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Abstract

Over the past decades, shallow lakes of the Pampean Plain, Argentina, have been shifting from clear vege-
tated to turbid phytoplanktonic states due to anthropic pressures. It is not clear, though, if this change in state
also involves a change in the overall CO, and CH, balance of these lakes. Therefore, the main objective of this
work was to assess potential differences in the C gas (CH4 and CO;) balance of shallow lakes under contrasting
states—clear vegetated and turbid phytoplanktonic. We sampled two clear and two turbid shallow lakes in the
Pampean region along an annual cycle and we measured all of the major C gas emission pathways: diffusive
and ebullitive fluxes and also emissions from emergent vegetated habitats. CO, and CH, diffusive, ebullitive
and vegetated habitat fluxes were comparable between states, but they differed in their relative contribution to
the C gas balance because of differences in the coverage of the habitats associated to these pathways. Mean
annual, area-weighted CO, and CH, fluxes of clear lakes were 41.9 + 19.0 and 15.4 + 18.5 mmol m2d7?,
respectively, and 7.7 £+ 7.3 and 17.9 £+ 19.8 mmol m~2d~! for CO, and CH, fluxes, respectively, for turbid lakes.
Despite major differences in the relative contribution of the emission pathways between states, there was a
remarkable convergence between states in total greenhouse gas emissions when expressed in terms of mean

annual CO, equivalent greenhouse gas flux.

Shallow lakes have been shown to play a large role within
aquatic networks in terms of nutrient processing (Cheng and
Basu 2017) and carbon cycling (Downing 2010). This is related
to their high surface area: volume ratio, high rates of input of
materials from the surrounding watersheds, frequent mixing
and strong influence of sediments on water column processes,
reasons why they are large contributors to greenhouse gas
(GHG) emissions (Holgerson and Raymond 2016). Also,
within a given range of trophic status and morphometry,
some shallow lakes can shift between two different alternative
states: a clear water state, dominated by submerged macro-
phytes and with low levels of turbidity; and a turbid-water
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state, dominated by phytoplankton and with higher turbidity
(Scheffer et al. 1993). These two contrasting states result in
environmental conditions that may in turn affect multiple
ecological and biogeochemical processes, including GHG
dynamics. The extent to which CO, and CH4 emissions may
be affected by these states depends on the interaction of sev-
eral processes and factors related to organic matter cycling,
such as primary production and respiration rates, carbon
burial, aerobic and anaerobic metabolism, and the physical
effect of submerged macrophytes on the mixing of the water
column (Hilt et al. 2017). The net outcome of these interac-
tions has been explored in situ for CO, in some lakes, with
fewer studies having assessed the impact on CH, (Hilt
et al. 2017), but the influence of these alternative states on the
overall C gas balance of shallow lakes is difficult to predict
with our current understanding. Therefore, it is not clear how
a change in the state of shallow lakes may modify their C gas
balance.

The effect that changes in the alternative states of lakes
may have on CO, diffusive flux emissions remains uncertain.
Lake CO, dynamics reflect in part the net balance between
primary production and ecosystem respiration, and several
authors have reported a negative relation between daytime
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CO, diffusive flux and the biomass of primary producers in
shallow lakes (Xing et al. 2005; Xing et al. 2006; Balmer and
Downing 2011; Trolle et al. 2012). However, the type of domi-
nant primary producer—that is, submerged macrophytes or
phytoplankton—may lead to different CO, dynamics. Some
studies have shown higher total productivity in clear macro-
phyte dominated lakes in comparison with turbid phytoplank-
ton dominated lakes (Kosten et al. 2010; Brothers et al. 2013),
which could therefore lead to lower CO, diffusive emissions
in clear lakes. Yet, in other cases no difference in net ecosys-
tem production between alternative states was found, where
differences in primary production across lakes may be driven
by total autotrophic biomass rather than by the type of domi-
nant primary producer, suggesting that CO, diffusive emis-
sions could be similar between states (Zimmer et al. 2016).
Regarding CH4 dynamics, contrasting results on the effect of
alternative states have been also reported in shallow lakes. For
example, submerged macrophytes were reported to suppress
both diffusive (Davidson et al. 2015) and ebullitive (Davidson
et al. 2018) CH, fluxes in mesocosm experiments, yet a posi-
tive correlation between submerged macrophyte biomass and
CHy, diffusive flux was found in several shallow systems (Xing
et al. 2006; Xiao et al. 2017). Similarly, there are reports of no
significant effect of phytoplankton biomass on diffusive emis-
sions of CH4 (Xing et al. 2006; Davidson et al. 2015) and still
there are other reports of a positive correlation between diffu-
sive CH; emissions and chlorophyll concentrations (Xing
et al. 2005; Xiao et al. 2017).

Additionally, and independently of the state, emergent
macrophytes (EM) play a significant role in GHG emissions
(Bastviken et al. 2004; Desrosiers et al. 2022; Kyzivat
et al. 2022). They provide part of the carbon necessary to pro-
duce CH; in the sediments, but they also transport CH, from
the sediments to the atmosphere and O, from the atmosphere
to the sediments, which allows them to survive in anoxic sedi-
ments (Chanton 2005). The presence of EM may significantly
influence the C balance of shallow lakes and alternative states
might strongly influence the relative coverage of EM, since
water clarity enhances the coverage of EM (Cheruvelil and
Soranno 2008). This interaction between alternative states and
EM in shallow lakes adds yet another layer of complexity to
the radiative balance—that is, CO, equivalent GHG flux
between an ecosystem and the atmosphere (Neubauer 2021)—
of shallow lakes that needs to be considered.

The Pampean Plain of Argentina, a region with a flat topog-
raphy, has approximately 146,000 shallow lakes (Geraldi
et al. 2011). These lakes existed as a mosaic of clear and turbid
alternative states, with bidirectional shifts in their state due to
hydrologic or climatic events (Quirds et al. 2006). Intensifica-
tion of agriculture, use of fertilizer and erosion over the past
three decades have led to consistently higher nutrient and
sediment loads to these Pampean lakes (Quirds et al. 2006;
Vera et al. 2012), which has led in turn to a generalized shift
from clear to turbid states observed at a regional scale (Kosten
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et al. 2012; Izaguirre et al. 2022). Yet, current understanding
does not allow us to predict what this regional change from
clear to turbid states may have implied in terms of the overall
C gas balance and potential radiative forcing of these lakes,
understanding the radiative forcing as an impact on climate
change that is generated by a change in the radiative balance
of an ecosystem (Neubauer 2021).

Determining the overall C gas balance of shallow lakes
requires assessing multiple aspects of GHG dynamics, includ-
ing dissolved GHG in the water, diffusive fluxes between the
water surface and the atmosphere, emergent macrophyte
mediated fluxes, as well as methane ebullitive fluxes. In this
study we seek to explore the effect of alternative states on
GHG dynamics in shallow lakes of the Pampean Plain. Our
specific objectives were to study the seasonal dynamics of CO,
and CHy in Pampean shallow lakes under contrasting states,
and to estimate their annual C gas balance. In order to accom-
plish these objectives, we followed seasonal CO, and CH4 sur-
face water concentrations, diffusive water air fluxes, fluxes
from emergent vegetation, and CH, ebullitive fluxes in two
clear vegetated and two turbid phytoplankton shallow lakes
located in the Pampean Plain, Argentina.

Methods

Study area

The Pampean Plain (35°32-36°48'S; 57°47'-58°07'W) is
located in the central east region of Argentina. From NE to SW
mean annual precipitation range from 1000 to 400 mm,
whereas mean annual temperatures vary from 20°C to 14°C
from North to South (Diovisalvi et al. 2015). Pampean lakes
are shallow (< 3-m mean depth), eutrophic or hypereutrophic,
polymictic and are exposed to a high human impact due to
the extensive production of cattle and intensive agriculture in
the region (Viglizzo et al. 2001).

For this study we selected four shallow lakes of the Pam-
pean Plain (Fig. S1). Two of them are in a turbid phytoplank-
tonic state (El Burro [BU] and La Salada [SA]), whereas the two
other lakes are under a clear vegetated state (La Segunda
[SG] and Kakel Huincul [KH], dominated by Ceratophyllum
demersum). In addition, these four shallow lakes present areas

colonized by the emergent macrophyte Schoenoplectus
californicus.
Sampling design

The four selected shallow lakes were sampled seasonally in
the following periods: winter (11-25 June 2018), spring (16—
23 October 2019), summer (3-7 February 2019), and autumn
(22-30 April 2019). Every lake presents areas covered by EM
and areas of open water (OW). To account for this natural het-
erogeneity, we sampled in OW sites and in EM sites within
each shallow lake. To account for the whole water column, we
took samples from the sub surface and from near the bottom
(within 30 cm of the sediments, using a Niskin horizontal

85U8017 SUOWWOD BA1IES1D) 3|ed!|dde 8y} Aq peusenob afe Sape VO ‘9N 10 S9INJ 10) Aliq1T8UIIUO AS|IA UO (SUONIPUCO-PUR-SLLBIALIOD"AB | 1M AReiq1 Ul juo//:Sdny) SUONIPUOD pue swie | 8Y) 88S *[220z/0T/52] Uo Akeiqiauliuo Aojim ‘ABojouw puy AudeiBoss 10 uonmisul BulueN Ad £7Z2T 0UI/Z00T 0T/I0p/W0d A8 1M Ateiqijpuluo'sgndo se//sdny wouy pepeojumoq ‘0 '0655656T



Balifia et al.

bottle) in the same site, and we averaged these samples. There-
fore, in each lake and in each season, we sampled two sites,
OW and EM (including samples from surface and bottom),
obtaining four samples per season and per lake. We, therefore,
obtained a total of 16 samples for dissolved gas concentrations
and other chemical and biological analyses for each lake.

Limnological characterization

At each sampling site we measured several limnological var-
iables including pH and conductivity (HORIBA D 54-E para-
metric sensor) and also vertical profiles of temperature and
dissolved oxygen (HANNA HI 9146 portable electronic sen-
sors). Additionally, we measured air temperature, humidity,
atmospheric pressure and wind speed (Kestrel; 4000 Pocket
Weather Tracker; Nielsen-Kellerman). In each site we took
water samples from sub surface and near bottom to determine
turbidity, total phosphorus and total nitrogen (TP and TN,
respectively), total suspended solids, dissolved organic carbon
(DOC) and dissolved inorganic carbon, colored dissolved
organic matter (CDOM), chlorophyll a (Chl a) and the struc-
ture of the phytoplankton community. To obtain further
insight in the methods used for each determination please
refer to the Supporting Information Methods Section S1.

GHG exchanges

GHG exchanges were studied seasonally at each sampling
site, analyzing the partial pressure of CHy and CO, dissolved
in water column (pCH; and pCO,), their diffusive and
ebullitive fluxes and the fluxes from the vegetated habitat.

Partial pressure of CH4 and CO; in the water

pCH,4 and pCO, in water were determined using the head-
space technique (Campeau and del Giorgio 2014). Headspace
samples were run in a cavity ringdown spectrometer (CRDS;
Picarro G2201-i) (Maher et al. 2013) to obtain the concentra-
tion and 8'3C isotopic signature of CO, and CH,. The original
concentration and 8'3C isotopic signature of CO, and CH,
was then calculated following the equations from Soued and
Prairie (2020). Partial pressure (ppmv) was then converted to
concentration (uM). For a more detailed description of this
method please refer to Supporting Information Methods
Section S2.

Chamber flux estimates

Fluxes between the water air interface and fluxes from the
EM area were measured using an opaque floating chamber fol-
lowing Rasilo et al. (2015). For more information about the
chamber see Fig. S2. We took measurements every 5 min for
15 min, obtaining a total of four time points. In each measure-
ment, two samples of 30 mL air were taken from inside the
chamber and injected into a 30 mL glass pre-evacuated vials
equipped with crimped rubber stoppers (Exetainer, Labco) for
posterior analysis on a CRDS (Picarro G2201-i). All measure-
ments were done between 10:00 h and 16:00 h.

Greenhouse gas emission pathways in shallow lakes

In the EM area, besides measuring the air water diffusive
flux, we deployed a chamber above a clump of EM (over mac-
rophytes [OM] flux), in order to capture the potential plant-
mediated GHG fluxes in addition to the water air diffusive
fluxes. In the subsequent sections we refer to the OM flux as
vegetated habitat flux, since it includes both plant-mediated
flux through the emergent vegetation and also diffusive emis-
sions from the water surrounding the vegetation. In this case
the chamber was also deployed for 15 min and we took sam-
ples every 5 min (for more information see Fig. S2). The diffu-
sive flux rates (fg,) were calculated in mmol m~2 d7},
following eq. 1 from Supporting Information Methods
Section S3.

To obtain further insight on the origin of the GHG released
by the EM, we estimated the CO, and CH, plant-mediated
flux by subtracting the diffusive flux (obtained from the
chambers deployed over the water in the EM sites, within the
vegetation stands) from the OM chambers (Supporting Infor-
mation Methods Section $4, eq. 2). We also performed an iso-
topic mass balance of the chambers deployed over the water
to estimate the isotopic signature of the CO, and CH4 emitted
at the water-air interface (Supporting Information Methods
Section S4, eq. 3) and also of the OM chambers in order to
estimate the isotopic signature of the CO, and CH, emitted
by the plants (Supporting Information Methods Section $4,
eq. 4). We then compared these results with the 8'3C isotopic
signature of the ambient pCO, and pCH,.

To avoid overestimation of diffusive and emergent macro-
phyte CH, fluxes, data was checked for CH4 bubble events: if
there was an abrupt increase in CH4 during the deployment of
the chamber or if chamber measurements did not fit to a lin-
ear regression, then it was considered an event of ebullition
had occurred inside the chamber and the data were discarded.
This was not the case for any of the diffusive nor emergent
macrophyte CH, fluxes measurements.

Ebullitive flux

Methane bubble fluxes were measured using floating
inverted funnels (Fig. S6) placed in the water column
(DelSontro et al. 2016). In each shallow lake and in each sea-
son, six funnels were deployed, three in the EM area and three
in the OW area. The duration of the deployment varied
according to the season, from 48 h in summer up to 7 d in
winter. Upon recovery of the funnels, bubble gas was
extracted from the bottle and injected into a 30 mL glass pre-
evacuated vials equipped with crimped rubber stoppers
(Exetainer; Labco) for later analysis on a CRDS (Picarro
G2201-i) in order to determine the concentration of CO, and
CH, in the bubble gas. The remaining water volume in the
bottle was measured to derive the volume of gas accumulated
during the incubation. The ebullitive flux was calculated in
mmol m % d!, following eq. 5. Supporting Information
Methods Section SS.
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In winter, we only captured enough gas to allow gas collec-
tion in one funnel, although we were not able to measure
GHG concentrations for this gas. We used this value of gas
collection and an average of the spring, summer and autumn
pCO, and pCH,4 in the bubble gas collected to estimate the
winter CO, and CH, ebullitive flux in this funnel. In the
remaining winter funnels the gas accumulation was below the
threshold that allows collection (approximately 25 mL), and
we have assigned this lower threshold of gas accumulation to
all of them. To estimate the winter CO, and CH, ebullitive
flux in these funnels we also assigned an average of spring,
summer and autumn pCO, and pCHa.

We also used the inverted funnels to capture CHy in
occluded bubbles released by disturbing the sediments at each
lake that were used to derive the source signature of the CHy.
Samples of the released bubbles were analyzed following the
same methodology as described above to determine the con-
centration and 5'*C isotopic signature of CO, and CHy.

Carbon gas balance

To assess the C gas balance of each lake we included diur-
nal CO, and CH, diffusive, ebullitive, and emergent vegetated
habitat emissions, and also their CO, equivalent GHG flux.
We first estimated the OW and EM areas in each lake and in
each season by means of satellite image analysis. Landsat
8 OLI (L8) images were obtained from the U.S. Geological Sur-
vey (https://earthexplorer.usgs.gov/) with a date matching as
closely as possible that of the sampling and were processed
using ACOLITE (Vanhellemont 2019) software, applying the
Floating Algal Index for Turbid Waters algorithm (Dogliotti
et al. 2018), to differentiate areas covered by water and by
EM. These images were then processed using QGIS software to
select the lake area avoiding surrounding land and to quantify
the area of EM and OW in each lake and in each season. For a
more detailed description of this method please refer to the
Supporting Information Methods Section S6.

The C gas balance of each shallow lake was then calculated
as the sum of the average annual diffusive, vegetated habitat
and ebullitive fluxes, weighted to the proportion of OW area,
the proportion of area covered by EM and the proportion of
total area, respectively. As these lakes are shallow, we assumed
that ebullition occurred throughout the entire surface of the
lakes. This accounting process was done separately for CO,
and CH4, and also for their sum as CO, equivalent GHG
fluxes. To calculate the CO, equivalent GHG fluxes, CH,
fluxes were converted considering that CH, has a global
warming potential of 34 per mass of gas for a time horizon of
100 years (Myhre et al. 2013), and these converted fluxes were
added to the measured CO, fluxes.

Statistical analysis

To explore differences in pCO, or pCH4 between EM and
OW sites, we tested a mixed linear model for clear and turbid
lakes and for CO, and CHj,, separately. The model included

Greenhouse gas emission pathways in shallow lakes

the fixed factors site (EM and OW) and season (winter, spring,
summer, and autumn), and the random factor lake (SG, KH,
SA, BU). Since there were no significant differences between
sites for pCO, or pCH,4 for both states, we did not differentiate
between the EM and OW sites. To test for seasonal differences
in pCO, and pCH,4 between states, we applied a mixed linear
model with two fixed factors, state and season, and the ran-
dom factor lake. To test for differences in the annual mean
pCO, and pCH4 between states were used a mixed linear
model using one fixed factor: state, and two random factors:
Shallow Lake and Season. Differences in diffusive, ebullitive
and vegetated habitat fluxes between states were also analyzed
with a mixed linear model with emission pathway (diffusive,
ebullitive, and vegetated habitat) and State as fixed factors,
and Lake and Season as random factors. When significant dif-
ferences were found, we conducted post hoc comparisons.

In all the analyses, data were tested to fit the assumptions
of normality and homogeneity of variances. If data did not fit
some assumption, we modeled the structure of the variance
by adding a function of variance to the already existing
model. We tested three different functions (varExp, varPower,
varldent) and chose the one that provided a model with low-
est Akaike information criteria (AIC) (Zuur et al. 2009)
(Table S1). All tests were performed at the 95% significance
level using R version 3.6.2 in the RStudio environment version
1.2.5019 (The R Core Team 2019). Figures were plotted with
the R package ggplot2 3.3.2 (Wickham 2016). PCAs were per-
formed using package Vegan 2.5-6 (Oksanen 2019), Mixed
Models were tested using package ImerTest 3.1-2 (Kuznetsova
et al. 2017) with assumptions being tested using package Car
3.0-8 (Fox and Weisberg 2019). If data did not fit the assump-
tions, package nlme 3.1-142 (Pinheiro et al. 2019) was used to
model heteroscedasticity. To explore post hoc comparisons
package emmeans 1.4.8 (Lenth 2020) was used.

Results

Limnological characterization

Clear lakes were characterized by higher average TN, con-
ductivity, and DOC, whereas turbid lakes had higher levels of
CDOM, Chl g, TP, and turbidity (Fig. S7). For a quantitative
description of all the measured variables and of the phyto-
plankton structure, please refer to Table S2 and Fig. S8,
respectively.

CO, and CH,4 dissolved in the water column and their
fluxes

Given that overall there were no differences in pCO, and
pCH4 between OW and EM sites within lakes (Fig. S9), we
included all the samples from one lake without differentiating
for habitat. We detected changes in pCO, and pCH,4 between
seasons, including shifts from net sources to net sinks of CO,.
The annual average pCO, measured in the air across all sites
was 530.7 £ 33.0 ppmv, and average annual pCH, air was of
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1.7 £ 0.3 ppmv, and these values were used to determine if
lakes were under or oversaturated for each GHG. Clear and
turbid lakes presented significant differences in pCO,
depending on the season and state (Season*State p < 0.0S5,
df = 3, F = 14.0; Fig. 1a). In winter, clear lakes were over-
saturated in CO, whereas turbid lakes were slightly undersatu-
rated (Tukey test, p <0.001; Fig. 1a). In contrast, in spring
clear lakes were undersaturated in CO, while turbid lakes were
oversaturated (Tukey test, p < 0.1). No differences were found
between states in summer, when they were undersaturated,
nor in autumn, when both states were oversaturated in CO.
Clear and turbid lakes were always oversaturated with CH4 but
had significant differences depending on the state and the sea-
son (Season*State p <0.05, df = 3, F = 9.9; Fig. 1c¢). Turbid
lakes had lowest pCH4 in winter, higher levels in spring, a
peak in summer and then a decrease in autumn. Clear lakes
had a similar trend, with lowest pCH,4 values in winter, a rise
in spring, a marked peak in summer that, unlike turbid lakes,
continued high in autumn. No differences in pCH,; were
found between clear and turbid lakes in winter nor in spring.
In summer there were no significant differences but clear lakes

Greenhouse gas emission pathways in shallow lakes

presented a higher variability of pCH,. Lastly, in autumn clear
lakes had significant higher levels of pCH4 compared to turbid
lakes (Tukey test, p < 0.05).

No differences in the annual average pCO, were found
between clear and turbid lakes clear (Fig. 1b), but annual aver-
age pCH,4 was higher in clear relative to turbid lakes (p < 0.05,
df = 1, F = 10.6; Fig. 1d). Seasonal and annual values of pCO,
and pCH, can be found in Table S3.

Seasonal changes in pCO, and pCH, were reflected in the
diffusive fluxes, with a net influx of CO, from the atmosphere
when lakes were undersaturated and an efflux of CO, when
lakes were oversaturated. The seasonal patterns in CO, diffu-
sive flux differed between clear and turbid lakes (Fig. 2a,b), as
seen for the pCO,, and this was also reflected in the seasonal
predominant metabolism in each state and each season
(i.e., autotrophic or heterotrophic, Fig. $10). In winter, clear
lakes acted as sources of CO, to the atmosphere whereas tur-
bid lakes acted as slight sinks. Clear lakes acted as sinks in
spring and summer whereas turbid lakes acted as sources in
spring and sinks in summer, coinciding with the shifts in
pCO, (Fig. 2a). In autumn, both clear and turbid lakes acted
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Fig. 2. Seasonal fluxes of CO, (a-c) and CH, (d-f) in clear and turbid shallow lakes. Fluxes are divided into diffusive fluxes (blue), ebullitive fluxes (yel-
low) and fluxes from the vegetated habitat (green). In panels ¢ and f, different letters indicate significant differences between states for each flux, while
the asterisk (*) indicates differences between types of fluxes for each GHG. For turbid lakes in summer no data on the vegetated habitat flux could be col-
lected. Mean =+ standard error for each state and each emission pathway in panels a, b, d, and e were obtained by averaging all the measurements from

the two lakes that corresponded to the same state and emission pathway.

again as sources of CO,. Regarding CO, fluxes in vegetated
habitats, clear and turbid lakes presented similar patterns with
emission rates that were lower in winter, higher in spring and
in summer and then decreasing in autumn. CO, ebullitive
flux was negligible for both states, accounting for less than
0.5% to the total CO, emission.

On an annual basis, there were no significant differences in
terms of average CO, diffusive, ebullitive or vegetated habitat
fluxes between clear and turbid lakes (Fig. 2c), but we found
that vegetated habitat fluxes were significantly higher than
diffusive and ebullitive fluxes (p = 0.001, df = 2, F = 32.83;
Fig. 2¢). Seasonal and annual values of CO, diffusive and vege-
tated habitat fluxes can be found in Table S4. Also, CO, diffu-
sive flux of clear lakes had a significant negative linear relation
with temperature (Fig. S11a), likely reflecting not a direct tem-
perature effect but rather the negative covariation between
macrophyte biomass and temperature along an annual cycle,
whereas CO, diffusive flux of turbid lakes had no relation with
temperature (Fig. S11b). Instead, it had a significant and nega-
tive relation with dissolved oxygen and phytoplankton abun-
dance (Fig. S12). Regarding CO, flux from vegetated habitats,
it presented a significant positive linear relation with tempera-
ture, for both clear and turbid lakes (Fig. S11c).

CH, diffusive, ebullitive, and vegetated habitat fluxes in clear
and turbid lakes had similar seasonal patterns (Fig. 2d,e). All
three emission pathways were lower in winter, increased in
spring, peaked in summer and then decreased in autumn. On
an annual basis, there were no significant differences in all
three emission pathways between states, nor between emission
pathways, independently of the state (Fig. 2f). Seasonal and
annual values of CH, diffusive, ebullitive and vegetated habitat
fluxes can be found in Table S5. Also, all three CH, emission
pathways presented a significant and positive relation with
temperature (Fig. S11d-f). Our results suggest that EM emitted
both CH,4 and CO,, albeit at very different rates. The resulting
CH; plant-mediated fluxes varied between -15.6 and
21.4 mmol m~2 d~!, with a mean of 2.5 + 8.7 mmol m~2 d!,
whereas the resulting CO, plant-mediated fluxes varied
between 10.9 and 193.5mmolm 2 d~!, with a mean of
72.8 + 48.0 mmol m 2 d ! (Fig. S3).

Surprisingly, the estimated plant-mediated CO, fluxes were
much higher than the estimated plant-mediated CH, fluxes
(Fig. S3). Given that the fluxes from the emergent vegetation
were measured in growing plant stands during daytime, we
expected to have higher CH4 emissions and lower CO, emis-
sions, but this was not the outcome. To explore this pattern
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further, we developed the isotopic mass balance described pre-
viously in the method section. The obtained mean isotope
ratios of the CO, emitted by the EM was —26.5 £ 9.0%o,
whereas the mean isotope ratios of the CO, emitted by the
water and of the CO, dissolved in the water were
—12.5 £ 2.5%0 and —12.6 £+ 4.1%o, respectively (Fig. S4). The
obtained mean isotope ratios of the CH, released by the EM
was —66.3 + 17.7%o, in the range of the isotope ratios of the
fresh sediment CH, bubbles (annual means —61.4 &+ 1.7%o),
but considerably more depleted than the average isotope
ratios of CH4 emitted by the water (—48.6 + 10.8%o0) and of
dissolved CHy4 (—40.1 £ 6.0%o; Fig. S5).

Carbon gas balance

On average, clear lakes had fivefold higher total CO, emis-
sions than turbid lakes, whereas turbid lakes had 16% higher
total CH,4 emissions than clear lakes, leading to a CO, equiv-
alent GHG flux similar between states (Table 1). The contri-
bution of the emission pathways to the total CO, and CHy
emissions described in Table 1 differed substantially between
states (Fig. 3) due to differences in the relative coverage of
the habitats associated to these pathways (Fig. S13; Table S6):
CO, emissions in clear lakes were largely driven by vegetated
habitats (95%), whereas in turbid lakes CO, was emitted
mainly via OW diffusion (58%) and secondly through vege-
tated habitats (37%); likewise, CH, emissions in clear lakes
were for the most part emitted through vegetated habitats
(46%) followed by ebullition (32%) and diffusion from OW
(22%), whereas in turbid lakes diffusion from OW dominated
total CH,4 emissions (76%), followed by ebullition (22%) and
lastly by emissions from vegetated habitats (2%). Conse-
quently, the pathways that led to the total CO, equivalent
GHG fluxes also differed between states: in clear lakes vege-
tated habitats were the main pathway (55%), followed by
ebullition (26%) and diffusion (19%), whereas in turbid lakes
diffusion was the main pathway (76%), followed by ebulli-
tion (21%), and lastly by emissions from vegetated habi-
tats (3%).

Greenhouse gas emission pathways in shallow lakes

Discussion

The clear and turbid lakes included in this study presented
similar characteristics to other clear and turbid shallow lakes
from the region, in terms of phytoplankton structure, turbid-
ity, nutrient concentration and dominant primary
producers—phytoplankton in turbid lakes and submerged
macrophytes in clear lakes (Allende et al. 2009). Therefore, we
are confident that the selected lakes are a good representation
of the contrasting states that characterize the Pampean Plain.

States had similar annual average pCO, but clear lakes had
higher annual average pCH,4, implying a differential effect of
the state on surface pCO, and pCH,. The similarity in pCO,
levels suggests a similar net CO, metabolism between states.
Although we did not measure gross primary production (GPP)
or respiration (R) directly, we can estimate the dominant
metabolism in each state and in each season by exploring the
patterns of CO, and O, saturation with respect to the atmo-
sphere (Vachon et al. 2020) (Fig. S10). Clear lakes had marked
seasonal shifts in net ecosystem metabolism: they were net
heterotrophic—that is, R higher than GPP—in winter and
autumn and switched to being net autotrophic—that is, GPP
higher than R—in spring and summer. Turbid lakes showed a
similar seasonal pattern, with relatively limited shifts in net
metabolism. These seasonal trends suggest a similar mean
annual patterns in net CO, metabolism between states and,
therefore, could be explaining the similar mean annual surface
water pCO, between clear and turbid lakes. In this sense, a
similar net ecosystem production between a clear and a turbid
lake of the Pampean region was also reported by Alfonso et al.
(2018), despite major differences in their dominant primary
producers.

The contrasting patterns in pCH4 between states could be
due to biological processes, such as a differential CH, produc-
tion or CH, oxidation between states (Hilt et al. 2017), or also
due to physical processes, such as an effect of the submerged
vegetation on the mixing of the water column in clear lakes
(Andersen et al. 2017). Submerged macrophytes have a peak
of growth in spring and summer that is followed by a decom-
position phase that starts in late summer and continues

Table 1. Average area weighted fluxes (mmol m~2 d'). Mean diffusive, ebullitive, and vegetated habitat fluxes weighted for the pro-
portion of the area where each flux occurs. Values for each state and each emission pathway are expressed as the mean of the two lake
mean annual area-weighted fluxes (+ standard deviation for those two values).

Average area weighted fluxes (mmol m—2d™")

State Diffusive Ebullitive Vegetated habitat Total
Co, Clear ~1.8 (£ 0.6) 0.5 (£ 0.2) 43.2 (£ 18.1) 41.9 (£ 19.0)
Turbid 4.4 (+6.8) 0.4 (£ 0.0) 2.8 (+0.4) 7.7 (£7.3)
CHq4 Clear 3.4 (£3.1) 4.9 (£7.3) 7.1 (£ 8.1) 15.4 (= 18.5)
Turbid 13.1 (£ 11.7) 4.5 (+ 8.0) 0.3 (£ 0.0) 17.9 (£ 19.8)
CO,eq Clear 40.7 (+39.7) 61.2 (+90.7) 131.1 (£ 117.9) 233.0 (+ 248.2)
Turbid 167.1 (£ 152.3) 56.2 (£ 99.1) 6.7 (£ 0.7) 230.0 (& 252.2)
7
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Fig. 3. Contribution of diffusive (blue), ebullitive (yellow) and vegetated habitat (green) fluxes to the total CO,, CH,4, and CO, equivalent greenhouse

gas fluxes for clear (left) and turbid (right) shallow lakes.

during autumn and winter (Best and Meulemans 1979). The
peak of pCH, in clear lakes was observed in summer and
autumn, perhaps associated with decomposition of macro-
phyte biomass, and it exceeded the peak of turbid lakes. How-
ever, diffusive fluxes in these seasons were similar between
states. Moreover, mean annual CH, exchange velocity from
clear lakes was lower than in turbid lakes (Balifia et al. 2022),
which could be related to enhanced near-surface turbulence in
turbid lakes due to stronger near-surface stratification and
greater rates of turbulence dissipation, leading to higher CH,
exchange velocities (MacIntyre et al. 2021). Similar results
were reported by Barbosa et al. (2020), with highest pCH, in
sites with macrophytes in comparison with OW sites, proba-
bly related to macrophyte biomass decomposition, but with
similar CH, diffusive fluxes between them. At the same time,
clear lakes can generate dissolved O, supersaturation that
could in turn inhibit the activity of methane oxidizing bacte-
ria in the water column (Thottathil et al. 2019), which could
contribute to the maintenance of the observed surface
water pCHy.

CH, diffusive fluxes in our study ranged between
0.03 mmol m 2 d! in winter and 119.2 mmol m % d~' in sum-
mer, with 85% of the data falling between 0.03 and
25mmol m~2 d~'. A similar range of values was reported for
another Pampean shallow lake (Fusé et al. 2016), for an
Australian shallow subtropical wetland (Jeffrey et al. 2019a), and
for boreal ponds (DelSontro et al. 2016). In contrast, lower values

were reported for an Amazon floodplain, including areas of OW,
colonized by floating macrophytes and of flooded forest,
although there were no differences in CH, diffusive flux between
habitats (0.04-0.97 mmol m 2 d~!, Barbosa et al. 2020). Lower
values were also reported for a shallow boreal lake, including
areas of OW, submerged and emergent vegetation (0.24—
1.1 mmolm 2 d!, Desrosiers et al. 2022), yet much higher
values were reported for littoral and pelagic areas of clear and tur-
bid shallow lakes of Uruguay (61.3-270.7 mmol m~2 d~*, Colina
et al. 2021). CH, ebullitive flux ranged from 0.27 mmol m 2 d !
in winter up to 27.7 mmol m 2 d~! in summer, with an annual
mean of 4.7 + 7.5 mmol m 2 d~'. A similar annual mean was
found for boreal ponds (4.6 + 4.1 mmolm # d!, DelSontro
et al. 2016), for an Australian subtropical wetland
(5.5+ 9.7 mmol m~2 d'; Jeffrey et al. 2019a), for the littoral
zone of a clear shallow lake and for the pelagic zone of
a turbid shallow lake from Uruguay (5.0+0.2 and
3.6 + 0.2 mmol m 2 d~!, respectively; Colina et al. 2021). Yet, a
lower mean was reported for a set of Brazilian water bodies
(1.1 + 2.4 mmol m~2 d~%; Oliveira Junior et al. 2021), for an
Amazon floodplain (1.1 4+ 2.6 mmolm 2> d°'; Barbosa
et al. 2020) and for the unvegetated littoral of a shallow boreal
lake (1.84 + 2.6 mmol m~2 d}, Desrosiers et al. 2022), although
Desrosiers et al. (2022) also reported higher means in the areas
colonized by the emergent macrophyte Typha latifolia and sub-
merged macrophyte Brasenia schreberi (6.81 +10.8 and
15.9 4+ 18.9 mmol m~2 d~?, respectively). In our study, clear and
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turbid lakes had similar mean annual CH, diffusive and
ebullitive fluxes despite their contrasting ecological states.

GHG fluxes from the vegetated habitat colonized by the
emergent macrophyte S. californicus were a major emission
pathway. CH, fluxes from the vegetated habitats (Table S5),
accounted for an average of 33% and 23% of the total CHy
emitted in clear and turbid lakes, respectively. Areas colonized
with S. californicus were found to emit on average less CHy in
a volcanic shallow lake in central America (1.9 mmol m 2 d™}%;
Rejmdnkova et al. 2018), and vegetated habitats dominated by
another species of the same genus (Scirpus lacustris) presented
lower emissions in small lakes from southern Finland (2.2 and
2.6 mmol m~2 d~'; Kankaala et al. 2003, 2005, respectively).
Lower fluxes were also reported for areas colonized with other
two EM, Juncus kraussii and Phragmites australis, in an
Australian wetland (1.5 and 1.7 mmol m~2 d~!, respectively;
Jeffrey et al. 2019b). Other studies reported higher fluxes from
vegetated habitats of USA wetlands colonized by
Schoenoplectus acutus (13.1 mmol m~2 d~'; Windham-Myers
et al. 2018) and by EM of the genera Typha (13.7 and
15.2 mmol m~2 d~!, Rey-Sanchez et al. 2018, Whiting and
Chanton 2001, respectively). These emissions from vegetated
habitats combine both diffusive fluxes and plant-mediated
emissions, so we estimated the plant-mediated CH, fluxes
indirectly, by difference from diffusive fluxes (Fig. S3). This
same exercise was done by Desrosiers et al. 2022, who
reported large plant-mediated CH,4 fluxes that were neverthe-
less highly dependent on the plant type, with mean emissions
from T. latifolia being 30.3 + 30.0 mmol m ?d ! and from
B. schreberi being 0.62 + 1.63 mmol m~2 d~'. Although our
results suggest that EM do emit CHy, fluxes were relatively low
in comparison to the diffusive flux from water within the veg-
etation stands.

Our results suggest a relevant yet unexpected role of EM in
CO, emissions, at least for this species or functional macro-
phyte type and without relativizing the fluxes for the habitat
area. We found these plant-mediated CO, emissions to be at
times high relative to diffusion from surrounding waters,
occurring during the daytime and year-round, even when the
lake surface was acting as a net sink of CO, diffusive flux.
Although to our knowledge no diurnal CO, emission from EM
has been documented to date, we consider that the observa-
tion of CO, emission by S. californicus is plausible and
supported by several lines of evidence. In particular, the isoto-
pic mass balance of the CO, flux that we captured in the OM
chambers required a second source of CO, with a stable car-
bon isotope ratio different from that of the surface water
pCO,. Moreover, the CO, flux from the vegetated habitat was
significant and positively related with temperature (Fig. S7c¢),
as opposed to the CO, diffusive flux in clear and turbid lakes
(Fig. S7a,b, respectively), suggesting that this CO, flux was
controlled by a temperature dependent process, such as het-
erotrophic microbial metabolism in the sediments. Bridgham
and Richardson (1992) reported a seasonal pattern in the CO,

Greenhouse gas emission pathways in shallow lakes

produced by heterotrophic microbial activity in wetland soils,
with highest rates in summer, in coincidence with the pat-
terns of CO, emissions from vegetated habitats observed in
our study. Heterotrophic microbial activity in the sediments
depends on sediment organic matter stocks, presence of elec-
tron acceptors—with O, being favored—and on TP and DOC
loadings, which enhance productivity and organic matter pro-
duction (D’Angelo and Reddy 1999; Corstanje et al. 2007). As
previously described, the Pampean shallow lakes present
extremely high TP and DOC levels, and the high productivity
of primary producers in each state likely generates large
amounts of detrital organic matter in the sediment. In addi-
tion, EM can survive in these anaerobic sediments because
they transport O, from the atmosphere down to their roots
(Laanbroek 2010). All of these factors together could generate
a scenario that favors high microbial activity in the upper sed-
iments that surround roots of the emergent vegetation. In
fact, Faufler et al. 2016 and references therein, have reported
accumulation of CO, in the aerenchyma of different EM
(P. australis, S. lacustris, Cyperus papyrus, T. latifolia) which
could not be explained by plant aeration and was related to
biological processes in the submerged zones, such as aerobic
respiration and anaerobic fermentation. Another possible tem-
perature dependent process occurring in these upper sedi-
ments could be CH, oxidation (Shelley et al. 2015). The fact
that the isotopic signature of the CO, emitted directly by the
EM was in the range of —26.5 £ 9.0%o0, which is more nega-
tive than the signature of most terrestrial and aquatic carbon
sources (Michener and Lajtha 2008), offers indirect evidence
that at least a portion of this sediment CO, might have origi-
nated from CH, oxidation. Noyce and Megonigal (2021)
reported that Schoenoplectus had on average lower CH4 emis-
sions than Spartina, and they linked this to a higher oxidation
of the rhizosphere for Schoenoplectus, a genera that they den-
ominated net oxidizer of the rhizosphere. Overall, the results
reported here underline the relevance of including fluxes from
vegetated habitats within C gas balances of shallow water bod-
ies. Furthermore, they highlight the importance of consider-
ing CO, fluxes mediated by emergent vegetation as a
significant emission pathway in shallow systems.

All CO,, diffusive flux measurements in this study were car-
ried out during the day, but in such productive lakes the
nighttime activity may profoundly affect these fluxes and
even reverse them. Nighttime emissions were found to exceed
daytime CO, emissions in several freshwater systems (39%
Attermeyer et al. 2021, 27% GoOmez-Gener et al. 2021, and
70% Liu et al. 2016). If we apply a nighttime CO, correction
factor obtained from the studies mentioned above (an average
nighttime increase of 54.5 +21.9%) to our average area-
weighted  diurnal CO, fluxes (-1.8+£0.6 and
4.4+ 6.8mmolm 2 d~! for clear and turbid lakes, respec-
tively), our average diurnal estimates would be in the order of
~1.4+0.7 and 5.4 + 7.6 mmol m 2 d! for clear and turbid
lakes, respectively. Although this is a rough and conservative
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approximation, it does provide an idea of the potential magni-
tude of nighttime effect on CO, diffusive fluxes in these shal-
low lakes.

The contribution of the emission pathways to the C gas
balance differed between states: in clear lakes emissions from
the vegetated habitat were the dominant pathway due to a
higher coverage of emergent vegetation, whereas in turbid
lakes diffusion was the main pathway because of a higher rela-
tive area of OW. Jeffrey et al. (2019a) found that emissions
from the emergent vegetated habitat accounted for 59% of the
annual CHy emissions in an Australian subtropical wetland,
followed by diffusion (21%) and ebullition (20%). Kyzivat
et al. (2022) also demonstrated the importance of including
emergent macrophyte emissions, since accounting for their
coverage increased lake CH, emission estimates by more than
21% in a subarctic-boreal region. In our study, CH, emission
from the vegetated habitat was also a very important pathway
in clear lakes (accounting for 46% of CH, emissions), but not
for turbid lakes, where it only accounted for 2% of the emis-
sions. In contrast, CH4 diffusive evasion accounted for 73% of
emissions in turbid lakes. We found that CH4 ebullition had a
similar contribution between states, with 32% and 25% for
clear and turbid lakes, respectively. Our results further show
that diffusive, ebullitive and vegetated habitat flux rates were
comparable between the two states (Fig. 2), but that the two
states differed in the relative contribution of these pathways
to the total C gas balance, particularly diffusive and vegetated
habitat fluxes (Fig. 3) because of differences in the coverage of
the respective habitats associated to these pathways (Fig. S13;
Table S6). In spite of these fundamental differences in emis-
sion pathways and in other functional aspects, the mean
annual radiative balance of the two lake states—that is, total C
fluxes expressed as CO, equivalent GHG flux—was compara-
ble. This is relevant in a broader perspective because it sug-
gests that the shifts from clear to turbid states in Pampean
shallow lakes that have been occurring due to climatic and
anthropic pressures, may not have fundamentally altered the
overall regional radiative forcing, although this point needs to
be further explored. Furthermore, our results confirm the
major role of emergent vegetation in CH, dynamics, but also
highlight their dual role in CO, fluxes, both as primary pro-
ducers taking up atmospheric CO,, as well as major conduits
of CO, from sediments to the atmosphere.

Data availability statement
The raw data supporting the conclusion of this article will
be made available by the authors, without undue reservation.
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