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Abstract: Wetlands are hotspots of CH4 emissions to the atmosphere, mainly sustained by microbial
decomposition of organic matter in anoxic sediments. Several knowledge gaps exist on how environ-
mental drivers shape CH4 emissions from these ecosystems, posing challenges in upscaling efforts
to estimate global emissions from waterbodies. In this work, CH4 and CO2 diffusive fluxes, along
with chemical and isotopic composition of dissolved ionic and gaseous species, were determined
from two wetlands of Tuscany (Italy): (i) Porta Lake, a small wetland largely invaded by Phragmites
australis reeds experiencing reed die-back syndrome, and (ii) Massaciuccoli Lake, a wide marsh
area including open-water basins and channels affected by seawater intrusion and eutrophication.
Both wetlands were recognized as net sources of CH4 to the atmosphere. Our data show that the
magnitude of CH4 diffusive emission was controlled by CH4 production and consumption rates,
being mostly governed by (i) water temperature and availability of labile carbon substrates and (ii)
water column depth, wind exposure and dissolved O2 contents, respectively. This evidence suggests
that the highest CH4 diffusive fluxes were sustained by reed beds, providing a large availability of
organic matter supporting acetoclastic methanogenesis, with relevant implications for global carbon
budget and future climate models.

Keywords: wetlands; CH4; diffusive flux; carbon budget; greenhouse gases; macrophytes; RDBS;
surface waters

1. Introduction

Surface aquatic systems only cover a small fraction of global land surface [1,2]. Never-
theless, they play a crucial role in the global carbon cycle, as they regulate the transport
of terrestrial carbon between lands and seas. Accordingly, attention is increasingly being
devoted to studying the contribution of water reservoirs to climate change and under-
standing feedback mechanisms related to global warming of aquatic ecosystems, e.g., [3,4].
Among surface aquatic systems, wetlands are highly productive ecosystems capable of
sequestering large amounts of carbon from the atmosphere through photosynthetic activity,
which is then stored in biomass and sediments. According to Lal [5], wetlands store 20–30%
of terrestrial carbon at global scale. Among them, coastal wetlands play a key role in
sequestering and storing blue carbon from oceans [6]. Nevertheless, degraded ecosystems
may rapidly turn from carbon sinks to major sources of greenhouse gases (GHGs), releasing
high amounts of CH4 and CO2 produced by microbial decomposition of organic matter,
e.g., [7]. Methane emissions from wetlands are also augmented by climate change, shifts
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in the hydrological regime, eutrophication processes or more in general by processes that
support anaerobic conditions in shallow waters, e.g., [3,8,9]. Recently, methane has been
receiving increased attention since it is the second-most important GHG in the atmosphere,
with a global warming potential 28 times higher than that of CO2 over a 100-year time
frame [10]. Its concentration in air is nearly three times higher than that recorded in 1750,
with a stepwise increasing trend characterized by a relatively stable period from 2000 to
2007 and a renewed and rapid growth since 2007 [11–13]. The causes of such impressive
CH4 increment are not fully understood and may include both increasing emissions from
anthropogenic sources and/or natural ecosystems and a decline in the oxidative capacity
of the atmosphere [14–16]. According to Rosentreter et al. [17], aquatic ecosystems are
currently responsible for half of global CH4 emissions to the atmosphere and their contri-
bution is destined to increase as a consequence of global warming and human alterations.
Nevertheless, these estimates are still affected by large uncertainties, mainly because it
is not clear how the physico-biogeochemical factors regulate the release of GHGs from
aquatic reservoirs to the atmosphere.

Microbial methanogenesis within surface aquatic systems mainly occurs in bottom
anoxic sediments, where fresh organic matter accumulates from litterfall, dead plant mate-
rials and root exudates, e.g., [18,19], although CH4 production was also observed under
aerobic conditions, e.g., [20–24]. Once released from bottom sediments, CH4 can upwardly
move through the water column and reach the atmosphere via different pathways, in-
cluding molecular diffusion, ebullition and storage flux, e.g., [25]. The latter occurs under
peculiar conditions, being referred to the sudden release of CH4 either accumulated due to
water stratification or trapped by ice formation. Methane ebullition consists in the release
of gas bubbles from bottom sediments to the atmosphere with negligible physical, chemical
or biological interactions, and, although relevant, it is an intermittent phenomenon. On the
other hand, diffusive flux is responsible for the continuous release of a large portion of CH4
at the water–atmosphere interface and it is the most commonly estimated component of the
total flux from surface waters, e.g., [17] and references therein. The diffusive flux is strictly
related to the capability of CH4 released from bottom anoxic sediments to escape oxidation
within the water column and, hence, it largely depends on both lake characteristics (e.g.,
surface area, water depth, mixing regime and trophic state) and external drivers (e.g., tem-
perature, precipitation and landscape), e.g., [25] and references therein [26]. Accordingly,
dissolved CH4 concentrations can be highly variable in both time and space even within a
single surface aquatic system, e.g., [27], making estimates of global CH4 emissions from
these ecosystems difficult to be evaluated. Methane emissions from aquatic ecosystems are
mainly estimated by direct or indirect measurements of diffusive fluxes from open waters,
e.g., [25]. Nevertheless, recent studies have highlighted the importance of macrophytes in
regulating CH4 emissions from wetlands, although their influence in promoting or hinder-
ing methanogenesis is debated, e.g., [28–32]. In particular, Phragmites australis (common
reed) was suggested to be particularly effective in transporting gas from the submerged
soil to the atmosphere and accreting large amounts of carbon substrates to methanogens
enhancing CH4 production, e.g., [33] and references therein [34,35]. Hence, several knowl-
edge gaps still subsist on how environmental drivers regulate CH4 emissions from aquatic
ecosystems, limiting upscaled efforts to estimate global emissions from surface aquatic
systems [36]. Available studies limited to a relatively small number of waterbodies likely
produce an underestimation of the global variability in CH4 emissions, whereas limited
data on spatial and temporal variability in CH4 emissions within single aquatic systems
may induce uncertainty on global emissions based on open-water flux values [36] and
references therein.

In this paper, we present data on CH4 diffusive fluxes from two wetlands located in the
Versilian Plain (northern Tuscany, Italy), i.e., Porta and Massaciuccoli Lakes. The former is
a shallow wetland largely invaded by reeds, which are currently experiencing a progressive
decline, and raising annoyances in ambient air quality because of odor problems related to
biogenic H2S emissions from the lake surface [37]. Massaciuccoli Lake has a surface of ca.
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700 ha with a wide surrounding marsh interconnected with the sea and is located in a highly
anthropized region consisting of both urban and rural areas. Accordingly, these two diverse
wetlands, located within the same geographic and climatic zone, offer the opportunity to
investigate the physicochemical environmental drivers shaping the spatial and temporal
variability of CH4 diffusive fluxes within each single system. The measurement of both
CH4 and CO2 diffusive fluxes were complemented with water and dissolved gas chemistry
and carbon isotopic composition of dissolved CH4 and CO2, contributing to overcoming
data scarcity on wetland isotopic signature [38].

2. Materials and Methods
2.1. Study Areas
2.1.1. Porta Lake

Porta Lake (ca. 82 ha) is a wetland located between the coastline (ca. 2.5 km from
the sea) and the Apuan Alps. The rocky substratum is made of Tuscan Units formations
(Macigno sandstones) overlaid by marine to littoral alternations of clay and sand and
alluvial deposits [39] and references therein, whereas the dominant soil class in the area is
represented by histosols [40]. Lake waters are fed by three springs located at the base of the
reliefs on the northeastern margin of the lake (Figure 1a) characterized by widely varying
flow rates, ranging from 20.5 to 50 L/s [41]. The spring waters enter the lake through a
channel, named Fossa Fiorentina, and slowly flow through excavated channels and ponds
until they leave the lake on its southwestern margin, merging the Montignoso creek and,
finally, the Versilia River (Figure 1a). A large portion of the wetland is characterized by
the presence of wooded areas (dominated by Salix alba and Alnus glutinosa) and Phragmites
australis reeds, the latter being affected by reed die-back syndrome (RDBS), e.g., [42–45],
since 2016, determining a high accumulation of organic material at the lake bottom, oxygen
depletion and emissions of H2S-rich gases [37].

2.1.2. Massaciuccoli Lake

Massaciuccoli Lake is included in the Migliarino–San Rossore–Massaciuccoli Regional
Park, representing an area of international importance under the Ramsar Convention,
being recognized as a Site of Importance of the European Community [39], and thus it
is regarded as one of the most important wetlands in Italy [46]. It includes (i) a main
open-water basin with an average depth of 2 m [39], (ii) a secondary excavated basin
(Cava Sisa) in correspondence of a former quarry, with a maximum depth of 24 m [46]
and references therein, (iii) an extensive marsh area surrounding the lake northward and
eastward and consisting of several pools of different sizes, artificial canals and basins
(Figure 1b). The lake waters are fed by precipitation, groundwaters and a series of natural
and artificial tributaries, flowing from the mountain belt or fed by water springs (e.g.,
Case Rosse, Villa Spinola). The surface water network drains agricultural, industrial and
urban areas upstream of the lake basin and includes Barra, Fossa Nuova and Quiesa
channels (Figure 1b) [47]. The lake has a main emissary, i.e., the Burlamacca canal, that,
flowing through the city of Viareggio, directly connects Massaciuccoli Lake to the sea
(Figure 1b). The lake waters are affected by severe eutrophication related to water inputs
from the drainage of the farmlands and treatment plants of urban wastewater that produce
a dramatic reduction of macroalgae and submerged macrophytes and an excessive growth
of phytoplankton [46,48,49]. Reed beds are only discontinuously present along the lake
and channel shores [50]. Such an environment is thus characterized by variable conditions
of water depth, temperature, pH, salinity and redox state (dictated by the availability of
free oxygen) along both vertical and lateral profiles, also depending on the contribution of
brackish waters due to the marine ingression and fresh, meteoric and runoff waters from
the hinterland.
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Figure 1. Porta (a) and Massaciuccoli (b) lakes with the respective sampling sites and their locations 
(c) on the coastal shoreline of western Tuscany (central Italy). In (a), circles refer to samples collected 
in summer, whereas triangles identify those collected in winter. Winter samples are distinguished 
into waters collected from the boat (blue upward triangles) and those collected from the lakeshores 
(green downward triangles). The locations of the three springs are indicated by yellow circles. In 
(b), symbols and colors refer to the sample type, as follows: SPW (magenta square), TCW (orange 
upward triangle), LSW (green diamond), OMW (cyan circles), OSW (blue circles) and ECW (red 
downward triangle). See text for further explanations. Aerial photographs are from Bing Maps (© 

Figure 1. Porta (a) and Massaciuccoli (b) lakes with the respective sampling sites and their locations
(c) on the coastal shoreline of western Tuscany (central Italy). In (a), circles refer to samples collected
in summer, whereas triangles identify those collected in winter. Winter samples are distinguished
into waters collected from the boat (blue upward triangles) and those collected from the lakeshores
(green downward triangles). The locations of the three springs are indicated by yellow circles. In
(b), symbols and colors refer to the sample type, as follows: SPW (magenta square), TCW (orange
upward triangle), LSW (green diamond), OMW (cyan circles), OSW (blue circles) and ECW (red
downward triangle). See text for further explanations. Aerial photographs are from Bing Maps
(© 2021 Microsoft, Redmond, WA, USA; www.bing.com/maps, Accessed on 21 October 2021) and
Google Earth®.
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2.2. Water and Dissolved Gas Sampling

Sampling campaigns were performed in August and December 2020 at Porta Lake
and in November 2020 at Massaciuccoli Lake. Sampling activities were carried out between
10:00 and 16:00. Wind speed during sampling campaigns was, on average, around 2.5 m/s
(Weather Underground company, San Francisco, CA, USA; https://www.wunderground.
com). The coordinates of the sampling sites were recorded using a portable GPS (Garmin®

GPSMAP 62, Garmin®, Olathe, KS, USA). Water temperature, pH and Eh values were
measured directly in the field through a CRISON MM 40+ multiparameter probe. Sampling
procedures within the lakes were performed from a small boat, with the exception of few
sampling sites at Porta Lake (from LP21 to LP30), which were collected from the lake shores,
mostly in areas of dense vegetation and stagnant water (Figure 1a). Water and dissolved
gas sampling were carried out in lakes and canals within 5 cm of the water–air interface.
Two aliquots were collected for the analysis of water chemical and isotopic composition as
follows: (i) one aliquot of unfiltered water was collected in a 125 mL polyethylene bottle
for the analysis of major anions, and (ii) one aliquot of filtered (0.45 µm) and acidified
(with 0.5 mL of Suprapur® HCl 30%) water was collected in a 50 mL polyethylene bottle
for the analysis of major cations. At Massaciuccoli Lake, two further water aliquots were
sampled as follows: (i) in 250 mL polyethylene bottles, containing SrCl2 and NaOH to
precipitate the dissolved carbonate species as SrCO3, for isotope analysis of total dissolved
inorganic carbon (δ13C-TDIC) [51] and (ii) in 15 mL plastic tubes, after filtration (0.45 µm),
for the analysis of stable isotopes of water at selected sites (SPW, TCW2, TCW3, TCW4,
TCW5, LSW4, LSW5, LSW7, LSW8, OMW1, OMW2, OSW1, ECW2, ECW3, ECW8 and
ECW9). Dissolved gases were sampled by using pre-evacuated glass flasks with a PTFE
stopcock. The flask was submerged down to the sampling depth and the stopcock was
opened, allowing the water to enter the flask. The dissolved gases partially exsolved in
the headspace due to the pressure drop. The flask was filled by 3/4 of its volume with
water, before closing the stopcock [52,53]. Within Massaciuccoli Lake system, waters and
dissolved gases were further collected along vertical profiles at three selected sites from
surface to bottom using the single hose method described in Tassi et al. [54].

2.3. Chemical and Isotopic Analysis of Water and Dissolved Gases

The chemical composition of water was analyzed by (i) acidimetric titration (HCl
0.01 N) for the determination of HCO3

− and (ii) ion chromatography, using Metrohm 761
and Metrohm 861 chromatographs for the determination of major anions (Cl−, SO4

2−,
NO3

−, Br− and F−) and cations (Na+, K+, Ca2+ and Mg2+), respectively. The analytical error
was <5%. The 18O/16O and D/1H isotopic ratios of water (expressed as δ18O-H2O and
δD-H2O in‰ vs. V-SMOW) were determined using a Picarro L2130-i analyzer based on
cavity ring-down spectroscopy (CRDS). The analysis of the δ13C-TDIC (expressed in‰ vs.
V-PDB) was performed by mass spectrometry (MS) using a Finnigan MAT252 instrument
on CO2 recovered after the reaction of SrCO3 with anhydrous phosphoric acid following
the procedure described by Salata et al. [55] and a two-step extraction and purification
procedure as described in Venturi et al. [56]. The analytical error and the reproducibility
for δ13C-TDIC analysis were ±0.05‰ and ±0.1‰, respectively.

The chemical compositions of dissolved gases in the headspace of the sampling flask
(CO2, N2, Ar + O2, H2 and He) were determined using a Shimadzu 15A gas chromatograph
equipped with a 5 m long stainless steel column packed with Chromosorb PAW 80/100
mesh and a thermal conductivity detector (TCD), whereas CH4 was analyzed using a
Shimadzu 14A gas chromatograph equipped with a 10 m long stainless steel column packed
with Chromosorb PAW 80/100 mesh coated with 23% SP 1700 and a flame ionization
detector (FID). Argon and O2 were analyzed using a Thermo Focus gas chromatograph
equipped with a 30 m long capillary molecular sieve column and a TCD. The analytical error
for GC analysis was <5% [54] and references therein. The concentrations of dissolved gas
species were determined as the sum of the (i) number of moles of each gas in the headspace
(ni,g), calculated according to the ideal gas law at 20 ◦C (i.e., laboratory temperature)

https://www.wunderground.com
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considering the partial pressures determined by gas chromatography (Pi), and the volume
of the flask headspace (Vgas) and (ii) the number of moles of each gas remaining in the liquid
(ni,l), calculated according to Henry’s law, assuming that equilibrium was attained within
the flask between the separated gas phase and the liquid, e.g., [54,57–59]. The 13C/12C
isotopic ratios of CO2 and CH4 (expressed as δ13C-CO2 and δ13C-CH4, respectively, in‰
vs. V-PDB) in the headspace of the sampling flask were analyzed by CRDS using a Picarro
G2201-i analyzer. The δ13C-CO2 values were corrected considering the enrichment factor
for gas–water isotope equilibrium between gaseous and dissolved CO2 [56,60].

The chemical and isotopic analyses were carried out respectively by the Laboratory
of Fluid Geochemistry and Laboratory of Stable Isotopes (Department of Earth Science,
University of Florence), respectively, with the sole exception of the determination of δ13C-
TDIC, which was carried out at the Laboratory of Fluids Geochemistry of the INGV, Sezione
di Napoli, Osservatorio Vesuviano.

2.4. Diffusive Flux Calculation

The CO2 and CH4 diffusive fluxes at the water–air interface (ΦCO2 and ΦCH4, re-
spectively) were determined on the basis of the measured dissolved gas concentrations
(Ci,w, in mol/L), according to the thin boundary layer (TBL) model [61] as follows:

Φi = βki
(
Ci,w − Ci,eq

)
(1)

where Ci,eq is the dissolved gas concentration calculated assuming equilibrium with the
atmosphere (based on gas solubilities as a function of temperature and salinity [62]), β is
the chemical enhancement applicable for CO2 only (see below) and ki is the gas transfer
velocity (in cm h−1). The ki values were estimated as follows:

ki = k600,i

(
Sci
600

)x
(2)

where (i) k600,i is the ki value for each gas normalized to 600, (ii) x is dependent upon
the roughness of the water surface (−0.67 or −0.5 for wind speed <3 m s−1 or >3 m s−1,
respectively [63]) and (iii) Sci is the Schmidt number. The Sci values were calculated for
each gas based on temperature, according to the fourth order polynomial fits proposed
by Wanninkhof [62]. The k600,i values were calculated from local wind speed using the
following empirical relationships [63,64]:

k600,i = 0.23U10
2 + 0.1U10 (3)

k600,i = 0.72U10 (4)

where U10 is the wind speed at a height of 10 m. The latter was calculated from average
wind speed recorded during the sampling campaigns (Weather Underground company,
San Francisco, CA, USA; https://www.wunderground.com) as described in Crusius and
Wanninkhof [63] and references therein.

The chemical enhancement factor β for the determination of ΦCO2 values was com-
puted according to Hoover and Berkshire [65] and Wanninkhof and Knox [66] as follows:

β =
τ

(τ − 1) +
tanh

[
(rτD−1)

0.5
Dk−1

CO2

]
[
(rτD−1)

0.5
Dk−1

CO2

]
(5)

where: (i) D is the molecular diffusivity (in cm2/s), calculated as D = 14.6836× 10−5 ×[
(273.15+t(◦C))

217.2056 − 1
]1.997

[67] ; (ii) r (in s−1) is the combined rate constant for the hydration

of CO2, calculated as r = r1 + r2K∗wa−1
H , where r1 (in s−1) and r2 (in Lmol−1s−1) are the

CO2 hydration rate and the CO2 hydroxylation rate constants, respectively [68], Kw* is the

https://www.wunderground.com
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equilibrium constant for water and aH is the activity coefficient for the hydrogen ion; (iii)

τ = 1 + a2
H

(K′1K′2+K′1aH)
, where K′1 and K′2 are the first and second equilibrium constants for

carbonic acid, respectively [69].
The overall diffusive flux in terms of CO2 equivalents (ΦCO2eq) was calculated as:

ΦCO2eq = ΦCO2eq + GWPCH4 ×ΦCH4 (6)

where GWPCH4 is the global warming potential value of CH4 over a 100-year time horizon
(i.e., 28 [10]).

3. Results
3.1. The Chemical Features of Porta Lake

Porta Lake waters were characterized by comparable pH values in summer and winter,
i.e., ranging from 7.18 to 8.11 and from 7.17 to 7.78, respectively (Table 1), whereas TDS
(total dissolved solids) values were from 733 to 787 mg/L in summer and from 618 to
839 mg/L in winter (Table 1). The Eh values ranged from −295 to 96 mV, with the lowest
values recorded in August (Table 1). Water temperatures were from 23.7 to 31.2 ◦C in
summer and from 7.7 to 16.1 ◦C in winter. In the sampling sites, the lake depth varied
from 20 to 70 cm in summer and from 5 to 150 cm in winter, with an increase in the water
column depth of more than 40 cm in December with respect to that of August (LP10, LP18;
Table 1). The chemical composition of Porta Lake waters was dominated by the Ca2+-SO4

2−

facies, in agreement with the composition of spring waters feeding the lake (S1, S2 and
S3), with the sole exception of few samples collected in winter (i.e., LP21, LP22, LP23,
LP24, LP25 and LP26) and located in the easternmost margin of the lake (Figure 1a) which
displayed a Ca2+-HCO3

− geochemical facies. The lake waters were enriched in NH4
+ and

generally depleted in NO3 with respect to the spring waters (Table 1). Fluoride and Br−

concentrations were relatively low (≤0.76 and ≤0.2 mg/L, respectively).
Dissolved gases were dominated by N2, generally followed by either CH4 or O2,

whereas CO2 was, in most samples, the third most abundant compound (Table 2). Dis-
solved oxygen concentrations were higher in winter (from 0.011 to 0.16 mmol/L) than in
summer (from 0.005 to 0.11 mmol/L). On the contrary, CH4 showed, on average, higher
concentrations in summer (mean: 0.26 mmol/L) than in winter (mean: 0.20 mmol/L).
The measured N2/Ar ratios were consistent with those of air-saturated water (ASW), i.e.,
around 40. The δ13C-CH4 values ranged from −57.3 to −40.8‰ vs. V-PDB, whereas those
of CO2 values varied from −26.7 to −17.6‰ vs. V-PDB (Table 2).
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Table 1. Water column depth (w.c.d., in cm), temperature (in ◦C), pH, redox potential (Eh, in mV) and chemical composition of the main solutes in water samples (in mg/L) from Porta
Lake. TDS (total dissolved solids, in mg/L) values are also reported.

ID E N w.c.d. T pH Eh HCO3 Cl SO4 Na K Ca Mg NH4 NO3 F Br TDS

su
m

m
er

ti
m

e

LP1 593756 4872054 40 23.7 7.41 −153 215 27 328 16 1.7 163 32 0.33 2.1 0.76 0.09 787
LP2 593716 4872032 20 25.6 7.18 −295 204 24 301 16 2.0 153 32 0.23 0.11 0.33 0.08 733
LP3 593687 4871974 70 26.7 7.4 89 201 26 328 16 1.7 161 32 0.08 0.61 0.44 0.09 768
LP4 593661 4872021 50 28.7 7.47 −32 192 26 325 17 2.5 160 33 0.11 0.06 0.49 0.08 755
LP5 593573 4871929 40 27.1 7.4 −66 205 26 323 17 2.2 162 32 0.16 0.40 0.33 0.09 768
LP6 593732 4871939 30 31.2 8.11 −129 192 27 327 17 1.9 160 32 0.27 0.25 0.47 0.09 757
LP7 593704 4871926 20 30.1 7.54 −192 205 26 320 17 1.4 161 32 0.38 0.04 0.32 0.08 763
LP8 593666 4871844 70 28.1 7.64 20 199 27 328 17 2.2 163 33 0.09 0.45 0.36 0.09 769
LP9 593226 4871708 40 27.7 7.3 −51 201 27 307 17 1.6 160 32 0.20 0.14 0.61 0.09 746
LP10 593377 4871788 30 28.5 7.4 −120 201 27 334 16 2.1 160 32 0.21 0.13 0.38 0.09 773

w
in

te
rt

im
e

LP11 593613 4871927 115 11.3 7.4 96 217 20 281 19 1.3 150 30 0.09 1.97 0.24 0.06 722
LP12 593493 4871693 40 10.3 7.5 35 216 20 272 19 2.3 147 30 0.08 1.46 0.23 0.15 708
LP13 593402 4871555 70 9.4 7.4 87 204 18 273 18 2.1 130 27 0.08 0.37 0.18 0.09 672
LP14 593298 4871649 40 10.0 7.55 24 220 19 245 17 2.4 138 26 0.11 1.47 0.22 0.08 670
LP15 593219 4871708 110 10.2 7.48 95 221 22 285 20 3.6 151 30 0.11 1.86 0.36 0.09 735
LP16 593325 4871615 20 9.6 7.49 12 219 19 215 18 2.7 118 24 0.37 0.82 0.80 0.09 618
LP17 593473 4871679 40 10.5 7.45 19 220 19 258 19 1.2 137 30 0.28 1.42 0.24 0.06 686
LP18 593376 4871786 70 10.6 7.54 52 218 19 274 21 4.3 143 31 0.13 1.60 0.21 0.08 713
LP19 593680 4871797 70 10.8 7.53 4 215 21 261 20 2.6 136 30 0.53 1.93 0.20 0.08 688
LP20 593684 4871988 150 11.6 7.5 81 215 19 257 19 1.6 135 30 0.19 2.68 0.28 0.08 680
LP21 593805 4871686 10 9.5 7.2 −77 331 46 129 25 33 105 33 0.51 1.02 0.13 0.17 703
LP22 593837 4871648 10 7.7 7.25 −80 386 36 39 22 7.9 95 31 0.79 0.48 0.18 0.12 618
LP23 593885 4871350 10 8.2 7.52 12 398 70 30 44 7.1 95 34 0.27 0.04 0.08 0.22 678
LP24 593841 4871464 40 9.4 7.5 −54 432 33 61 32 5.7 116 34 0.73 0.02 0.17 0.14 715
LP25 593814 4871521 20 9.8 7.6 −31 322 26 145 25 4.4 122 31 0.54 0.02 0.19 0.12 676
LP26 593800 4871601 5 11.2 7.6 −98 272 23 188 20 3.8 128 30 0.61 3.26 0.26 0.11 669
LP27 594047 4872130 30 16.1 7.17 85 212 24 363 18 2.7 177 34 0.05 7.68 0.43 0.09 839
LP28 593996 4872049 20 10.8 7.71 −140 262 25 217 22 4.9 124 29 0.43 0.70 0.45 0.04 686
LP29 593972 4872003 10 12.0 7.78 27 221 19 323 21 3.0 157 34 0.04 5.08 0.21 0.08 784
LP30 593997 4871997 60 16.1 7.69 53 217 26 337 24 3.0 169 33 0.04 7.20 0.32 0.05 816

sp
ri

ng
w

at
er

s S1 594043 4872228 17.0 7.8 155 212 32 286 23 2.3 156 29 0.02 7.2 0.45 0.09 748
S2 593923 4872362 17.5 7.92 141 195 20 375 12 2.2 171 33 0.02 7.0 0.39 0.05 814
S3 593876 4872404 18.0 7.76 160 195 19 356 12 2.5 171 33 0.02 6.7 0.42 0.04 795
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Table 2. Chemical composition (in mmol/L) of the main dissolved gases from Porta Lake. The isotopic composition of carbon in CO2 and CH4 (δ13C-CO2 and δ13C-CH4, respectively, in
‰ vs. V-PDB) is also reported, as well as the CO2, CH4 and CO2eq diffusive fluxes (ΦCO2, ΦCH4 and ΦCO2eq, respectively, in g m−2 d−1).

ID CO2 N2 Ar CH4 O2 δ13C-CO2 δ13C-CH4 ΦCH4 ΦCO2 ΦCO2eq
LP1 0.09 0.53 0.013 0.25 0.011 −21.5 −53.3 2.25 16.6 79.6
LP2 0.14 0.51 0.013 0.26 0.005 −20.9 −53.4 2.49 20.6 90.4
LP3 0.11 0.52 0.013 0.17 0.084 −18.7 −50.5 1.69 24.1 71.3
LP4 0.09 0.53 0.014 0.29 0.012 −20.8 −54.7 3.06 23.8 110
LP5 0.08 0.49 0.012 0.31 0.011 −21.3 −54.9 3.11 17.0 104
LP6 0.07 0.51 0.013 0.33 0.012 −21.8 −55.6 3.77 52.8 158
LP7 0.13 0.49 0.013 0.45 0.005 −22.1 −57.3 4.97 43.5 183
LP8 0.13 0.52 0.013 0.12 0.11 −17.6 −45.2 1.24 46.4 81.2
LP9 0.09 0.55 0.014 0.21 0.055 −21.3 −52.8 2.15 17.0 77.2

LP10 0.09 0.52 0.013 0.24 0.017 −21.4 −51.7 2.52 20.9 91.5
LP11 0.11 0.68 0.017 0.08 0.15 −18.4 −41.1 0.472 9.73 23.0
LP12 0.08 0.71 0.018 0.15 0.078 −18.5 −46.9 0.853 6.94 30.8
LP13 0.12 0.69 0.018 0.09 0.13 −18.7 −43.6 0.495 9.50 23.3
LP14 0.09 0.67 0.017 0.11 0.11 −18.7 −42.5 0.619 8.57 25.9
LP15 0.08 0.69 0.017 0.07 0.16 −18.2 −41.7 0.397 6.68 17.8
LP16 0.05 0.72 0.018 0.12 0.061 −18.6 −40.8 0.665 3.13 21.7
LP17 0.07 0.69 0.017 0.11 0.088 −18.4 −43.5 0.630 5.44 23.1
LP18 0.09 0.68 0.017 0.09 0.14 −18.4 −42.7 0.518 8.82 23.3
LP19 0.11 0.67 0.017 0.21 0.053 −19.7 −50.9 1.22 11.4 45.5
LP20 0.08 0.69 0.018 0.07 0.15 −19.8 −41.2 0.418 7.69 19.4
LP21 0.13 0.65 0.016 0.38 0.023 −23.3 −54.8 2.10 7.83 66.5
LP22 0.14 0.66 0.016 0.41 0.011 −24.2 −55.6 2.11 8.20 67.3
LP23 0.15 0.65 0.017 0.17 0.081 −26.7 −44.6 0.892 13.7 38.7
LP24 0.14 0.65 0.016 0.35 0.016 −23.9 −55.6 1.92 13.3 67.2
LP25 0.12 0.66 0.017 0.34 0.018 −21.9 −54.2 1.90 13.1 66.3
LP26 0.16 0.66 0.017 0.45 0.013 −21.1 −56.7 2.65 20.4 94.6
LP27 0.09 0.65 0.016 0.11 0.16 −18.0 −50.0 0.772 7.18 28.8
LP28 0.11 0.66 0.016 0.43 0.011 −21.9 −57.3 2.49 14.7 84.5
LP29 0.08 0.65 0.016 0.09 0.11 −18.3 −47.4 0.545 11.6 26.9
LP30 0.07 0.65 0.016 0.11 0.14 −18.9 −47.1 0.772 11.7 33.3
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3.2. CH4 and CO2 Diffusive Fluxes at Porta Lake

The CH4 and CO2 diffusive fluxes at the water–air interface calculated according
to the TBL model are reported in Table 2. The ΦCH4 values varied from 1.24 (LP8) to
4.97 (LP7) g CH4 m−2 day−1 in summer, whereas lower values were measured in winter,
ranging from 0.397 (LP15) to 2.65 (LP26) g CH4 m−2 day−1. Similarly, the calculated ΦCO2
values were positive, with higher values in summer (from 16.6 to 52.8 g CO2 m−2 day−1)
with respect to winter (from 3.13 to 20.4 g CO2 m−2 day−1). In terms of CO2 equivalents,
diffusive fluxes from Porta Lake varied from 71 (LP3) to 183 (LP7) g CO2eq m−2 in summer
and from 18 (LP15) to 95 (LP26) g CO2eq m−2 in winter.

3.3. The Chemical Features of Massaciuccoli Lake System

The waters collected from Massaciuccoli Lake system referred to a wide variety of
environments, i.e., open waters from both (i) the main Massaciuccoli Lake basin (OMW) and
(ii) the excavated Cava Sisa basin (OSW), (iii) waters collected close to the lake shores (LSW),
(iv) Case Rosse spring water (SPW), which is one of the springs feeding the lake [47], (v)
several tributary channels discharging waters in Massaciuccoli Lake or in the Burlamacca
canal (TCW) and (vi) emissary channels (ECW), including the Burlamacca canal (Figure 1b).

The collected surface waters were characterized by pH values ranging from 7.8 to 8.5
and T from 13.7 to 17.4 ◦C (Table 3). The SPW sample was characterized by a Ca2+-HCO3

−

composition and TDS and Eh values of 439 mg/L and 645 mV, respectively. Nitrate was
present at a relatively high concentration, i.e., 6.1 mg/L (Table 3). The isotopic composition
of this spring was characterized by δ18O-H2O and δD-H2O values of −6.07 and −35.1
in‰ vs. V-SMOW, respectively, whereas the δ13C-TDIC value was −14.8‰ vs. V-PDB
(Table 3). Conversely, the TCW samples showed TDS values ranging from 636 (TCW4)
to 2360 (TCW2) mg/L and Eh values varying from 117 (TCW1) to 223 (TCW2) mV. They
were characterized by a Na+-Cl− composition, with the sole exception of TCW4 that
showed Ca2+ and SO4

2− as dominant cationic and anionic species (Table 3). The water
column depth varied from 0.5 to 2 m. On average, the TCW samples were characterized
by the highest NH4

+ and NO3
− concentrations, up to 1.7 and 31 mg/L, respectively, in

TCW5 (Table 3). The δ18O-H2O and δD-H2O values were ranging from −6.33 (TCW4) to
−1.68 (TCW3)‰ vs. V-SMOW and from −36.7 (TCW4) to −13.3 (TCW3)‰ vs. V-SMOW,
respectively (Table 3). The δ13C-TDIC values ranged from −13.8 (TCW4 and TCW5) to
−12.9 (TCW3)‰ vs. V-PDB (Table 3).

On average, the ECW samples displayed higher TDS values, which ranged from
1782 (ECW8) to 3821 (ECW1) mg/L, and comparable Eh, varying from 133 (ECW1) to
219 (ECW9) mV, whilst the water column depth ranged from 0.7 to 1 m. The chemical
composition of the ECW samples was Na+-Cl−, with significantly higher concentrations
of Na+, Cl−, K+ and Br− with respect to the TCW samples (Table 3). The NH4

+ and
NO3

− concentrations were up to 0.38 and 17 mg/L, respectively (ECW8). The isotopic
composition of water in the ECW samples showed a relative enrichment in the heavier
isotopes with respect to those of TCW, with δ18O-H2O and δD-H2O values varying from
−3.87 (ECW8) to −1.28 (ECW3)‰ vs. V-SMOW and from −24.1 (ECW8) to −11.6 (ECW3
and ECW9)‰ vs. V-SMOW, respectively (Table 3). The δ13C-TDIC values ranged from
−14.5 (ECW8) to −12.2 (ECW7)‰ vs. V-PDB (Table 3).
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Table 3. Water column depth (w.c.d., in m), temperature (in ◦C), pH, redox potential (Eh, in mV) and chemical composition of the main solutes in water samples (in mg/L) from
Massaciuccoli Lake. TDS (total dissolved solids, in mg/L) values are also reported, along with the isotopic composition of carbon in total dissolved inorganic carbon (δ13C-TDIC, in ‰ vs.
V-PDB) and of oxygen and hydrogen in water (δ18O-H2O and δD-H2O, in ‰ vs. V-SMOW).

ID E N w.c.d. T pH Eh HCO3 Cl SO4 Na K Ca Mg NH4 NO3 F Br TDS δ18O−H2O δD−H2O δ13C−TDIC

spring water SPW 609910 4853354 0 15.4 7.77 645 263 40 13 24 1.7 85 6.2 0.04 6.1 0.26 0.11 439 −6.07 −35.1 −14.75

tributary
channels

TCW1 609028 4854555 2 17.21 8.41 117 206 525 395 361 15 141 61 0.13 0.39 0.52 1.7 1707 −13.6
TCW2 608185 4852544 1 14.3 7.85 223 451 726 450 396 8.5 222 91 0.81 11 0.45 3.3 2360 −3.86 −23.8 −13.03
TCW3 609931 4853285 1 14.1 7.93 221 222 811 222 423 20 110 68 0.16 0.2 0.39 3 1880 −1.68 −13.3 −12.9
TCW4 608460 4855717 0.5 16.5 8.11 209 166 20 281 10 0 141 11 0.05 6.3 0.39 0.06 636 −6.33 −36.7 −13.79
TCW5 601245 4858083 1.5 16.3 8.16 201 274 246 178 141 11 115 26 1.72 31 0.5 0.73 1025 −5.61 −33.6 −13.75

lake shores

LSW1 605253 4854472 3 16.1 8.1 209 212 981 449 622 26 132 99 0.32 0.21 0.33 2.5 2524 −11.7
LSW2 605329 4854662 3 15.9 8.18 179 185 998 433 611 26 128 97 0.25 0.26 0.61 2.6 2482 −12.6
LSW3 605053 4854417 3 17.1 8.25 127 209 1040 431 627 26 140 100 0.2 0.21 0.42 2.4 2576 −12.9
LSW4 604864 4854403 1.8 17 8.45 135 198 984 452 614 25 131 98 0.23 0.23 0.45 2.4 2505 −0.99 −10.1 −13.5
LSW5 606212 4852985 0.8 14.5 7.86 164 224 993 366 610 31 138 95 0.24 1.3 0.61 2.9 2462 −1.22 −10.7 −12.4
LSW6 607547 4853088 0.8 14.5 7.87 223 240 989 399 591 27 136 94 0.23 0.13 0.37 4.1 2481 −12.84
LSW7 608772 4854627 1 16.1 7.98 −179 231 1078 297 618 32 138 98 0.3 0 0.45 4.3 2497 −1.37 −11.1 −13.06
LSW8 608132 4855571 1 15.4 7.82 184 281 1125 267 593 27 152 96 0.48 0.24 0.71 3.9 2546 −1.8 −14.4 −13.82
LSW9 605717 4854577 2.5 14.8 8.22 195 209 1039 246 612 26 130 96 0.14 0.15 0.42 3.8 2363 −14.23

emissary
channels

ECW1 603052 4858611 1 17.4 8.36 133 211 1730 495 1020 42 172 147 0.13 0.28 0.44 3.6 3822 −14.1
ECW2 606877 4856416 0.7 16 7.89 210 219 1166 302 611 28 135 92 0.11 0.38 0.66 4 2558 −2.4 −16.8 −13.13
ECW3 605588 4857131 0.7 16.8 8.12 211 219 1515 304 763 47 150 118 0.18 0.36 0.54 5 3122 −1.28 −11.6 −12.55
ECW4 602446 4858415 1 16.5 8.29 202 219 1672 306 829 34 151 120 0.11 0.22 0.56 6.4 3338 −12.7
ECW5 601273 4857944 1 16.2 8.37 208 227 1555 350 810 29 152 122 0.14 0.39 0.41 6.5 3252 −13.18
ECW6 600820 4857784 1 16.1 8.2 196 231 1490 297 753 32 146 113 0.13 0.75 0.69 5.2 3069 −12.25
ECW7 603180 4857119 0.7 16.3 8.38 193 241 1368 273 735 33 139 111 0.18 0.01 0.63 5.2 2906 −12.17
ECW8 603748 4856001 0.7 15.7 8.15 201 323 727 121 389 22 116 64 0.38 17 0.51 2.6 1782 −3.87 −24.1 −14.51
ECW9 603842 4855965 0.7 16.7 8.1 219 244 1274 263 664 29 138 103 0.15 0.42 0.46 5.5 2722 −1.38 −11.6 −12.98

main basin
(Massaciuc-

coli lake)

OMW1 (0 m) 606696 4854546

3

14.1 7.77 214 220 996 320 590 28 129 90 0.22 0.02 0.39 4.1 2378 −1.22 −11.2 −13.78
OMW1 (1 m) 606696 4854546 13.9 7.69 214 212 1245 331 634 23 143 99 0.23 0.04 0.32 4.2 2692 −16.79
OMW1 (2 m) 606696 4854546 13.5 7.57 236 208 1196 255 639 22 138 101 0.23 0.01 0.39 5.1 2565 −16.68
OMW1 (3 m) 606696 4854546 13.5 7.39 230 213 1312 307 639 27 140 100 0.25 0.13 0.44 5.4 2744 −16.71

OMW2 (0 m) 606275 4854208

2.5

13.7 8.34 193 214 1261 296 629 28 138 99 0.2 0.01 0.48 4.8 2670 −1.1 −10.8 −13.91
OMW2 (1 m) 606275 4854208 13.7 8.26 183 213 1225 285 632 25 143 99 0.2 0.04 0.56 4.3 2627 −13.34
OMW2 (2 m) 606275 4854208 13.9 7.94 180 214 1213 289 638 24 139 100 0.23 0.12 0.51 4.1 2622 −13.51

OMW2 (2.5 m) 606275 4854208 13.9 7.88 190 212 1209 284 626 23 138 98 0.13 0.22 0.47 3.9 2595 −13.55
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Table 3. Cont.

ID E N w.c.d. T pH Eh HCO3 Cl SO4 Na K Ca Mg NH4 NO3 F Br TDS δ18O−H2O δD−H2O δ13C−TDIC

Cava Sisa

OSW1 (0 m) 604945 4854675

16

15.1 8.2 188 213 1042 313 616 27 128 96 0.15 0.24 0.45 4.4 2440 −1.17 −10.7 −13.49
OSW1 (1 m) 604945 4854675 14.8 8.14 164 212 1206 275 608 19 129 95 0.11 0.07 0.39 4.3 2549 −13.25
OSW1 (2 m) 604945 4854675 14.8 8.08 149 212 1171 267 611 24 130 95 0.16 0.2 0.33 4.2 2515 −13.86
OSW1 (4 m) 604945 4854675 14.7 8.12 138 211 1176 268 614 25 130 96 0.11 0.2 0.39 3.8 2525 −14.87
OSW1 (6 m) 604945 4854675 14.7 8.14 137 217 1247 318 624 30 133 96 0.11 0.35 0.45 4.1 2670 −14.59
OSW1 (8 m) 604945 4854675 14.7 8.14 146 207 1169 266 622 21 131 97 0.14 0.15 0.46 3.8 2518 −14.30

OSW1 (10 m) 604945 4854675 14.5 8.16 −11 212 1252 288 601 24 128 95 0.14 0.2 0.49 3.9 2605 −16.33
OSW1 (12 m) 604945 4854675 10.9 7.47 −202 272 1160 268 621 91 138 94 1.5 0.1 0.54 3.6 2650 −16.68
OSW1 (14 m) 604945 4854675 10 7.35 −212 297 1170 267 577 29 143 92 2.03 0.08 0.57 3.7 2581 −16.70
OSW1 (16 m) 604945 4854675 9.9 7.17 −215 314 1101 268 574 22 138 92 2.7 0.36 0.66 3.4 2516 −17.01

OSW2 605069 4854569 15 16.5 8.2 163 209 1050 444 640 29 135 100 0.18 0.18 0.42 2.6 2610 −13.1
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The surface waters from Massaciuccoli Lake (OMW) and Cava Sisa (OSW) were
characterized by comparable TDS and Eh values, ranging from 2378 (OMW1) to 2670
(OMW2) mg/L and from 163 (OSW2) to 214 (OMW1) mV, respectively, and displayed
a Na+-Cl− geochemical facies (Table 3). The δ18O-H2O and δD-H2O values of surface
waters were comparable between the two basins, ranging from −1.22 (OMW1) to −1.10
(OMW2)‰ vs. V-SMOW and from −11.2 (OMW1) to −10.7 (OSW1)‰ vs. V-SMOW,
respectively (Table 3). Similarly, the carbon isotopic composition of TDIC was around
−13.8‰ vs. V-PDB in OMW samples and−13.3‰ vs. V-PDB in the OSW samples (Table 3).

The water column depth significantly differed, varying from 2.5 to 3 m (OMW) and
from 15 to 16 m (OSW). Different from the OMW sampling sites, a clear stratification
was observed at OSW, with a sharp decrease in Eh, pH and T values between 8 and
12 m depth (Table 3). The bottom waters along the OSW profile were characterized by
reduced conditions and higher NH4

+ concentrations (up to 2.7 mg/L) with respect to those
measured in the shallower waters (≤0.14 mg/L). These concentrations were two orders of
magnitude higher than those determined at the bottom of Massaciuccoli Lake main basin,
i.e., 0.25 and 0.13 mg/L at OMW1 and OMW2, respectively (Table 3). The carbon isotopic
composition of TDIC showed different trends along the vertical profile in the sampled sites.
In Massaciuccoli Lake, OMW1 and OMW2 showed rather constant δ13C-TDIC values with
depth, i.e., around −16.7 and −13.6‰ vs. V-PDB, respectively, with the sole exception of
the OMW1 surface water that was enriched in the heavier isotope with respect to deeper
waters (Table 3). At Cava Sisa, the δ13C-TDIC values showed a clear shift between 8 and
10 m depth, ranging from −14.9 to −13.3‰ vs. V-PDB in shallow waters and from −17.0
to −16.3‰ vs. V-PDB in deep waters (Table 3).

The LSW samples were characterized by TDS values ranging from 2363 (LSW9) to
2576 (LSW3) mg/L. Overall, the Eh values ranged from 127 (LSW3) to 223 (LSW6) mV,
with the sole exception of the LSW7 sample, which displayed an Eh value of −179 mV;
the water column depth varied from 0.8 to 3 m (Table 3). The chemical composition was
dominated by Na+ and Cl−, with higher concentrations of NH4

+ and NO3
− with respect to

those recorded in the OMW and OSW surface water samples, i.e., up to 0.48 (LSW8) and 1.3
(LSW5) mg/L, respectively (Table 3). The isotopic composition of water was comparable
with that of samples from open waters, the δ18O-H2O and δD-H2O values being from
−1.80 (LSW8) to −0.99 (LSW4)‰ vs. V-SMOW and from −14.4 (LSW8) to −10.1 (LSW4)‰
vs. V-SMOW, respectively (Table 3). The δ13C-TDIC values ranged from −14.2 (LSW9) to
−11.7 (LSW1)‰ vs. V-PDB (Table 3).

The chemical composition of dissolved gases was dominated by N2 in all of the
collected surface waters, with concentrations ranging from 0.54 (LSW4 and TCW3) to 0.66
(LSW8) mmol/L (Table 4). The measured N2/Ar ratios were varying around that of ASW,
i.e., from 38 to 43. The second most abundant gas was O2, with concentrations ranging from
0.056 (LSW7) to 0.31 (TCW4) mmol/L, with the sole exception of the LSW7 sample that was
characterized by CH4 as the second most abundant gas after N2. Overall, the dissolved CH4
concentrations varied from 0.003 (OMW2) to 0.23 (LSW7) mmol/L, with values averagely
higher in the LSW, TCW and ECW samples with respect to those measured in the SPW,
OMW and OSW samples (Table 4). The dissolved CO2 concentrations ranged from 0.006
(SPW) to 0.15 (LSW7) mmol/L (Table 4). The carbon isotopic composition of CO2 and CH4
showed a general increase in CO2 and CH4 concentrations, with δ13C-CO2 and δ13C-CH4
values ranging from −22.0 (LSW4) to −9.20 (LSW3)‰ vs. V-PDB and from −60.4 (LSW7)
to −33.6 (SPW)‰ vs. V-PDB, respectively (Table 4).
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Table 4. Chemical composition (in mmol/L) of the main dissolved gases from Massaciuccoli Lake. The isotopic composition
of carbon in CO2 and CH4 (δ13C-CO2 and δ13C-CH4, respectively, in ‰ vs. V-PDB) is also reported, as well as the CO2,
CH4 and CO2eq diffusive fluxes (ΦCO2, ΦCH4 and ΦCO2eq, respectively, in g m-2 d-1).

ID CO2 N2 Ar CH4 O2 δ13C-CO2 δ13C-CH4 ΦCH4 ΦCO2 ΦCO2eq

SPW 0.01 0.59 0.014 0.005 0.25 −13.0 −33.6 0.034 −3.03 −2.07
TCW1 0.06 0.62 0.015 0.012 0.16 −15.6 −44.5 0.087 25.7 28.2
TCW2 0.02 0.55 0.013 0.0076 0.19 −17.1 −35.9 0.050 0.500 1.90
TCW3 0.03 0.54 0.013 0.014 0.18 −18.5 −45.6 0.092 3.78 6.35
TCW4 0.01 0.65 0.016 0.0058 0.31 −13.5 −36.1 0.041 −3.49 −2.33
TCW5 0.04 0.65 0.016 0.017 0.18 −15.4 −43.6 0.120 7.39 10.7
LSW1 0.04 0.58 0.014 0.011 0.19 −13.4 −40.4 0.077 6.82 8.98
LSW2 0.04 0.55 0.014 0.015 0.16 −15.9 −36.1 0.104 10.5 13.5
LSW3 0.06 0.63 0.015 0.021 0.15 −9.2 −48.7 0.152 20.6 24.8
LSW4 0.09 0.54 0.014 0.016 0.12 −22.0 −49.4 0.116 39.9 43.1
LSW5 0.09 0.63 0.016 0.026 0.15 −16.0 −49.3 0.172 17.2 22.1
LSW6 0.08 0.57 0.015 0.025 0.17 −17.5 −50.1 0.166 15.7 20.3
LSW7 0.15 0.63 0.016 0.23 0.056 −18.9 −60.4 1.61 43.9 89.0
LSW8 0.06 0.66 0.016 0.019 0.12 −15.4 −48.8 0.130 11.3 15.0
LSW9 0.05 0.63 0.016 0.0065 0.15 −15.3 −40.8 0.044 3.89 5.11
ECW1 0.10 0.56 0.013 0.016 0.13 −18.8 −47.6 0.117 41.8 45.1
ECW2 0.07 0.64 0.015 0.012 0.15 −17.4 −45.5 0.084 15.8 18.1
ECW3 0.06 0.61 0.015 0.016 0.17 −16.5 −45.1 0.115 15.3 18.5
ECW4 0.03 0.56 0.014 0.0085 0.16 −13.4 −37.3 0.060 6.79 8.48
ECW5 0.03 0.57 0.015 0.011 0.19 −14.8 −42.3 0.077 5.09 7.26
ECW6 0.03 0.63 0.015 0.015 0.15 −16.6 −43.4 0.105 3.01 5.96
ECW7 0.09 0.64 0.016 0.011 0.15 −14.7 −41.9 0.078 35.5 37.7
ECW8 0.01 0.61 0.015 0.016 0.18 −13.2 −44.8 0.111 −2.84 0.261
ECW9 0.07 0.61 0.016 0.012 0.19 −17.0 −46.6 0.086 20.0 22.4

OMW1 (0 m) 0.02 0.55 0.014 0.0035 0.19 −13.4 −44.5 0.023 −0.03 0.613
OMW1 (1 m) 0.04 0.58 0.014 0.0056 0.18 −12.7 −44.6
OMW1 (2 m) 0.05 0.64 0.016 0.0071 0.15 −13.0 −44.2
OMW1 (3 m) 0.08 0.63 0.016 0.0088 0.13 −13.6 −47.8
OMW2 (0 m) 0.02 0.57 0.014 0.0031 0.18 −12.7 −43.3 0.020 1.09 1.65
OMW2 (1 m) 0.04 0.59 0.015 0.0049 0.18 −13.7 −43.5
OMW2 (2 m) 0.06 0.54 0.014 0.0063 0.15 −13.9 −45.6

OMW2 (2.5 m) 0.10 0.56 0.014 0.0078 0.14 −14.2 −47.9
OSW1 (0 m) 0.07 0.62 0.016 0.0087 0.15 −14.6 −43.7 0.059 5.95 7.60
OSW1 (1 m) 0.09 0.59 0.014 0.016 0.13 −15.1 −48.9
OSW1 (2 m) 0.12 0.56 0.014 0.018 0.095 −15.2 −49.2
OSW1 (4 m) 0.13 0.55 0.013 0.035 0.071 −15.1 −50.3
OSW1 (6 m) 0.15 0.58 0.014 0.042 0.056 −15.9 −52.1
OSW1 (8 m) 0.16 0.62 0.015 0.095 0.011 −16.6 −53.6
OSW1 (10 m) 0.16 0.59 0.014 0.21 0 −18.2 −60.5
OSW1 (12 m) 0.18 0.63 0.015 0.28 0 −19.1 −61.3
OSW1 (14 m) 0.21 0.61 0.015 0.35 0 −19.5 −61.1
OSW1 (16 m) 0.23 0.58 0.014 0.56 0 −19.6 −63.4

OSW2 0.05 0.61 0.015 0.019 0.17 −15.1 −45.0 0.135 13.1 16.8

Similar to surface waters, the dissolved gas chemistry along the depth profiles of the
OMW1, OMW2 and OSW1 sites was dominated by N2. However, both CH4 and CO2
concentrations showed an increasing trend along the water column at Massaciuccoli Lake
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and Cava Sisa. The dissolved CO2 concentration at Massaciuccoli Lake increased from
0.02 mmol/L at the water–atmosphere interface to 0.08 (OMW1) and 0.10 (OMW2) mmol/L
in the bottom waters, whereas those of CH4 increased ca. 2.5 times, i.e., from 0.0035 and
0.0031 mmol/L to 0.0088 and 0.0078 mmol/L in OMW1 and OMW2, respectively. At Cava
Sisa, the increase in CO2 and CH4 concentrations with depth were up to one and two
orders of magnitude from the surface (0.07 and 0.0087 mmol/L, respectively) to the bottom
(0.23 and 0.56 mmol/L), respectively, with CH4 becoming the second most abundant gas at
≥8 m depth. The O2 concentrations showed an opposite trend with respect to CO2 and
CH4, progressively decreasing with depth; at OSW, hypoxic conditions were found below
2 m depth, whereas no detectable dissolved O2 was measured at ≥10 m depth (Table 4).
The δ13C-CO2 and δ13C-CH4 values were relatively stable along the water column at
Massaciuccoli Lake, with an overall decrease of ≤0.2 and ≤4.6‰ vs. V-PDB, respectively
(Table 4). Conversely, a larger enrichment in lighter carbon isotopes was observed at
OSW1, with δ13C-CO2 and δ13C-CH4 values varying from −14.6 and −43.7‰ vs. V-PDB,
respectively, in surface waters to −19.6 and −63.4‰ vs. V-PDB, respectively, in bottom
waters (Table 4).

3.4. CH4 and CO2 Diffusive Fluxes at Massaciuccoli Lake System

The CH4 and CO2 diffusive fluxes at the water–air interface calculated according
to the TBL model are reported in Table 4. The ΦCH4 values were comprised between
0.02 (OMW1 and OMW2) and 0.172 (LSW5) g CH4 m−2 day−1, although a particularly
high value was recorded at LSW7, i.e., 1.61 g CH4 m−2 day−1 (Table 4), which was also
characterized by the highest CO2 diffusive flux, i.e., 43.9 g CO2 m−2 day−1. On average,
the LSW sites were characterized by the highest ΦCH4 and ΦCO2 values. Overall, ΦCO2
values were ≥0.50 g CO2 m−2 day−1, although negative ΦCO2 values were recorded for
SPW, TCW4, ECW8 and OMW (from −3.49 to −0.03 g CO2 m−2 day−1). The resulting
ΦCO2eq values varied from −2.33 (TCW4) to 89 (LSW7) g CO2eq m−2 day−1 (Table 4).

4. Discussion
4.1. CH4 Emission Drivers at Porta Lake

The chemical composition of Porta Lake waters was strictly controlled by the Ca2+-
SO4

2− springs that feed the lake, although a further shallow water source was possibly
affecting those waters showing a HCO3

− composition (Table 1). Seasonal variations in the
lake water level were found, associated with changes in TDS and Eh values. The Eh values
were relatively low, especially in summer, testifying of the presence of reducing conditions
related to organic matter accumulation at the lake bottom and associated decomposition
and mineralization processes. Accordingly, the dissolved O2 concentrations were lower
with respect to those expected for surface waters in equilibrium with air (Table 2), with the
strongest O2 depletion observed where the lake depth was relatively low (Figure 2a). These
sites were also characterized by high concentrations of NH4

+ and CH4 (Tables 1 and 2)
supplied by microbial activity in anoxic bottom sediments. It is well-known that CH4 pro-
duction under anoxic conditions may occur through two distinct pathways, i.e., acetoclastic
methanogenesis and hydrogenotrophic methanogenesis, depending on the degradabil-
ity of organic matter, e.g., [70–73]. The former, in which acetate serves as substrate, is
considered to be more common in aquatic environments with large availability of labile
organic matter; on the other hand, hydrogenotrophic methanogenesis, involving H2 as
electron acceptor, relies on more refractory organic matter. The two pathways produce
distinct stable carbon isotopic signatures of CH4, leading to δ13C-CH4 values varying from
−110 and −60‰ vs. V-PDB in the case of hydrogenotrophy and from −60 to −50‰ vs.
V-PDB in the case of acetoclasty, e.g., [72,74,75]. As the water column depth decreased,
CH4 showed a progressive 12C-enrichment, as expected for a microbial CH4 production
(Figure 2b), pointing to an isotope signature of CH4 from methanogenesis around−60‰ vs.
V-PDB, suggesting a prominent contribution from acetoclasty. Presumably, the presence of
widespread reeds affected by RDBS at Porta Lake might play a significant role in enhancing
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CH4 production and, hence, its release to the atmosphere, by providing a higher organic
matter accumulation rate, making more labile carbon substrates available for methano-
genesis, e.g., [29,76–78]. These findings were in agreement with previous evidence that
higher CH4 ebullition rates in northern temperate lakes were predominantly supported by
acetoclastic methanogenesis [79]. The large availability of autochthonous organic matter,
providing abundant substrate for microbial activity, likely limited the competition between
methanogenesis and sulfate reduction [80–82].
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On the other hand, the overall decrease in ΦCH4 values at increasing water column
depth (Figure 2c) was likely related to more efficient surface water mixing and/or stratifi-
cation processes in open waters, testified by higher O2 contents (Figure 2a), resulting in
more efficiency of oxidation processes affecting CH4 slowly diffusing from the lake bottom
towards the water–atmosphere interface. Accordingly, the increase in δ13C-CH4 values at
decreasing dissolved CH4 contents in surface waters (Figure 3) can adequately be described
by a Rayleigh-type fractionation process (Figure 3), as follows:

δ13C− CH4_residual =

[(
δ13C− CH4initial + 1000

)
× f

−εCH4−CO2
1000

]
− 1000 (7)

where δ13C-CH4_initial and δ13C-CH4_residual are the isotopic signatures of initial CH4 (−60‰
vs. V-PDB) and residual CH4 after oxidation, f is the fraction of residual CH4 and
εCH4−CO2 is the fractionation factor for CH4 oxidation to CO2 during methanotrophy. The
best fit of the data was obtained with a εCH4−CO2 value of about 8, in line with the values
expected for carbon fractionation factors related to CH4 oxidation (<10 [74]). Although this
evidence confirmed the relevance of water column depth in controlling the CH4 emissions
within the wetland, which showed a variation range of one order of magnitude, different
trends were observed in ΦCH4 values (Figure 2c), as detailed below. The data registered in
summer displayed a higher increase in CH4 diffusive fluxes as the water column depth
decreased (trend A) with respect to winter data. Such seasonal variation in the measured
CH4 diffusive fluxes was to be ascribed to the higher temperatures recorded in summer,
which are expected to accelerate methane production rate from sediments, e.g., [83] and
references therein. On the other hand, winter data showed two distinct behaviors: trends B
and C in Figure 2c, with those samples collected from sites located close to the lake shores
and in the reeds being characterized by higher ΦCH4 values with respect to other sites
of similar depth. Such behavior might be related to the diverse hydrological regimes en-
countered within the lake, with higher ΦCH4 values where dense riparian reeds sheltering
the lake waters from winds hinder mixing and oxygenation processes and produce more
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stagnant waters (trend C), as testified by the lower O2 contents (Figure 2a) with respect to
open waters (trend B; Figure 2c). Moreover, the sites displaying anomalous ΦCH4 values
(trend C) were located in areas characterized by visible retreat of reed beds (Figure 1a).
Accordingly, Sorrell et al. [76] demonstrated that methanogenesis rates in die-back sites
were higher than those in the surrounding healthy reeds, suggesting that RDBS-affected
wetlands might be intense sources of CH4. This hypothesis was also supported by the data
obtained at Porta Lake in summer, which displayed the highest ΦCH4 values in sites of
dying back reeds (LP6 and LP7). Even though their role in regulating lake CH4 emissions
has been long debated, e.g., [84,85] and references therein, macrophytes were recognized
as important sources of autochthonous labile carbon in aquatic environments, e.g., [77]
and the macrophyte detritus was demonstrated to improve CH4 production in anoxic
sediments, e.g., [78]. Similarly, Emilson et al. [86] found that macrophyte litter determined
a ≥400 times higher CH4 production than terrestrial sources.
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reported (dashed line).

As shown in Figure 4, where the CH4 diffusive fluxes measured at Porta Lake were
compared with those recently compiled from literature data by Rosentreter et al. [17],
the ΦCH4 values from the present study largely exceeded the average value reported for
diffusive fluxes from diverse aquatic ecosystems and were anomalously high with respect
to the range reported in literature for lakes and reservoirs. On average, the ΦCH4 values at
Porta Lake even exceeded those exceptionally high values recently reported for a tropical
lake in Kenya (ca. 0.97 g CH4 m−2 day−1 [24]).
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and reservoirs) as reported in Rosentreter et al. [17] compared with those measured at Porta and
Massaciuccoli Lakes (present study).

The high CH4 fluxes at Porta Lake were also associated with high ΦCO2 values
(Figure 5a); as the concentration of dissolved CO2 increased, the δ13C-CO2 values decreased,
approaching the typical isotopic signature from degradation of organic matter [56] and
references therein (Table 2). The resulting ΦCO2eq values testified that Porta Lake was a
significant source of GHGs to the atmosphere.

4.2. CH4 Emission Drivers at Massaciuccoli Lake System

The chemical features of the waters collected from Massaciuccoli Lake system resulted
from multiple factors, including: (i) chemical variability of the feeding waters, (ii) direct
mixing with seawater, (iii) anthropogenic inputs from urban, agricultural and industrial
areas and (iv) biogeochemical processes exacerbated by eutrophication, e.g., [47,48,87]. The
water isotope signature evidenced that most waters were significantly affected by isotope
fractionation due to evaporation processes, except those less exposed to solar radiation, i.e.,
from the Case Rosse spring (SPW) and most tributary channels (TCW) (Figure 6).
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from Massaciuccoli Lake. Symbols as in Figure 1b. Global meteoric water line (GMWL: δD = 8×
δ18O + 10 [88]), local meteoric water line (LMWL: δD = 7.6× δ18O + 7.5 [47]) and local evaporation
line (LEL: δD = 5.4× δ18O− 5.9 [47]).

The water springs in the area included both Ca2+-HCO3
− waters, e.g., the SPW sample

collected from the Case Rosse spring, and Ca2+-SO4
2− waters, such as the one (named Villa

Spinola), which feeds the Quiesa channel (TCW4). However, the chemical composition of
the waters collected from Massaciuccoli Lake system was largely dominated by Na+ and
Cl-. The Na+/Cl− mass ratios ranged from 0.50 to 0.69, suggesting the direct influence
of seawater (Na+/Cl− mass ratio = 0.56) in agreement with Baneschi [47]). Accordingly,
the TDS values progressively increased approaching the coastline, the lowest values being
measured in the TCW samples and the highest ones in those from ECW, including the
Burlamacca canal. Coherently, the average Cl−/Br− mass ratio value in the collected
samples (308) was close to that of seawater (292). Nevertheless, higher Cl-/Br- mass ratio
values (≥384) were occasionally observed, especially in samples from Cava Sisa (LSW1,
LSW2, LSW3, LSW4 and OSW2) and TCW1, likely related to anthropogenic inputs and/or
Br assimilation processes by green plants and phytoplankton [47] and references therein.
In fact, biogeochemical processes shaped the chemical features of waters and dissolved
gases within the lake, as observed along the OSW1 vertical profile where decomposition
processes at the lake bottom produced a chemocline at around 10 m depth, separating
the anoxic and NH4-rich waters from the shallow levels. The variations of the δ13C-TDIC
values along the water column supported the occurrence of decomposition processes
at the lake bottom, with a 12C-enriched TDIC, whereas enrichments in the heavier 13C
isotope were observed in shallow waters due to photosynthetic activity and exchanges
with the atmosphere. Coherently, the δ13C-CO2 values in shallow waters along the OSW1
vertical profile were characterized by a 13C-enrichment with respect to bottom waters.
Methanogenesis occurring in bottom waters and lake sediments produced an increase
in dissolved CH4 concentrations enriched in the lighter carbon isotope downwards the
water column. Different from Porta Lake, no clear relationship was recognized between
dissolved O2 contents and water column depth (Figure 7a), likely due to the wide variability
of physicochemical features encountered in Massaciuccoli Lake system, suggesting that
depth was not sufficient to predict the mixing degree of the water column. Similarly, both
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δ13C-CH4 values and CH4 diffusive fluxes at the water–air interface varied independently
from the water column depth (Figure 7b,c), confirming that this physical environmental
feature alone was not informative of the extent of CH4 release to the atmosphere. As
observed at Porta Lake, the CH4 emissions were expected to be controlled by both (i) water
mixing/stratification, regulating the oxidation of CH4 along its ascent towards the water–
atmosphere interface, and (ii) rate of microbial activity, determining the extent of CH4
production mostly occurring within the bottom sediments. In the case of Massaciuccoli
Lake system, the former was likely controlled by morphological settings rather than water
depth, whereas the latter was likely modulated by several factors, including quality and
quantity of available organic matter. The measured δ13C-CH4 values pointed to ca. −65‰
vs. V-PDB as the CH4 contents increased (Figure 8), suggesting the involvement of largely
and readily available organic substrates for acetoclastic methanogenesis. Notably, the
highest ΦCH4 value, up to two orders of magnitude higher than those measured in the
other sites, was recorded at LSW7, i.e., a sampling site located within an area largely
covered by reed beds [50] (Figure 1b), confirming the relevant dual role of reed beds in
(i) providing labile organic matter enhancing CH4 production while (ii) sheltering winds
and hindering water oxygenation. Notably, the ΦCH4 values at Massaciuccoli Lake were
within the range reported in literature for lakes and reservoirs (Figure 4), with the sole
exception of LSW7.

On the other hand, whilst the increase in the δ13C-CH4 values at decreasing dissolved
CH4 contents (Figure 8) was in agreement with a Rayleigh-type fractionation process
(Equation (7)), with a εCH4−CO2 value of about 5, similar to that observed by Whiticar [74]
based on field observations, the fractionation factor (εC) between CO2 and CH4 tended
to ca. 45‰ vs. V-PDB (Table 4) at decreasing δ13C-CH4 values, in agreement with the εC
values expected for freshwater environments dominated by acetate fermentation [74].

The ΦCO2 values at Massaciuccoli Lake system largely varied from negative values
up to 43.9 g m−2 day−1, the highest values being observed within the reed beds (LSW7).
Overall, high CH4 fluxes were associated with high ΦCO2 values (Figure 5b), confirming
a strict relationship among the diffusive emissions of these two GHGs from waterbodies
and their common origin related to the degradation of organic matter, as supported by the
measured δ13C-CO2 values (Table 4). Although Massaciuccoli Lake system displayed lower
ΦCO2eq values with respect to those of Porta Lake, with local areas where photosynthetic
activity produced negative fluxes (i.e., CO2 uptake from the atmosphere), relevant hot
spots of intense GHGs emissions were recognized (LSW7).
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5. Conclusions

Porta and Massaciuccoli Lakes were recognized as net sources of CH4 and CO2 to the
atmosphere, with measured CO2eq emissions to the atmosphere up to 183 g CO2eq m−2

day−1. The magnitude of CH4 diffusive emission at the water–air interface was strictly
dependent on the balance between CH4 production and consumption rates. Methane
consumption, mostly due to aerobic methanotrophy, was influenced by dissolved O2
contents, which, in turn, were related to the water column depth and stratification/mixing
processes. The latter were likely governed by winds, lake morphology and vegetation, with
reed beds acting as barriers to water movements and favoring the development of stagnant
and hypoxic conditions in surface waters. Methane production rates were affected by both
seasonal variations, due to the temperature dependence of microbial activity and quality
and quantity of organic matter. In fact, evidence from both lakes suggested that the highest
CH4 diffusive fluxes were sustained by the presence of reed beds providing shelter from
the wind and ensuring a large availability of labile organic matter. Accordingly, the ΦCH4
values in sites proximal to reed beds were up to two orders of magnitude higher than those
measured in open waters.

The results of this study highlighted that magnitude of CH4 diffusive emissions across
wetland systems is strongly site-dependent and shaped by local environmental conditions,
which might highly be variable in both time and space. Hence, the sampling strategies,
timing and site selection have to be carefully evaluated since they might largely affect the
estimation of overall CH4 diffusive emissions even within a single wetland system. Efforts
to increase both spatial and temporal resolution of CH4 diffusive flux measurements to
evaluate the diverse environmental conditions characterizing wetland landscapes are to be
considered. Promising opportunities are offered by integrating traditional CH4 diffusive
flux measurements with the deployment of low-cost CH4 sensors in flux chambers [89].

Nevertheless, the CH4 diffusive fluxes measured in this study, largely exceeding
those reported in literature (Figure 4), indicate that a relevant portion of CH4 emissions
from surface aquatic systems at global scale is likely missing in carbon budgets, with
relevant implications for Earth system and climate models. It is to be pointed out that
the investigated sites did not include areas with higher density of reed beds where the
ΦCH4 values might be even greater. Moreover, the CH4 emissions associated with plant
litter in wetlands are expected to increase in the near future as a consequence of both
eutrophication processes and climate change [3]. Moreover, the relationship between RDBS
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and CH4 diffusive fluxes is particularly alarming, considering that wetlands are among the
most threatened ecosystems on Earth, drawing attention to the urgent need to protect and
restore wetland ecological functioning.
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