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Abstract 14 
Denitrification associated with emergent macrophytes is a pivotal process underlying the treatment 15 
performance of wetlands and slow-flow waterways. Laboratory scale experiments targeting N losses 16 
via denitrification in sediments colonized by emergent macrophytes require the use of mesocosms 17 

that are necessarily open to the atmosphere. Thus, the proper quantification of N2 effluxes relies on 18 
the accurate characterization of the air–water gas exchanges. In this study, we present a simple 19 
approach for direct measurements of the gas transfer velocity, in open-top mesocosms with 20 
Phragmites australis, by using argon as a tracer. Different conditions of water velocity (0, 1.5, 3, and 21 
6 cm s-1) and temperature (8.5, 16, and 28 °C), were tested, along with, for the first time, the presence 22 

of emergent vegetation. The outcomes demonstrated that water velocity and temperature are not the 23 
only factors regulating aeration at the mesocosm scale. Indeed, the gas transfer velocity was 24 
systematically higher, in the range of 42−53%, in vegetated compared to unvegetated sediments. The 25 
increase of small-local turbulence patterns created within water parcels moving around plant stems 26 
translated into significant modifications of the reaeration process. The adopted approach may be used 27 

to improve the accuracy of denitrification measurements by N2 efflux-based methods in wetland and 28 

slow-flow waterway sediments colonized by emergent macrophytes. Moreover, the present outcomes 29 

may have multiple implications for whole-system metabolism estimations from which largely depend 30 
our understanding of biogeochemical dynamics in inland waters that have strong connections to 31 
worldwide issues, such as nitrate contamination and greenhouse gas emissions. 32 
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1. Introduction 39 

Emergent vegetation is a key component of wetland ecosystems, deeply affecting deeply their 40 

treatment performances, especially with respect to reactive nitrogen (N), and contributing to 41 

eutrophication control (Brisson and Chazarenc, 2009; Faulwetter et al., 2009). This relevant 42 

ecosystem service is supported by the coupling of organic N mineralization, nitrification, and 43 

denitrification, occurring where the synergic metabolism of plants and bacteria results in the 44 

establishment of proximate oxic and anoxic micro-niches, e.g., in the rhizosphere and in periphytic 45 

mats (Zhang et al., 2016; Hines, 2006). Experimental micro and mesocosms are diffusely used as 46 

robust models to investigate the processes underlying wetland treatment performance. This approach 47 

can mimic aspects of the environmental complexity of full-scale systems, while maintaining the 48 

ability to control for certain elements such as plant type, hydraulic conditions and nutrient 49 

concentrations, and allowing adequate replications to strengthen statistical confidence in comparisons 50 

among treatments (Zhang et al., 2008; Maltais-Landry et al 2009a; Moore et al., 2016; Liang et al., 51 

2017). Laboratory scale experiments, performed using micro or mesocosms to incubate emergent 52 

wetland vegetation, are necessarily open to the atmosphere. Due to the impossibility of closing the 53 

cores and isolating the water from the atmosphere, the presence of emergent plants complicates the 54 

experimental set-up and makes standard protocols for measuring gas fluxes from sediments with 55 

microphytobenthos or submerged macrophytes unapplicable (Dalsgaard et al., 2000; Racchetti et al., 56 

2017). Emissions of biological trace gasses such as nitrous oxide and methane are thus usually carried 57 

out with static chambers that include the three compartments, i.e. sediment, water, and atmosphe 58 

(Cheng et al., 2007; de Klein and van der Werf, 2014). The same approach becomes challenging when 59 

measuring denitrification by directly quantifying its end-product (N2) production due to the need to 60 

evaluate small changes in concentrations against the elevated atmospheric background (Groffman et 61 

al., 2006). Therefore, the denitrification potential of natural, restored or constructed wetlands has 62 

been evaluated mainly by the only disappearance of the process substrate, i.e., nitrate (NO3
-) in water 63 

(Brisson and Chazarenc, 2009; Maltais-Landry et al., 2009b; de Klein and van der Werf, 2014), while 64 
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fewer studies have simultaneously measured NO3
- consumption and N2 production and proved that 65 

the removed N is actually lost from the system after conversion to N2 (Jacobs and Harrison, 2014; 66 

Payne et al., 2014; Messer et al., 2017). Highlighting the relative importance of permanent NO3
- 67 

dissipation over other temporary storage mechanisms is crucial to evaluate wetland performance and 68 

to adopt management strategies aimed at optimizing their nutrient removal efficiency. For the same 69 

reason, denitrification rates representative of in situ conditions are needed rather than potential 70 

activity assays that eliminate the structural integrity of sediment with associated biogeochemical 71 

gradients and the direct influence of plants (Groffman et al., 2006; Xu et al., 2013; Álvarez-Rogel et 72 

al., 2016).  73 

At the scale of both mesocosms and whole systems, denitrification can be estimated by directly 74 

measuring N2 accumulation in the water over time, which is possible using high-precision Membrane 75 

Inlet Mass Spectrometry (MIMS, Kana et al., 1994), but necessarily taking into account the gas 76 

exchanges between water and atmosphere, on which the accuracy of the outcomes largely depends 77 

(Castaldelli et al., 2015; Messer et al., 2017). For mesocosms, the parameter describing the molecular 78 

diffusivity of a gas across the air–water interface, i.e. the gas transfer velocity (k), is frequently 79 

estimated by empirical models as a function of wind speed, the most important variable affecting the 80 

stirring force in lentic systems (e.g., Maltais-Landry et al 2009a; Christensen et al., 2013). However, 81 

the relationship between k and wind speed typically breaks down under low wind conditions, and in 82 

any event, this approach is not applicable for indoor greenhouse experiments. Mesocosms can also 83 

simulate the condition of slow-flow waterways or wetlands where gas exchanges across the air-water 84 

interface are affected by the turbulence induced by moving water (Audet et al., 2017; Messer et al., 85 

2017). Moreover, the presence of emergent vegetation contributes to modify the common drivers of 86 

gas transfer at a small-scale, e.g., by attenuating wind speed above the water surface and affecting 87 

hydraulic parameters related to mixing and turbulence (Naden et al., 2006; Coates and Folkard, 2009; 88 

Poindexter and Variano, 2013). 89 
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Predicting k values that accurately describe the air-water gas exchanges remains a critical challenge 90 

for reliable estimations of aquatic ecosystem metabolism, with relevant implications for 91 

understanding some biogeochemical dynamics that have strong connections to worldwide issues such 92 

as NO3
- contamination and greenhouse gas emissions. In this study, we present a simple approach for 93 

direct measurements of k, in open-top wetland mesocosms with emergent macrophytes, by using 94 

argon (Ar) as a tracer. The gas transfer velocity was calculated by the decrease of the Ar concentration 95 

in mesocosms incubated in controlled conditions. We preferred to use mesocosms that mimic field 96 

conditions in order to be able to standardize and isolate crucial parameters affecting the air-water gas 97 

exchange, such as temperature and water velocity, tested for the first time in the presence or absence 98 

of emergent vegetation. 99 

 100 

2. Material and methods 101 

2.1. Mesocosm construction and pre-incubation procedure 102 

Water, sediments colonized by Phragmites australis (Cav.) Trin. ex Steud and bare sediments were 103 

collected in early spring in a slow-flow (< 10 cm s-1) nutrient-rich drainage canal (44°48’53.17’’N; 104 

11°43’23.14’’E) that belongs to the drainage network of the lower Po plain (Northern Italy). 105 

Experiments were then performed after the plants had reached the biomass peak. The mesocosms 106 

were designed to simulate low-gradient shallow waterways or wetlands with moving water and 107 

consisted of two Plexiglass liners (diameter of 12 and 29 cm) positioned concentrically on a flat base. 108 

Only the volume between the two liners was filled with a sediment layer of 25−30 cm to define an 109 

annulus of total surface of 547 cm2 (annular radius width 8.5 cm). Three mesocosms with sediment 110 

and P. australis (1200−1900 plants per m2, stem average diameter 4 mm) and three mesocosms with 111 

only sediment were built and transferred to an outdoor, non-shaded area, at the Department of Life 112 

Sciences and Biotechnology, University of Ferrara. Here, the mesocosms were placed in a cylindrical 113 

tank, fully submerged in recirculated canal water maintained by aquarium pumps and were allowed 114 

to equilibrate for some weeks before the experiments. Sampling, pre-incubation and incubation 115 



6 
 

procedures were performed according to standard protocols (Dalsgaard et al., 2000). The same 116 

experimental set up was previously employed to investigate how different water velocity conditions 117 

affect NO3
- removal via denitrification in sediments with emergent vegetation (Soana et al., 2018; 118 

Castaldelli et al., 2018). 119 

 120 

2.2. Ar gas tracer addition experiments 121 

The first set of four incubations (velocity experiment) was performed, at a fixed temperature (16 °C), 122 

to test how P. australis affects gas exchange at different water velocities (0, 1.5, 3 and 6 cm s-1) in 123 

the range typical of wetlands and slow-flow canals. The second set of three incubations (temperature 124 

experiment) was performed, at a fixed water velocity (3 cm s-1), to test how P. australis affects gas 125 

exchange at different water temperatures (8.5 °C, 16 °C, and 28 °C), spanning the typical seasonal 126 

range for shallow aquatic ecosystems of temperate regions (Racchetti et al., 2011; Castaldelli et al., 127 

2015). 128 

A perforated plastic tube jointed to a 12 V submersible electric pump (Whale®, Bangor, UK) was 129 

placed vertically in the water column of each mesocosm. The pump was connected to a multichannel 130 

electronic rheostat and a voltage was applied to create a homogeneous water flow around the internal 131 

Plexiglass liner avoiding sediment resuspension and waves at the water surface. The voltage level 132 

was regulated to yield an average water velocity of 0, 1.5, 3, and 6 cm s-1, checked vertically in the 133 

middle of the annular radius and at mid-depth by means of a current meter. All experiments were 134 

performed in the dark and a thermostat ensured the stability of the water temperature through the 135 

course of each incubation. Wind speed was null during the experiments. 136 

To begin the incubations, the water level in the tank was lowered below the liner top and a water 137 

column of ~ 20 cm was maintained inside each mesocosm. Argon, an inert tracer gas, was bubbled 138 

for ~ 10 min at 10 psi from a compressed Ar tank (SOL SpA, Bologna, Italy) using a gas diffuser to 139 

saturate the water volume of each mesocosm. Once the gas sparging was stopped, water samples were 140 

collected at 30-minute interval over a 4.5-h period by a glass gas-tight syringe from the mid-depth of 141 
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each mesocosm in order to follow the temporal evolution of Ar in water. At each sampling event, the 142 

water temperature and conductivity were measured with a multiparametric probe. Samples for 143 

dissolved Ar determinations were collected with no headspace in 12-mL gas-tight glass vials 144 

(Exetainer®, Labco, High Wycombe, UK), filled from the bottom by overflowing the vial volume at 145 

least 3 times, and preserved by adding 100 μL of saturated ZnCl2 solution. Ar was measured within 146 

a few days at the laboratory of Aquatic Ecology, University of Ferrara, by MIMS (Bay Instruments, 147 

Easton, Maryland, USA), a PrismaPlus quadrupole mass spectrometer with an inline furnace 148 

operating at 600°C to allow for O2 removal (Kana et al., 1994). The coefficient of variation (cv) of 149 

mass spectrometry signal (m/z = 40) for replicated samples was < 0.5%. 150 

 151 

2.3. Calculation of gas transfer velocity from Ar addition experiments 152 

Due to its conservative behavior, the dissolved Ar concentration was assumed to decrease only as a 153 

consequence of gas escape to the atmosphere. The gas transfer velocity was calculated following the 154 

procedure reported by Czerny et al. (2013) and previously applied for other tracer gases. Negative 155 

exponential functions were fitted to the series describing the temporal evolution of Ar in the water 156 

volume of each mesocosm for each tested condition. A correction factor was introduced in the 157 

calculations to account for the water volume loss from the subsequent samplings, although the total 158 

volume collected for Ar analysis during the course of a single incubation was overall < 3% of the 159 

volume of each mesocosm. For vegetated mesocosms, the volume occupied by the submerged 160 

portions of the plants was also considered by measuring the diameters of each reed stem. Pilot tests 161 

performed with the simultaneous addition of Ar and a solute tracer revealed that volume loss due to 162 

evapotranspiration was irrelevant on the incubation time scale of a few hours and that, once the 163 

mesocosms were isolated from each other by lowering the water level in the tank, there was no water 164 

exchange between the chambers and the tank. 165 
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The hourly Ar flux across the water surface (µmol cm-2 h-1) was calculated from the fitted Ar 166 

concentration decrease between two consecutive sampling times, then converted to volumetric units 167 

according to the following equation:  168 

FAr = 
It2−It1

A∙∆t
 (1)  169 

where It1 and It2 are the µmol of Ar in the mesocosm water volume at two consecutive sampling times, 170 

t1 and t2, A is the surface area of the mesocosm (cm2), and ∆t is the time interval between t1 and t2 171 

(h). The Ar transfer velocity (cm h-1) was computed by dividing the FAr by the concentration gradient 172 

according to the following equation:  173 

kAr = 
FAr

CArW−CArEW
 (2)  174 

where FAr is the Ar flux across the water surface, and CArW is the fitted Ar concentration (µmol cm-2 175 

h-1) at a given sampling time, and CArEW is the Ar equilibrium concentration with the atmosphere 176 

(µmol cm-3) determined from tables of gas solubility in water as a function of temperature and 177 

conductivity (Weiss, 1970). The two previous equations were applied to all the couples of two 178 

consecutive sampling events throughout the whole incubation time, and finally, kAr for each 179 

mesocosm in each tested condition was calculated as general mean. 180 

The Ar transfer velocity was corrected for temperature effect, according to the generally used 181 

simplified Arrhenius equation (Demars and Manson, 2013):  182 

kAr = kAr20°C ∙ 1.0241
(T−20°C) (3)  183 

where kAr and kAr20°C are the Ar transfer velocities at the measured water temperature (T, °C) and at 184 

20 °C, respectively. As usual for comparison purposes, the gas transfer velocity was expressed for a 185 

gas with a Schmidt number of 600 (k600) which corresponds to CO2 at 20 °C (Jähne et al., 1987; 186 

Wanninkhof, 1992) as follows:  187 

k600 = kAr20°C ∙ (
ScCO2

ScAr
)
−2/3

 (4)  188 

where kAr20°C is the Ar transfer velocity at 20°C, ScCO2
 and ScAr are the Schmidt number for CO2 189 

(600) and Ar (518) at 20°C, respectively. 190 
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A one-way ANOVA was performed to analyze differences in k values among the tested conditions. 191 

Untransformed data satisfied assumptions of normality. The statistical significance was set at p < 192 

0.05. Statistical analyses were performed with SigmaPlot 11.0 (Systat Software, Inc., San Jose, 193 

California, USA). 194 

 195 

2.4. Calculation of the gas transfer velocity by empirical equations from the literature 196 

Excluding the conditions with no flow, the reaeration coefficient of oxygen at 20 °C (KO2, 20 °C, d-197 

1) was also calculated using the water velocity u (m s-1) and water depth d (m) of the mesocosms as 198 

the only variables affecting gas exchanges, by the general relationship (Genereux and Hemond, 199 

1992):  200 

KO2
= a ∙

𝑢b

𝑑c
 (5)  201 

The parameters of a, b, and c were obtained from several literature studies as compiled by Haider et 202 

al. (2013). These equations have been tested and applied in laminar flow channels, artificial flumes, 203 

and regular-shaped sewers where flow conditions approximate those set in our mesocosms (Cox, 204 

2003). The transfer velocity of oxygen (kO2, 20 °C, cm h-1) was obtained by multiplying the reaeration 205 

coefficient by the water column depth of each mesocosm, assuming a well-mixed conditions. The gas 206 

transfer velocity was finally normalized to a Schmidt number of 600 according to equation 4. 207 

 208 

3. Results  209 

Changes in Ar concentrations in the water column of the mesocosms during the experiments are 210 

presented in Fig. 1. Ar concentrations, expressed as a natural-log transformed proportion of initial 211 

value, decreased steadily throughout the course of incubations, suggesting constant gas escape to the 212 

atmosphere from all mesocosms. The slopes of the time series were all highly significant (p < 0.0001) 213 

and had R2 values that ranged from 0.88 to 0.99. Across the velocity range, kAr ranged between 0.678 214 

± 0.129 and 5.452 ± 0.589 cm h-1 in vegetated mesocosms, and between 0.669 ± 0.128 and 3.586 ± 215 
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0.353 cm h-1 in unvegetated mesocosms (Table 1). The gas transfer velocity differed significantly 216 

among all velocity treatments (p < 0.001) and was increased on average by a factor of 8 and 5 in 217 

vegetated and unvegetated sediments, respectively, when passing from the stagnant condition to 6 cm 218 

s-1. With the exception of stagnant conditions where kAr was not significantly different between 219 

vegetated and unvegetated mesocosms, for the other velocity levels, the presence of the macrophytes 220 

strongly influenced kAr (p < 0.001). The gas transfer velocity was systematically higher, in the range 221 

42−53%, in the presence of emergent vegetation. 222 

Throughout the water temperature range, kAr varied between 3.938 ± 0.277 and 6.458 ± 0.325 cm h-1 223 

and between 2.463 ± 0.128 and 4.255 ± 0.236 cm h-1 in vegetated and unvegetated mesocosms, 224 

respectively (Table 1). The gas exchange was enhanced on average by ~ 40% when the water 225 

temperature changed from 8.5 °C to 28 °C, and kAr was significantly higher for the vegetated 226 

condition. Once transformed as k600 at 20 °C, experimental kAr values measured at different 227 

temperatures were not significantly different, although the discrepancy between vegetated and 228 

unvegetated conditions remained.  229 

k600 values measured in mesocosms were included within the interquartile range of the distribution 230 

obtained by applying empirical equations from the literature but were systematically higher than the 231 

median value, i.e., by a factor of 1.9−3.7 and 1.3−2.6 for vegetated and unvegetated conditions, 232 

respectively (Fig. 2). 233 

 234 

4. Discussion 235 

The results presented here have two main methodological implications: 1) the possibility to operate 236 

a direct quantification of the gas transfer velocity in open-top wetland mesocosms, in conditions of 237 

variable water velocity and temperature and, 2) the assessment of the role of emergent vegetation in 238 

affecting reaeration processes with potential consequences for whole-system metabolism 239 

measurements involving gas dynamics, as N2 production by denitrification. The outcomes of our 240 

incubations proved the reliability of the proposed approach, i.e., the absence of other unpredictable 241 
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factors affecting the gas air-water exchanges (apart from water velocity and plant presence) since 242 

there were no significant differences between the kAr measured at different temperatures, once 243 

transformed to k600 at 20 °C. Tracer gas addition is a common effective means of directly measuring 244 

reaeration in different types of aquatic ecosystems (i.e. stream, lakes) (Cole et al., 2010; Demars et 245 

al., 2015). Other inert gases such as sulfur hexafluoride (SF6) were previously used as tracers to 246 

quantify gas exchange rate also at the mesocosm scale, but only for free-water conditions (Langdon 247 

et al., 2003) or in presence of floating vegetation (Jacobs and Harrison, 2014). With respect to 248 

emergent vegetation, we found only one study where, in the framework of a 15N mass balance, the 249 

gas transfer velocity has been measured by quantifying Ar degassing after addition to the water 250 

column (Messer et al., 2017). Hall and Madinger (2018) recently recommended the use of Ar because 251 

it has low background concentrations in water and, unlike other gases commonly used as tracers, it is 252 

cheaply available and is not a greenhouse gas, such as SF6. Moreover, Ar is easily detected using 253 

MIMS which has become in the last twenty years a standard instrument for biogeochemical studies 254 

targeting aquatic metabolism. Indeed, it allows the simultaneous measurement of several gases of 255 

biological interest, such as N2 isotopes (28, 29, 30), O2, and CH4 with high analytical precision (Kana 256 

at al., 1994; Schrier-Uijl et al., 2011; Soana et al., 2017). 257 

To our knowledge, prior than this study, no experiments are available in the literature on the 258 

comparison of gas transfer across the air-water interface in sediments with and without emergent 259 

plants. Moreover, it is not clear if the models commonly used for the estimations of gas transfer 260 

velocity in aquatic environments, as a function of hydraulic parameters affecting turbulence and 261 

mixing (e.g. velocity and depths), can be directly applied to sediment with emergent vegetation 262 

(Naden et al., 2006; Coates and Folkard, 2009). In field studies suggest that no universally acceptable 263 

predictive model was found for the k estimation on the basis of the sole hydraulic properties in 264 

shallow macrophyte-rich watercourses (Thyssen et al., 1987; Wilcock et al., 1999). Indeed, none 265 

empirical equation includes parameters related to vegetation stand features (e.g., typology, flexibility, 266 

density, arrangement, patchiness etc.) due to the evident difficulty in describing the great spatial and 267 
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temporal heterogeneity and complexity of in situ conditions. The outcomes of the present experiment 268 

clearly demonstrated, for the first time, that emergent macrophytes noticeably increase gas exchanges 269 

across the air-water interface. Aquatic vegetation with partially or totally submerged tissues 270 

complicate the dependency of the gas exchange on velocity and depth by directly affecting parameters 271 

related to turbulence and mixing (Nepf, 1999; Nikora, 2010). In general, water has a more tortuous 272 

flow path while moving around the plant stems, resulting in an increase of small-scale turbulence. 273 

Submerged or emergent macrophytes promote several mechanisms of turbulence generation (e.g., 274 

vortex shedding along shear zones, wake production around individual stems, waving of flexible plant 275 

forms), thus modifying local patterns of turbulence intensities that greatly differ from those found in 276 

unvegetated flows (Naden et al., 2006; Tanino, 2012). The variability of k600 values within replicates 277 

was generally greater for vegetated mesocosms than for unvegetated mesocosms. This is likely due 278 

to the greater environmental heterogeneity in the vegetated mesocosms, determined by the variable 279 

number of stems. Despite the limited number of replicates, for all the performed incubations the gas 280 

transfer velocity resulted positively related to stem density, with R2 values ranging from 0.90 to 0.98.  281 

We are aware that these results are preliminary and need further and more detailed (i.e., wider stem 282 

density range and more replicates for a given vegetation density) measurements. However, fluid 283 

dynamic studies have previously demonstrated that an increase in density of rigid vegetation 284 

translates proportionally into an enhancement of turbulence by introducing additional hydraulic 285 

resistance to flow (Yager and Schmeeckle, 2013; Horppila et al., 2013). The turbulence created within 286 

a water parcel moving around the stems acts to break the resistance of the aqueous boundary layer, 287 

facilitating the gas exchanges across the air-water interface (Naden et al., 2006; Tanino, 2012). 288 

Several laboratory experiments, mainly involving artificial plants, have investigated many aspects of 289 

water flow dynamics within vegetation stands and their effect in modifying small-scale turbulence 290 

(Yager and Schmeeckle, 2013; Zhang et al., 2015). However, they were performed almost exclusively 291 

to describe the physics of the system without extending the results to the potential ecological 292 

implications in terms of aquatic metabolism estimations. Air-water gas exchange is a key process in 293 
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aquatic ecosystems because its quantification allows distinguishing between physical and 294 

biologically-mediated gas fluxes. Obtaining a proper estimate of reaeration rate is the most critical 295 

step when calculating metabolism in open systems, from the classical Odum oxygen approach to the 296 

more innovative N2 open-channel approach (Demars et al., 2015; Soana et al., 2017; Ritz et al., 2018).  297 

When direct measurements of gas transfer velocity are not available, a conservative approach 298 

generally results the most reasonable option, i.e., the adoption of a wide set of depth-velocity 299 

equations with the aim of providing a range of k600, likely including the actual value. With respect to 300 

N dynamics, this procedure is widespread for both whole-system (Castaldelli et al., 2015; Ritz et al., 301 

2018) and mesocosm scale estimates of denitrification (Soana et al., 2018; Castaldelli et al., 2018). 302 

However, the considerable variability in gas exchange rates may undermine the estimates of 303 

ecosystem metabolism, e.g., NO3
- removal via denitrification, based on such equations and bias the 304 

interpretation. Moreover, the present outcomes clearly showed that, for a given water velocity, 305 

increased small-scale turbulence resulted in higher k600 values in vegetated mesocosms with respect 306 

to unvegetated mesocosms. Although our experimental k600 values were included within the 307 

confidence interval of those calculated using empirical equations, the systematic difference between 308 

vegetated and unvegetated conditions raises some doubts about the validity of using literature-derived 309 

formulas to predict reaeration in flowing waters with emergent macrophytes. The magnitude of 310 

reaeration is directly related to the uncertainty in estimates of metabolic rates. Specifically, given the 311 

linear form of the equations governing the biogenic gas mass balance in water, under or overestimates 312 

of gas transfer velocity translate proportionately into under or overestimates of gas production or 313 

consumption, respectively. With respect to N dynamics, underestimates of k600 of up to ~ 50%, as 314 

evidenced in this study, translate proportionately into underestimates of the NO3
- mitigation potential 315 

of vegetated sediments. 316 

In conclusion, the approach presented here may be used to improve the accuracy of aquatic 317 

metabolism estimates in open-systems, such as denitrification measurements by N2 efflux-based 318 

methods, in slow-flow waterways and wetland sediments colonized by emergent macrophytes. Site-319 
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specific or mesocosm-specific measurements of gas transfer velocity are indispensable since variables 320 

such as abundance/density, development and geometric and mechanical properties of vegetation 321 

stands may influence, differently from case to case, the local turbulence patterns thus also the gas 322 

exchanges across the air-water interface. 323 
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Table 1. Gas transfer velocity of argon (kAr) measured for vegetated and unvegetated mesocosms in 469 

different conditions of water velocity and water temperature (average ± standard deviation, n = 3). 470 

The corresponding values normalized to a temperature of 20 °C and a Schmidt number of 600 are 471 

also reported (k600). 472 

  kAr (cm h-1) k600 20 °C (cm h-1) 

 

Treatment 

Vegetated 

mesocosms 

Unvegetated 

mesocosms 

Vegetated 

mesocosms 

Unvegetated 

mesocosms 

Velocity experiment 

(temperature 16 °C) 

0 cm s-1 0.678±0.129 0.669±0.128 0.673±0.128 0.668±0.128 

1.5 cm s-1 3.655±0.477 2.577±0.208 3.507±0.458 2.471±0.201 

3 cm s-1 4.919±0.461 3.205±0.433 4.784±0.445 3.126±0.422 

6 cm s-1 5.452±0.589 3.586±0.353 5.339±0.573 3.534±0.347 

Temperature 

experiment 

(velocity 3 cm s-1) 

8.5 °C 3.938±0.277 2.463±0.128 4.701±0.332 2.944±0.156 

16 °C 4.919±0.461 3.205±0.433 4.784±0.445 3.126±0.422 

28 °C 6.458±0.325 4.255±0.236 4.726±0.235 3.127±0.175 

 473 
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Figure captions 475 

Fig. 1. Changes in Ar concentrations in water column mesocosms during the incubations expressed 476 

as a natural log-transformed proportion of the initial value (average ± standard deviation, n = 3). 477 

Panels A−B and panels C−D report the temporal evolution during the velocity experiment and the 478 

temperature experiment, respectively. 479 

Fig. 2. Box and Whisker plots of gas transfer velocity (k600) calculated as a function of water velocity 480 

and water depth from a set of literature equations (see the text for more details). Experimental values 481 

measured in vegetated and unvegetated mesocosms in three conditions of water velocity (average ± 482 

standard deviation, n = 3) are also reported. The central horizontal line in the box is the median of the 483 

data, the top and bottom of the box are the 25th and 75th percentiles, and the ends of the whiskers are 484 

the 10th and 90th percentiles.   485 
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