the deep recirculation com-
prised the entire water body in holomictic Arendsee and Rappbode Reservoir. However,
due to its meromictic character, the bottom 7 m of Rassnitzer See were not included in
the deep recirculation. Oxygen levels remained at zero in the bottom waters. Profiles of
oxygen saturation indicated that the entire circulated water body showed close to 100%
saturation and hence was equilibrated with the atmosphere. Moreover, during summer
and later in autumn, surface waters showed values close to 100% saturation.

Table 2. Properties of the investigated lakes (residence time was calculated as volume by outflow); the origin of the data is

supplied in the text of Section 3.1 for each lake in separate.

Lake Szl;f::e Volume Dl\;[;:}'l Inflow Outflow Re;;ie:ence Azgoez(l)n Origin
6 3 6 a3 6 .3
Name [km?] [10° m°] [m] [10° m°/y] [10° m°/y] Iy] Iy]
Dissolution of
Arendsee 5.1 149 49 6.03 2.65 56 >10,000 salt dome and
subsidence
Rappbode o
. 3.95 113 89 109.8 89.6 0.942 61 Artificial dam
Reservoir
Rassnitzer 31 68 38 207 04 170 18 ngmtev surface
See mine
Barleber 1.03 6.9 9.8 1.18 0.53 13 88 Gravel and sand
See excavations
Felsensee 0.085 Unknown 22 little GW little GW Unknown >55 Stone quarry
(~1) flow flow
Vollert- Polluted
Sued 0.09 2 27 0.055 0.005 400 51 opencast lignite
mine

During the stratification period, vertical exchange was largely reduced; hence local
production and local depletion of oxygen could be observed in the water column. Both
in Arendsee and Rappbode Reservoir, a reduction of oxygen concentrations could be
measured: both lakes formed a metalimnetic oxygen minimum. This could possibly
be attributed to the decomposition of organic material below the epilimnion, while the
metalimnetic and hypolimnetic water remained disconnected from the supply with new
oxygen from the atmosphere (see also [54,55] for Rappbode Reservoir; [56,57] for Arendsee).

On the contrary in Rassnitzer See, we saw a clear rise of oxygen saturation beyond
100% at depths of the thermocline and below. A small part of this could be attributed
to primary production—assuming that sufficient light could enter deep enough to allow
for photosynthesis: however, concentration profiles indicated that not much oxygen was
added to the loading from spring deep recirculation. As a consequence, most of the rising
saturation values had to be attributed to rising temperatures due to solar irradiation and
turbulent diffusive heat transport from above beyond possible consumption and diffusive
loses over the stratification period.

In general, we expected a very similar recharge and equilibration behavior of other
gases, e.g., nitrogen and argon. Detailed documentations were not available as those con-
centrations are not particularly relevant for the ecology of a lake (see Section 2). However,
contrary to mixing and recharge, we anticipated no relevant concentration changes over a
stratification period due to geochemical reaction (as in the case of oxygen).
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Figure 2. Profiles measured in Arendsee, Rappbode Reservoir, Rassnitzer See (all located in Saxony-
Anhalt, Germany) on three sampling dates (green: spring, red; summer, black: autumn) in 2019:
temperature, electrical conductivity, dissolved oxygen concentration, oxygen gas pressure (dotted
line: atmospheric gas pressure at lake surface), oxygen saturation (dotted line: 100% saturation).

4.2. Complementing Gas Concentrations for Gas Pressure

We selected the 16th of August 2017 to produce a full set of profiles of relevant gases
in Arendsee. Oxygen was measured with an optical sensor. It showed a minimum in the
metalimnion (around 10 m depth), high values in the epilimnion, and lower values in the
hypolimnion tending to zero toward the lake bed (Figure 3, left panel).

Carbon dioxide was low in the epilimnion due to the direct coupling to (the low)
atmospheric concentrations. However, the deeper waters showed considerably higher
concentrations. These concentrations corresponded to the missing O, in the water column
quite well, but they were not equal as the amount of produced CO; from degrading biomass
was not strictly tied to a stoichiometric value of 1, and some of the produced CO; could be
forwarded into bicarbonate (HCO;3 ™) as a result of the carbonate equilibrium. Due to the
strong depletion of oxygen in Arendsee, CO, reached the same order of magnitude as O;.

Nitrogen (Ny) is not as closely documented in lakes as oxygen. It is much less reactive
and hence less relevant for ecological processes (see also discussion). Although, N is
part of the nitrogen cycle, the supply probably never runs short. Usually, lake waters
show N concentrations close to the atmospheric equilibrium even in meromictic lakes
(e.g., [53]). As a consequence, N, is often considered conservative, if no better information



Water 2021, 13, 1824

9 of 20

depth [m]

is available (e.g., [12]). Since also in our field programme nitrogen (N,) concentrations were
not measured, we included simulated profiles from our simple 1D lake model assuming
equilibration of the epilimnion with atmospheric concentrations of nitrogen and a turbulent
diffusive exchange between layers (see above Section 2.4). As the deep water was recharged
with N at a lower temperature (higher Henry coefficient), the hypolimnion showed higher
concentrations than the epilimnion, which was equilibrated at summery temperatures. The
transition through the metalimnion was smoothened by implementing diffusive transport.
At all depths, N, was obviously the gas with the highest concentration.

2emei

1 T A Il

107" 10° 10! 102 10°

0.5
conc [mmol/l] gas pressure [mbar]

Figure 3. Left panel: concentration of gases in Arendsee on 16 August 2017: right panel: Gas pressures. Oxygen and carbon

dioxide gas pressures were measured, while nitrogen and argon were modelled (see text), whereas vapor pressure was

calculated from a temperature profile; total gas pressure was calculated from adding the partial pressures of displayed

volatile substances and drawn with directly measured total gas pressure from the CO, probe (symbols). Broken lines (for

epilimnion values of Nj and total gas pressure) do not represent the real situation.

We also used the model for argon, where the conservative assumptions (no sources nor
sinks) were satisfied even better. The profile looks nearly the same though concentrations
were considerably lower due to the lower concentration in air compared to nitrogen; the nu-
merical simulation profiles that demonstrate the vertical structure of a gas pressure profile.

Hydrogen sulphide has not been reported at noticeable concentrations in the open
waters of Arendsee. Similarly, methane is removed during deep recirculation from this
holomictic lake and cannot start to accumulate before oxygen is depleted. Measurements
in the year 2019 [58] reconfirmed concentrations in the range of 100 nmol/L. Hence both
gases could be neglected in the total gas pressure.

From the displayed concentration profiles, we calculated gas pressures by implement-
ing a temperature-dependent Henry coefficient (Equation (1) solved for p;); temperatures
were used from a CTD-probe profile. The calculation yielded the (by far) leading contribu-
tion from nitrogen Ny; O, provided a smaller contributions, while CO;—due to the high
Henry coefficient—and argon (similar shape to Ny, though at lower values)—due to low
concentration—contributed only a much subordinate gas pressure. We also added vapor
pressure of H,O, which was calculated as a function of temperature (Equation (6)) and
hence was the third biggest gas pressure contribution in the epilimnion.

The gas pressures of all gases could be added to total gas pressure (Figure 3, right panel).
We saw a local minimum in the metalimnion where oxygen had been depleted. Throughout
the hypolimnion, gas pressures fell toward the lake bed as a consequence of reduced oxygen
concentrations. Direct measurements of total gas pressure with the CO, probe confirmed
the structure of the total gas pressure profile well. Smaller deviations were attributed to
the fact that the sensor was not optimized for total gas pressure but for CO;. The long
response time might also have contributed to some additional error.

4.3. Elevated Gas Pressure Observations

Measurements in (the small gravel pit lake) Barleber See showed clearly elevated
oxygen concentrations in the epilimnion during summer reaching a saturation of 140%,
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i.e., a gas pressure of 70 mbar above atmospheric (Figure 4, upper row). If N, gas pressure
was present at atmospheric gas pressure, then total gas pressure would have surmounted
local pressure in the upper 70 cm of the water column and bubbles would be formed. Most
probably bubbling had happened before and nitrogen had been stripped until total gas
pressure lay below local pressure (observations of Nj to confirm this were not done).
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Figure 4. Profiles from the lakes: Barleber See, Felsensee, Vollert-Sued showing measured profiles
of temperature, el. conductivity, gas concentrations, gas pressures (dotted line: atmospheric O,
partial pressure above lake surface) and oxygen saturation (dotted line: 100% saturation). Felsensee
O, data have been compensated for 6.5 s response time of the amperometric sensor from raw data.
Vollert-Sued: psum: sum of calculated gas pressures; pygg: directly measured total gas pressure;
Pabs: absolute pressure calculated as atmospheric plus hydrostatic.

In (the small quarry lake) Felsensee, a deep oxygen maximum was documented
at 15 m depth in early August. The oxygen peak was accompanied by high values of
chlorophyll-a fluorescence (Figure 4, middle row). Hence oxygen levels were attributed
to photosynthetic activity of floating organisms at the upper edge of the monimolimnion.
Obviously the organisms could profit from the chemical setting (nutrients or CO;) at this
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depth. Moreover, clearly below the epilimnion at depths 7-13 m, oxygen concentrations
and gas pressures lay clearly above atmospheric oxygen pressure.

Finally gas concentrations in (the small polluted pit lake) Vollert-Sued were measured
(data from Horn et al. [53]). In the monimolimnion, methane had accumulated and raised
the gas pressure by more than 1 bar. Together with nitrogen, total gas pressure in the
monimolimnion came into the range of the absolute pressure. Methane had been created
by degradation of organic material in the sediment. Methane either diffused out of the
sediment or formed bubbles which released part of their methane into the ambient (moni-
molimnetic) water while ascending through the water column. Bubbles could always be
observed at the water surface.

5. Discussion

In most lacustrine waters, gas pressure is clearly dominated by nitrogen N, and
oxygen O,. While nitrogen is quite conservative and changes in N, concentrations happen
at a small rate, O, is produced and used by aquatic organisms and hence O, often shows a
highly dynamic behavior in limnic systems. As a consequence, the oxygen contribution is
the leading variable component of gas pressure in limnic waters. This is particularly visible
in productive small lakes (e.g., Barleber See, Figure 4), as longer periods of weak winds
allow a clear decoupling from the atmosphere. However, nitrogen always contributes a
large portion to the total gas pressure and hence forms a large portion of the gas in bubbles.

In addition, gas pressure (and hence oxygen saturation) is affected by heating (e.g., solar
irradiation into a density stratified layer, see upper hypolimnion of Rassnitzer See in Figure 2).
Although concentrations may not change, the temperature dependence of the Henry coeffi-
cient will increase gas pressure when temperatures rise. Henry coefficients of N, O, Ar,
and CHy drop by a factor of about 2 over the limnologically interesting range from 0 °C to
30 °C. The temperature dependence of Henry coefficients of CO; (and e.g., helium or neon)
is noticeably different (see also noble gas thermometer [59]).

N, concentrations can be retrieved from samples (as done for Lake Vollert-Sued ([53]
Figure 4). However, such data sets have limited vertical resolution and limited vertical
comparability as a consequence of possible error of chemical analysis between samples.
Hence we decided to create continuous Ny profiles with a model approach from our
understanding and assumption of conservative behavior. The resulting profile was realistic
and included the typical features of the N, profile (Figure 4). An increased N, gas pressure
in the metalimnion was the consequence of faster transport of heat (diffusive and by solar
irradiation) than the N, molecules.

Denitrification (forming N, from inorganic nitrogen) and N, fixation (forming or-
ganic nitrogen compounds from Nj) happen at low rates in general. However a closer
look at denitrification rates (e.g., [6]) reveals that even holomictic lakes may experience a
production of N, that may affect the N, budget significantly over a stratification period
(putatively in the range up to 10%). In monimolimnia, where more time would be available
for accumulation (see below), the replenishment of nitrate is limited. On the other hand,
nitrogen fixation probably can reduce the N; budget and hence total gas pressure only
in very special configurations. As a consequence, we encourage measurements of Ny
when close investigation of total gas pressure in lakes are envisaged and accurate methods
are available.

Furthermore in the range of 10 mbars, dissolved argon and vapor pressure contribute
to gas pressure, which in general is in the order of 1 percent of total gas pressure. Hence,
both gases are often neglected: in the case of argon, it is conveniently included in the
nitrogen part (as gas chromatograph columns often do not separate Ar from O, and Ny,
e.g., [9]). In the cold hypolimnetic water, the vapor pressure does not play an important
role, but it does in warmer water: at 25 °C: water vapor pressure amounts to about 30 mbar
and is the biggest contribution after N, and O, in the epilimnion (see Figure 3). As a
consequence, moist samples in a head space contain about 3% of H,O, which can be found
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missing in the recovery rate of an accurate gas chromatography, if water vapor is not
detected in separate (e.g., [32]).

Though the production and the removal of carbon dioxide is directly connected with
the oxygen dynamics, its contribution to gas pressure is not relevant in holomictic lakes,
as the Henry coefficient of CO; is nearly two orders of magnitude larger. In addition, the
involvement of the carbonate system extenuates the variability. For an accumulation that
becomes relevant for gas pressure, long time periods must be provided (as in meromictic
lakes) or a very strong source, e.g., from volcanic vents, has to supply gas [60,61].

Methane is usually not produced fast enough in the water column to contribute to
gas pressure considerably; however conditions in the sediment are much more favor-
able [62]. Limnic sediments can provide a nearly inexhaustible amount of degradable
organic material and anoxic conditions prevent the further oxidation of methane. Methane
can diffuse out of sediment pores into the open water or alternatively form bubbles (see
below), from which part of the methane is released into the water column while ascending
to the lake surface.

5.1. Ebullition

The release of gases from the water body by bubbles is called ebullition. Bubbles can
be formed and sustained, when gas pressure reaches absolute pressure (Figure 5; [8,63,64]).
Such bubbles migrate toward the water surface due to their buoyancy. Mainly two gases
are produced in natural waters by organisms to raise total gas pressure enough to force
bubble formation: oxygen and methane.

;
>

pabs

|

¢  pCH, '\

v

Figure 5. Gas pressure against depth in an idealized lake, gas pressure of argon is included in the Nj
value, gas pressures of other gases and water vapor pressure are neglected.

In sunny conditions, primary production can form oxygen. Close to the surface, not
much raising of the oxygen gas pressure is required to reach absolute pressure (e.g., Barleber
See in Figure 4). However at greater depth, the gas pressure needs to be raised considerably
before bubbles are form (e.g., Felsensee in Figure 4). As a consequence, elevated levels
of oxygen can be seen before bubbles form. Deep chlorophyll maxima sustain primary
production when they are exposed to favorable light conditions [6]. At a depth of 14 m
in Felsensee (Figure 4) for example, an absolute pressure of 2.4 bar (1 bar atmospheric
pressure plus 1.4 bar hydrostatic pressure) needs to be overcome. If gas pressure of N (and
Ar) is at atmospheric equilibrium (i.e., 0.78 bar and 0.01 bar, respectively), the remainder to
absolute pressure has to be accomplished by oxygen production until an O; gas pressure
of 2.4-0.79 bar = 1.61 bar is reached. 1.61 bar of oxygen gas pressure are commensurate
with 750% of oxygen saturation (as 100% saturation mean 0.21 bar partial pressure of
Oy). In Felsensee, we detected close to 950 mbar (a saturation of nearly 450%) on the
day of measurement. Whether this lake has ever reached the limit for ebullition has not
been documented.
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In general, the gas pressure of oxygen needs to be raised to

Po2 + Prest = Pabs ()

where the nitrogen gas pressure is the leading part in pyest, and also gas pressures of argon
and vapor are part of it (Figure 5).

Ebullition from macrophytes and algal mats on the lake bed has been documented
much better: bubbles remain attached to the plants before they have grown enough to
detach and ascend through the water column [65-67]. As long as a bubble remains attached
to a plant, it is subject to gas exchange with the surrounding water [11]. Gases diffuse in
and out, and—provided that enough time has been available—the gas composition (partial
pressures) will reflect the gas pressure inside the water. The data presented from two small
lakes [9] are compliant with this prediction.

The situation is very similar for methane bubbles. Methane is formed from biodegrada-
tion (see Supporting Information). This largely happens in the upper zone of the sediment.
Methane can be accumulated in the pore space and finally form bubbles when total gas
pressure reaches the absolute pressure (Figure 5). When the buoyancy is sufficient to escape
from the sediment, methane bubbles enter the bottom water of the lake and start ascending
through the water column [10,68,69].

Like oxygen bubbles, methane bubbles do not consist of pure methane, but contain
mainly nitrogen and traces of other gases. As the bubbles also remove N, from the
pore water, this may be observable and even indicative of how much methane has been
produced [10,70,71].

In conclusion, we could identify three possible zones of bubble release: (1) Close
to the surface by oxygen release through primary production close to the water surface
at roughly atmospheric composition Barleber See (Figure 4); (2) release of bubbles by
accumulating oxygen in deep photosynthetically active areas (of phytoplankton of macro-
phytes: oxygen content is higher than atmospheric content ([9], see also Felsensee Figure 4);
(3) Bubbles formed by methane production in the sediment mainly consist of methane and
nitrogen ([10,53], see also Vollert-Sued Figure 4).

5.2. Other Mechanisms for Raising Gas Pressure and Releasing Gas Bubbles

At the surface, gas pressure could be raised by surface warming during the day.
Warming releases bubbles of oxygen:nitrogen of 21:78. In Barleber See, oxygen saturation
has clearly risen beyond 100% (see Figure 4, top row) and hence 0.21 bar. As the heating of
the metalimnion is faster than the diffusive removal of nitrogen, a zone of high nitrogen
pressure forms in the metalimnion (see Arendsee in Figure 3). This could contribute to
forming bubbles in lakes where also oxygen is produced by photosynthesis at the same
time. In addition, currently the most feared trigger mechanism for a catastrophic release
of gas from Lake Kivu is submerged volcanic activity, bringing hot lava in contact with
highly gas-charged deep water layers. Higher temperatures would correspond to lower
Henry coefficients and hence to higher gas pressures. A chain reaction known as “limnic
eruption” had been feared as a possible result.

Maeck et al. [72] showed that the release of methane from the river Saar/Mosel was
triggered by surface waves originating from opening ship locks. The arriving wave trough
lowered the pressure at the river bed, which resulted in bubbling. A similar connection
exists with air pressure, wind, or water level changes [73-75]. When air pressure rises,
Horn et al. [53] for example showed that ebullition decelerated while a falling air pressure
increased the ebullition flux.

Water motions can impact the release of gases. Obviously if water parcels are moved
vertically, they experience a lower hydrostatic pressure and release of gases can be triggered.
In Lake Nyos, such an event following a land slide is the most commonly accepted trigger
mechanism for the limnic eruption in 1986 [13].

Finally we want to mention that technical measures can raise gas pressure to values
that even endanger aquatic life. To oppose oxygen depletion in hypolimnetic waters,
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aeration—i.e., introduction of air bubbles in the deep water can be considered. However
the dissolution of bubbles under high pressure facilitates to raise gas pressure beyond
atmospheric pressure, which can result in problems in particular for organisms that move
vertically in the water column, such as fish (e.g., [76-78]). Excessively high gas pressures
can be avoided by introducing only oxygen or—at least in part—by forcing the bubble
plume to reach the water surface at the cost of money or changing the ecosystem. In
addition, elevated gas pressures have been reported from reservoirs belonging to pumped
storage plants.

5.3. Accumulation of Gases in Monimolimnia

Permanently stratified water bodies like meromictic lakes provide the preconditions
for an accumulation of methane over long time scales at concentrations that eventually
become relevant or even dominant for total gas pressure (e.g., [1,79,80]. Vollert-Sued is one
example (Figure 3, bottom row), where degradable sediments have provided the material
for methane formation. Methane and nitrogen form the gas pressure in the deep water.
Famous other examples for a methane dominated gas pressure in monimolimnia are Lake
Kivu, East Africa [60,81], and Lake Monticchio Piccolo, Italy [82].

Monimolimnia also accumulate carbon dioxide as an end product of biogeochemical
degradation paths for organic matter. However, due to the good solubility of carbon
dioxide, it takes a long time to form a CO, gas pressure of concern only from organic
degradation. The famous examples of extreme CO, gas pressure: Lake Nyos, Lake Monoun
(both in Cameroon), Kabuno Bay of Lake Kivu (in D.R. Congo), and main basin of Lake
Kivu (in Rwanda and D.R. Congo) have a volcanic origin for the supply of CO; [13,14,83].
In the special case of Guadiana Pit Lake (in Spain), acid rock drainage dissolved carbonate
deposits in the underground and stored the formed CO, in the monimolimnion [18,84].

The gas either originates from volcanic sources (e.g., Lake Nyos, Lake Monoun, Lake
Kivu, Lake Monticchio Piccolo) or from geochemical interaction (Guadiana Pit Lake: [85]) or
from biodegradation (Vollert-Sued pit lake). In all cases, either methane (Lake Kivu, Vollert-
Sued, Monticchio Poccolo) or carbon dioxide (Nyos; Monoun; Guadiana Pit Lake: [18,86])
provide the leading contribution beyond the N, background. The most prominent repre-
sentative is Lake Kivu with its huge methane storage for commercial interest [16,28,32,83].
Especially high gas pressures of carbon dioxide are dangerous, as a sudden release can
liberate an immense volume of gas to the atmosphere and threaten the lives of humans in
the vicinity. Disastrous degassing happened at Lake Nyos and Lake Monoun in Cameroon
in the 1980s [13-15].

Monimolimnia of meromictic lakes are shielded from direct exchange with the atmo-
sphere. Water properties are renewed at a very slow rate. This yields ages of monimolimnia
up to 800 years (Lake Kivu, Africa—Schmid et al. 2005) and more than 6000 years in the case
of Salsvatn, Norway [87] or even 11,000 years in the case of Powell Lake, Canada [88,89].
Hence meromixis can provide a long time scale for the accumulation of solutes such as
gases (see [79,90,91]).

It is clear that we may not have knowledge of all lakes with extreme gas pressure. Of-
ten H,S is reported as dangerous gas dissolved at high concentrations (kyy = 0.1 mol/L/bar,
Tg = 2100 K [19]). Very high concentrations of sulphide (2.5 mmol/L) are found in Alatsee
(Bavaria, Germany [92]). Depending on the pH, only part is present as dissolved H,S
(Ks =9.77 x 10°) and hence contributes to gas pressure. At most, i.e., in acidic conditions
(pH not reported), this corresponds to a gas pressure of 0.015 bar gas pressure at reported
monimolimnion temperatures of 6 °C. Trapped ocean water could potentially produce
about ten times as much sulphide from its dissolved sulphate, if losses by diffusion and
precipitation would be small over the time period required for reducing the sulphate. We
measured our highest sulphide concentrations (10 and 12 mmol/L) in the monimolimnion
of Hufeisensee (Saxony-Anhalt, Germany, see also [93]), which corresponded to about
0.05 bar partial pressure of H,S (at measured pH = 6.8 and T = 6 °C). In conclusion, only in
extreme cases, sulphide will provide a considerable contribution to the total gas pressure.
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5.4. Final Remarks

From literature review and our own results, we confirm that in limnic waters only
very few gases play an important role for gas pressure:

1.  Nitrogen always contributes to gas pressure decisively and must be considered;
2. Oxygen from the atmosphere and from photosynthesis can contribute decisively to
the gas pressure;

As far as documented, only under meromictic conditions in the deep anoxic waters
(monimolimnion),

3. Methane (mainly from biodegradation or volcanic sources) or
4.  Carbon dioxide (from external sources such as volcanic vents and geochemical reac-
tions) can become an important or even the leading contribution to gas pressure.

In holomictic lakes, the gas pressure contribution of methane and carbon dioxide is
small (usually even smaller than vapor and argon). At a smaller scale (gas pressure of tens
of millibars), we can detect gas pressure of

5. Vapor pressure from water;
6.  Argon from atmospheric sources.

All other gases play a much subordinate role. Other noble gases, chlorofluorocarbons,
sulfurhexafluoride SFq (e.g., [94,95]), and other gases may be used for tracing waters and
dating the last intensive exchange with the atmosphere. It can be relevant to know their
partial pressure to quantify the concentrations. However for total gas pressure, they do not
play a role.

Bubbles in the open lake water can be created by photosynthetic oxygen production.
This may be accomplished by submerged macrophytes and algal mats or planktonic algae
closer to the surface. Additional heating may help forming bubbles as solubility of gases
is temperature dependent. On the contrary, when bubbles form in the upper layer of the
sediment, they originate from the decomposition of organic material where the produced
methane is the leading component for raising the gas pressure. Biodegradation also
produces carbon dioxide, but this contribution to gas pressure and hence for the release of
bubbles is much lower due to the good solubility of carbon dioxide.

Nitrogen (N3) is produced by biogeochemical reactions, but rates usually are small in
comparison to the N background. Hence nitrogen is rarely made responsible for forming
bubbles. However, due to the high background of nitrogen gas pressure, it is very important
for total gas pressure and hence contributes to a high portion of gas in the bubbles. The
composition of the bubbles can be quantitatively calculated from partial pressures. In
general, the required gas pressure of the produced gas (oxygen in open water or methane
in the sediment) increases with depth (Equation (7)) and so does its portion in the bubble.
Ascending bubbles are subject to exchange with the surrounding water (stripping).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13131824 /51, Figure S1: solubilities of the most relevant gases for gas pressure in lakes:
left column: solubilities in mol/1/bar: simple exponential fits from Sander (2015) [19] in comparison
to accurate parametrizations for N, and O, (Weiss 1970) [23], Ar (Jenkins et al. 2019) [24], CHy
(Wiesenburg and Guinasso 1979) [25] and CO, (Weiss 1974) [26]. Right column: difference between
approaches. Figure S2: Vapour pressure against temperature. Left panel: Huang (2018) [35] compared
to the IAPWS recommended curve (Wagner and Pruss, 1993) [34]; right panel: Magnus equation
compared to the recommendation of IAPWS (Wagner and Pruss, 1993) [34]. References [96-129] are
cited in Supplementary Materials.
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Monte-Carlo-Simulation - CH4 ebullition in
Sept. 2021, Gerstenteich

Carolin Waldemer
14.09.2025

This manuscript contains the code for the Monte Carlo simulation of CH, ebullition in
September 2021 at Gerstenteich. A modelled Monte Carlo simulation with time as a
random effect was chosen to account for the temporal pattern of higher CH, ebullition
rates in the morning hours.

library(dplyr)
library(lubridate)
library(1me4)

setwd("C:/Users/waldemerc/Desktop/20250616 me")

dat <- read.csv2("MCS.csv", sep=";", dec=",", stringsAsFactors=FALSE)

dat$CH4ebu <- as.numeric(gsub(",", ".", dat$CH4ebu))
dat$datetime <- strptime(dat$time, format="%d.%m.%Y %H:%M")
dat$group <- as.factor(dat$group)

dat$site <- as.factor(dat$site)

dat <- dat[!is.na(dat$CH4ebu), ]

sites <- unique(dat$site)
n_sites <- length(sites)
k <- max(1, floor(n_sites / 3))

# Monte-Carlo-Simulation: modelled Monte Carlo simulation with time as a rand
om effect
mc_model <- function(k) {
repeat {
sampled sites <- sample(sites, k, replace = TRUE)
sample dat <- dat[dat$site %in% sampled sites, ]
if (nrow(sample_dat) > @ & sum(!is.na(sample_dat$CH4ebu)) > @) break
¥
fit <- lmer(CH4ebu ~ 1 + (1 | group), data = sample_dat, REML = FALSE)
list(mean = fixef(fit)["(Intercept)"], group_var = as.numeric(VarCorr(fit)$
group))
}

# Number of simulations

set.seed(99) #Set random number generator to a fixed starting value to en
sure reproducibility and comparability of different approaches.

n_sim <- 1000 #Set simulation runs / repetitions



model out <- replicate(n_sim, mc_model(k), simplify = FALSE)

# Results
mean_vals <- sapply(model out, function(x) x$mean)
group_vars <- sapply(model_out, function(x) x$group_var)

cat("Simulation results for k =", k, "drawn from", n_sites, "sites\n") #f
or k = 2 drawn from 8 sites

Simulation results for k = 2 drawn from 8 sites

cat("Mean value of the simulated mean value:", mean(mean_vals), "\n") #m
ean of means: 7.937643

Mean value of the simulated mean value: 7.937643

cat("Mean value of group variance (time_of day):", mean(group_vars), "\n") #9
.369468

Mean value of group variance (time_of_day): 9.369468
par(mfrow = c(1, 2))

hist(mean_vals, main = "Histogram of modelled mean values", xlab = "Mean CH4
ebullition™)

Histogram of modelled mean values
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par(mfrow = c(1, 2))
hist(group_vars, main = "Histogram of variance of the time effect", xlab = "V
ariance (Random Effect group)")



Histogram of the variance of the time effect
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#Assessment of spatial heterogeneity and representativeness of the eight samp
ling sites in the open water area

k_values <- 1:n_sites

n_sim <- 1000

uncertainty <- numeric(length(k _values)) #creates a numerical vector with z
eros of length (k_values)

for (i in k_values) {

sim_means <- replicate(n_sim, {
sampled_sites <- sample(sites, i, replace=TRUE)
sample_dat <- dat[dat$site %in% sampled_sites, ]
fit <- lmer(CH4ebu ~ 1 + (1|group), data=sample dat, REML=FALSE)
fixef(fit)[" (Intercept)"]

})

uncertainty[i] <- sd(sim_means)

}

plot(k_values, uncertainty, type="b",
xlab="Number of sampling sites (k)",
ylab="SD of estimated mean flux",
main="Uncertainty of CH4 flux estimate vs. number of sites")



Uncertainty of CH4 flux estimate vs. number of sites
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#Assessment of temporal heterogeneity and representativeness of the sampling
period - no aggregation per day

dat <- dat %>% arrange(datetime)

n_points <- nrow(dat)
n_sim <- 1000
uncertainty over_time <- numeric(n_points)

set.seed(123)

for (k in 5:n_points) {
sim_means <- numeric(n_sim)

for (sim in 1:n_sim) {
tries <- ©
repeat {
sampled indices <- sample(l:k, k, replace=TRUE)
sample_dat <- dat[sampled_indices, ]

# Check whether at least 2 different group levels are available
if (length(unique(sample _dat$group)) > 1) {
# Try to get 1lmer fit
fit_try <- try(lmer(CH4ebu ~ 1 + (1|group), data=sample_dat, REML=FAL
SE), silent=TRUE)
if (!inherits(fit_try, "try-error")) {
sim_means[sim] <- fixef(fit_try)["(Intercept)"]



break

}
¥

tries <- tries + 1

if (tries > 10) {
# If too many failed attempts
sim_means[sim] <- NA
break

}

¥
}

# Calculate SD for valid values
uncertainty over_time[k] <- sd(sim_means, na.rm=TRUE)

}

plot(5:n_points, uncertainty_over_time[5:n_points], type="1",
xlab="Number of cumulative measurement points",
ylab="SD of estimated mean CH4 ebullition",
main="Temporal uncertainty reduction over campaign duration")

Temporal uncertainty reduction over campaign duration
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