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1. Resumen

La reduccion de emisiones de los gases de efecto invernadero tiene un lugar primordial en la
agenda del cambio climatico. EI metano destaca por ser el segundo gas de efecto invernadero mas
abundante en la atmdsfera y tener un potencial de calentamiento 28 veces mayor al del didxido de
carbono en un lapso de 100 afios. Este gas es liberado a la atmdsfera a través de diversos procesos
antropogénicos y naturales. La emision total global anual de metano se encuentra alrededor de los
550 Tg, siendo los procesos naturales responsables del 37 al 51% de las emisiones. Entre los
principales productores naturales de metano estan los ecosistemas acuaticos que representan el
23% de las emisiones de metano. La variabilidad espacial y temporal de las emisiones de metano
de estos ecosistemas es tal que se requieren métodos de alta variabilidad espaciotemporal para su
apropiada caracterizacién. Ademas, existe una subrepresentacion de la caracterizacion de
ecosistemas acuaticos salobres y de latitudes bajas en la literatura e inventarios globales de gases
de efecto invernadero. El ciclo del metano se puede caracterizar en ecosistemas acuaticos mediante
la cuantificacion de los procesos de produccién (metanogénesis), consumo (metanotrofia) y
emision del metano. La disponibilidad de oxigeno disuelto en la columna de agua es determinante

en el ciclo del metano, ya que puede limitar o potenciar la metanogénesis y metanotrofia.

En este trabajo se complementaron métodos de alta resolucién espaciotemporal, previamente
desarrollados para la medicion de metano y dioxido de carbono, para incluir la medicion de
oxigeno disuelto en los componentes del ciclo del metano. Se seleccionaron sensores opticos de
oxigeno debido a su alta resolucion, precision y tiempo de respuesta corto. Por otra parte, los
ensayos de actividad metanotrofica fueron complementados con un sensor de oxigeno disuelto tipo

parche adherido a la parte interior de la jeringa donde se realizan las incubaciones para poder



determinar el consumo de oxigeno durante los ensayos. Ambos métodos son no invasivos, por lo

gue no modifican las condiciones propias del ecosistema.

Los métodos antes mencionados fueron utilizados para la caracterizacion de tres tipos de
ecosistemas escasamente reportados en la literatura e inventarios globales: aguas interiores
salobres, reservorios subtropicales y una laguna costera tropical. Esta tesis presenta evidencia de
que los ecosistemas salobres (las pozas de Cuatro Ciénegas, Coahuila), a pesar de presentar
condiciones adversas para la metanogénesis, pueden ser fuentes significativas de metano. Ademas
de su salinidad presentan concentraciones relativamente altas de sulfatos, sin embargo, se
encontraron emisiones de 0.12 a 0.98 mg m? d, equivalentes a lo observado en ecosistemas
salobres costeros. El area de los lagos salinos y subsalinos del mundo representan el 23% del area
global total, por lo que las emisiones acumuladas de estos ecosistemas podrian ser significativa a

nivel mundial.

En los reservorios subtropicales se observaron emisiones superiores a las correspondientes a su
estado tréfico, confirmando el potencial de emision superior de los ecosistemas subtropicales. Se
seleccionaron dos ecosistemas, ubicados en el Estado de México y pertenecientes a la misma
cuenca hidroldgica, con estados troficos contrastantes. En este sentido, se evalu6 el impacto de la
eutrofizacion cultural en el ciclo del carbono en estos ecosistemas. Los datos obtenidos
alimentaron un modelo de balance de masa, del cual se determinaron parametros globales
relevantes para el ciclo del metano. A partir de los parametros determinados se cred una
representacion grafica que facilita la apreciacion global y contrastante del ciclo del carbono. El
impacto de la eutrofizacion cultural fue profundo y resulté en una completa redistribucion de los

diversos bioprocesos que participan en el ciclo del metano.



Finalmente, esta tesis presenta la caracterizacion exhaustiva de la dinamica de metano, dioxido de
carbono y oxigeno en los sedimentos y columna de agua, asi como las emisiones de la laguna
costera tropical “La Mancha”, Veracruz, en tres estaciones caracteristicas. El ciclo del metano fue
caracterizado en dos transectos, uno longitudinal y uno transversal. El primero abarco el gradiente
de salinidad ocasionado por el mezclado de agua dulce, proveniente de un rio (Cafio Grande) en
el extremo sur de la laguna, y agua marina, en el lado opuesto. El segundo transecto, abarcé desde
una zona dominada por manglar hasta la salida de La Mancha al mar. Se observo una fuerte
regulacién estacional que a su vez influyd sobre la entrada de agua dulce a La Mancha. En
particular, la temporada de lluvias, en la que aumenta la descarga del rio, la materia organica y la
entrada de agua del mar, se observé la mayor variabilidad y magnitud de emisiones. Los resultados
presentados resaltan la importancia de realizar estudios que caractericen con alta resolucion

espaciotemporal los cuerpos de agua costeros.
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2. Abstract

Reducing greenhouse gas emissions is at the top of the climate change agenda. Methane stands out
as the second most abundant greenhouse gas in the atmosphere and has a warming potential 28
times greater than carbon dioxide in a 100-year horizon. This gas is released into the atmosphere
through various anthropogenic and natural processes. The total annual global emission of methane
is around 550 Tg, with natural processes accounting for 37 to 51% of the emissions. Among the
main natural producers of methane are aquatic ecosystems, which represent 23% of methane
emissions. The spatial and temporal variability of methane emissions from these ecosystems is
such that high spatial-temporal methods are required for their appropriate characterization. In
addition, there is an under-representation of the characterization of brackish and low-latitude
aquatic ecosystems in the literature and global greenhouse gas inventories. The methane cycle can
be characterized in aquatic ecosystems by quantifying the processes of production
(methanogenesis), consumption (methanotrophy), and emission of methane. The availability of
dissolved oxygen in the water column is a determining factor in the methane cycle, since it can

limit or enhance methanogenesis and methanotrophy.

In this work, high resolution spatial-temporal methods, previously developed for the measurement
of methane and carbon dioxide, were complemented to include the measurement of dissolved
oxygen in the components of the methane cycle. Optical oxygen sensors were selected due to their
high resolution, accuracy, and short response time. In addition, the methane activity tests were
complemented with a dissolved oxygen patch sensor attached to the inside of the syringe where
incubations take place in order to determine the oxygen consumption during the tests. Both

methods are non-invasive, so they do not modify the conditions of the ecosystem.
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The above-mentioned methods were used for the characterization of three types of ecosystems
scarcely reported in the literature and global inventories: brackish inland waters, subtropical
reservoirs, and a tropical coastal lagoon. This thesis presents evidence that brackish ecosystems
(the Cuatro Cienegas pools, Coahuila), despite presenting adverse conditions for methanogenesis,
can be significant sources of methane. In addition to their salinity, they present relatively high
concentrations of sulfates, however, emissions of 0.12 to 0.98 mg m d* were found, equivalent
to what has been observed in coastal brackish ecosystems. The area of the world's saline and sub-
saline lakes represents 23% of the total global area, so accumulated emissions from these

ecosystems could be significant worldwide.

Emissions in subtropical reservoirs were higher than those corresponding to their trophic state,
confirming the superior emission potential of subtropical ecosystems. Two ecosystems were
selected, located in the State of Mexico and belonging to the same hydrological basin, with
contrasting trophic states. In this sense, the impact of cultural eutrophication on the carbon cycle
was evaluated in these ecosystems. The obtained data fed a mass balance model, from which
relevant global parameters for the methane cycle were determined. From the determined
parameters a graphic representation was created, facilitating the contrast and appraisal of the global
carbon cycle. The impact of cultural eutrophication was profound and resulted in a complete

redistribution of the various bioprocesses involved in the methane cycle.

Finally, this thesis presents the exhaustive characterization of the dynamics of methane, carbon
dioxide and oxygen in sediments and water column, as well as the emissions of the tropical coastal
lagoon "La Mancha", Veracruz, in three characteristic stations. The methane cycle was

characterized in two transects, one longitudinal and one transversal. The first one covered the
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salinity gradient caused by the mixing of fresh water, coming from a river (Cafio Grande) in the
southern end of the lagoon, and seawater, in the opposite side. The second transect covered an area
dominated by mangroves up to the exit of La Mancha to the sea. A strong seasonal regulation was
observed which in turn influenced the entrance of freshwater to La Mancha. In particular, the rainy
season, in which the river discharge, organic matter and sea water input increase, the greatest
variability and magnitude of emissions was observed. The results presented in this work highlight
the importance of carrying out studies that characterize with high spatiotemporal resolution coastal

water bodies.
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3. Introduccion

La reduccion de emisiones de los gases de efecto invernadero (GEI) tiene un lugar primordial en
la agenda del cambio climético. EI metano (CHa4) destaca por ser el segundo gas de efecto
invernadero méas abundante en la atmosferay tener un potencial de calentamiento 28 veces superior
al del didxido de carbono (CO2; Saunois et al., 2019). Este gas es liberado a la atmdsfera a través
de diversos procesos antropogénicos y naturales, sin embargo, se estima que el 37% de las
emisiones, aproximadamente 210 Tg-CHa por afio, provienen de fuentes naturales. Entre éstas,
sobresalen los cuerpos de agua situados hacia adentro de la zona costera, también conocidos como
aguas interiores, que incluyen lagos, rios, lagunas, reservorios y humedales. Se caracterizan por
ser sitios de intenso intercambio de carbono (C; Cole et al., 2007), provocando que sean fuentes
desproporcionadas de GEI. A pesar de cubrir aproximadamente el 2.4% de area terrestre se estima
que contribuyen 23% de las emisiones globales totales (Bastin et al., 2019; Bastviken, Tranvik,

Downing, Crill, & Enrich-Prast, 2011; Saunois et al., 2019).

En los cuerpos de agua existe una gran diversidad de microorganismos que, como parte de su
metabolismo, producen y consumen GEI. Los procesos que se desarrollan en el agua y los
sedimentos dependen del estado redox, mismo que se ve determinado por la concentracion de los
aceptores terminales de electrones disponibles. Esto quiere decir que los procesos asociados a la
reduccion de cierto aceptor de electrones mas favorable energéticamente seran priorizados sobre
otros. La sucesion ecologica de los aceptores terminales de electrones ordena de manera
decreciente la energia libre que resulta de la reduccion de cierto aceptor de electrones como:
oxigeno (O2) > nitrato (NO32) > manganeso (Mn) (1V) > hierro (Fe) (111) > sulfato (SO4?) > CO;

(McMahon & Chapelle, 2008). Este ordenamiento indica que los procesos aerobios, aquellos
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asociados al Oz, serén los mas favorables, mientras que aquellos asociados a la reduccion de CO-

seran los menos favorables.

El agua entre la superficie y los sedimentos, o columna de agua, tendrd una cierta distribucion
profundal de aceptores y donadores de electrones regida por procesos de produccion y consumo.
Adicionalmente, en el caso de los gases disueltos, la columna de agua puede recibirlos o emitirlos
hacia la atmdsfera dependiendo si el gas se encuentra en insaturacion o sobresaturacion. El grado
de saturacion se vera determinado a su vez principalmente por el balance entre las tasas de
produccion y consumo. En el caso del O, su produccién se lleva a cabo a través de la fotosintesis,
en la zona fética del lago (capa superior de la columna de agua que recibe luz, mientras que se
consume por la respiracion heterétrofa, comiunmente presente en toda la columna de agua. EIl O
producido o capturado en la superficie se difunde hacia los sedimentos por diferencia de
concentracion. Por lo tanto, es comun observar que la concentracion de O- es alta en la superficie
y disminuye conforme se aumenta la profundidad. En el caso del CO, producido por la respiracion
heterétrofa y consumido por la fotosintesis, suele mostrar el comportamiento contrario al Oz en el
sentido de que se encuentra usualmente en concentraciones relativamente mayores en las capas

inferiores de la columna de agua, comparado con las aguas superficiales.

Por otra parte, la produccion de CH4, 0 metanogénesis, por ser un proceso con bajo rendimiento
energético, ocurre en ambientes donde otros aceptores de electrones mas favorables son limitantes.
De ahi que en condiciones oxicas, la metanogénesis no ocurre. Las concentraciones a lo largo de
la columna de agua, también conocidos como perfiles de concentracion, reflejan este mismo

fendomeno. Asi como la concentracion de Oz disminuye conforme aumenta la profundidad, la
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concentracion de CHy tiene el comportamiento contrario, alta concentracion en los sedimentos que

disminuye conforme se acerca a al agua superficial.

La Figura 1, ademé&s de mostrar los perfiles de concentracion de CHs y Oy, ilustra las relaciones
que se establecen entre los diversos bioprocesos involucrados en la produccion de consumo de los
gases mencionados. La metanogénesis, el consumo de CHs4, 0 metanotrofia, y la respiracion se
encuentran parcialmente reguladas por el O,. La metanogénesis es realizada por arqueas
metandgenas que se encuentran en los sedimentos anaerobios. Los procesos anaerobios de
mineralizacion que ocurren en los sedimentos producen sustratos que son consumidos por las
arqueas metandgenas para producir CHa. Actualmente se sabe que existen tres rutas metabdlicas
anaerobias principales a traves de las cuales se lleva a cabo la metanogénesis en los cuerpos de
agua: (i) la ruta metilotrofica, que utiliza compuestos metilados; (ii) la acetoclastica, cuyo sustrato
para la produccion de CHg es el acetato (CH3OH); y (iii) la hidrogenotrofica, a través de la cual se
reduce CO; utilizando H> como donador de electrones (Thauer, 1998). En contraste a la
metanogénesis, la metanotrofia puede ser aerobia o anaerobia y puede ocurrir tanto en los
sedimentos como en la columna de agua. La metanotrofia aerobia procede con el uso de O, como
aceptor electrones, sin embargo, altas concentraciones de O pueden ser inhibitorias, ya que el
rango optimo de concentracion de O es relativamente bajo (7.8 — 31.3 umol L; Thottathil et al.,
2018). La metanotrofia anaerobia presenta una mayor variedad de aceptores de electrones como
sustancias himicas, nitrato, sulfato, 6xidos de hierro, manganeso y, posiblemente, otros metales

(Egger et al., 2015; Ettwig et al., 2016; Timmers et al., 2017; Valenzuela et al., 2020, 2017).

La disponibilidad de la materia organica, la temperatura y la salinidad del ecosistema acuético

juegan un rol importante en la actividad metandgena y metanétrofa (Blake, Tveit, @vreas, Head,
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& Gray, 2015; Cui et al., 2015; Osudar, Matoust, Alawi, Wagner, & Bussmann, 2015; Yuan,
Conrad, & Lu, 2009; Zeikus & Winfrey, 1976). Los ecosistemas acuaticos son clasificados de

acuerdo con su productividad primaria fotosintética, es decir, la produccion de materia organica a
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Figura 4.2. Esquema simplificado de los componentes principales del ciclo del CHa. Se presentan
los bioprocesos mas relevantes para el ciclo del CHas en ecosistemas acuaticos. Del lado derecho
se presentan, con fines ilustrativos, los perfiles de concentracion de CHa, CO2 y O disueltos de un
cuerpo de agua tipico. PAR: radiacién fotosintéticamente activa.

partir de la energia solar. Se clasifican en estados tréficos de manera creciente como oligotréficos,
mesotroficos, eutréficos e hipereutroficos. Los ecosistemas eutrofizados presentan una alta
productividad y se caracterizan por tener bajos niveles de O, ya que la materia organica producida
en exceso es respirada de manera aerobia agotando el O» (Wetzel, 2001). Dichas condiciones son

favorables para la metanogénesis, de tal forma que existe una relacién positiva entre el estado
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trofico y las emisiones de CHs (Deemer et al., 2016; DelSontro, Beaulieu, & Downing, 2018;
Gonzalez-Valencia, Sepulveda-Jauregui, et al., 2014). La tendencia actual es que los ecosistemas
acuaticos son impactados de forma creciente por descargas de contaminantes antropogéenicos que
ocasionan eutrofizacion cultural (Istvanovics, 2009; Y. Wen, Schoups, & Van De Giesen, 2017).
En ese contexto, se espera que los ecosistemas acuaticos eventualmente emitan cantidades cada

vez mayores de GEI (Sepulveda-Jauregui et al., 2018).

La temperatura ha sido identificada como un agente de control sobre la composicion de las
comunidades microbianas ligadas al ciclo del CHs (X. Wen et al., 2017), ya que tanto la
metanogénesis como la metanotrofia son procesos bioldgicos realizados principalmente por
organismos mesofilos, con una temperatura Optima alrededor de los 20 a 40 °C (Serrano-Silva,
Sarria-Guzméan, Dendooven, & Luna-Guido, 2014). En contraste, la salinidad impacta
negativamente a la metanotrofia y metanogénesis por ser un agente de estrés debido al desbalance
osmotico (Osudar et al., 2015). En su metaanalisis, Wen et al. (2017) determinan que el nivel de
salinidad regula fuertemente la composicion de arqueas metanogénicas. Las arqueas metandgenas
de lagos alcalinos, ambientes marinos y humedales se agrupan, en contraste con metandgenas de
ecosistemas terrestres o de agua dulce. Existe una variedad de osmorreguladores metilados que
confiere una ventaja a las metandgenas metilotroficas del género Metanosarcina que se han
encontrado en ambientes hipersalinos (Ferry, 2012, Liu et al., 2016). A pesar de que se ha
encontrado una correlacion negativa entre produccion de CHs y salinidad en algunos ambientes y
que la salinidad inhibe la metanogénesis hidrogenotréfica, también existe evidencia de que la

salinidad favorece la metanotrofia acetoclastica (Liu et al., 2016).
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Los ecosistemas acuaticos costeros, como los manglares, estuarios y lagunas costeras, suelen
presentar gradientes de salinidad que van desde agua dulce, con niveles inferiores a 0.5%o de
salinidad, hasta agua salina, con >30%o de salinidad. EStos ecosistemas son un enlace vital para el
intercambio de carbono entre el ecosistema marino y terrestre. Ademas, se caracterizan por tener
alta productividad primaria y alta variacion espaciotemporal debido a que tienen topografia y
mareas variables. La alta variabilidad de estos ecosistemas es tal que en algunos sitios no se
encuentra actividad metanogénica y la concentracion de CH4 se encuentra por debajo del nivel de
saturacion, mientras que otros llegan a tener concentraciones similares a la de los ecosistemas de
agua dulce (Bridgham, Cadillo-Quiroz, Keller, & Zhuang, 2013; P.-C. Chuang et al., 2017; P. C.
Chuang et al., 2016; dos Santos Furtado, Casper, & Esteves, 2002; Fonseca, Minello, Marinho, &
Esteves, 2004; Verma, Subramanian, & Ramesh, 2002). Cabe destacar que la dindmica del CH4
en estos ecosistemas no esta bien documentada y, al igual que los ecosistemas de agua dulce, existe

una subrepresentacion de los ecosistemas tropicales (Bridgham et al., 2013; Deborde et al., 2010).

Los factores hasta ahora mencionados impactan el balance entre la metanogénesis y la
metanotrofia, y por extension juegan un papel importante sobre la magnitud de las emisiones de
CHs. Sin embargo, existen aspectos adicionales que regulan el intercambio gaseoso entre el agua
y la atmosfera. Las emisiones de CHs de los ecosistemas acuaticos pueden ocurrir por dos
mecanismos principales: difusion y ebullicion. EI primero se refiere a la emision que se da por el
gradiente de concentracién que surge entre los sedimentos, la columna de agua y la atmosfera,
mientras que el segundo se refiere a la liberacion de burbujas de CH4 formadas en los sedimentos,
que escapan rapidamente hacia la atmosfera. Las emisiones ebullitivas son mas dificiles de

caracterizar dado que se trata de un fendmeno estocastico y que ocurre de manera heterogénea en
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los cuerpos de agua (Casper, Maberly, & Hall, 2000). En general, las emisiones estan sujetas a
variaciones espaciales y temporales que son problematicas para su estimacion dentro de un mismo
cuerpo de agua, ya que las mediciones con alta resolucion temporal y espacial son escasas
(Natchimuthu et al., 2016). Asimismo, las estimaciones de emisiones acopladas a modelos de
velocidad de viento tienen un rango de error alto (Schilder et al., 2013). Hasta hace relativamente
poco, este tipo de mediciones predominaban en la literatura, pero actualmente la recomendacion
es realizar mediciones de fluxes a lo largo de transectos espaciales. Algunos factores que
contribuyen directamente a la variabilidad de las emisiones en un mismo lago se describen

brevemente a continuacion.

Schilder et al. (2013) encontraron que habia un efecto de la morfologia del lago sobre la relacion
entre el coeficiente de intercambio gaseoso (k) y la velocidad del viento. Las concentraciones de
CHys superficiales son mayores en zonas de baja profundidad en lagos o zonas que reciben un flujo
externo (Murase, Sakai, Sugimoto, Okubo, & Sakamoto, 2003; Schilder et al., 2013), una mayor
concentracion de CHa se traduce a una mayor emision. Adicionalmente, la variabilidad temporal
en las condiciones climaticas tiene un gran impacto en las emisiones. Los lagos suelen separarse
en dos capas durante el verano a través de un fendémeno conocido como estratificacion. El
calentamiento de la capa superior del lago, o epilimnio, produce una separacion por diferencia de
densidad respecto a la capa inferior, o hipolimnio, ya que ésta ultima se encuentra a una menor
temperatura que impide el mezclado de ambas capas. Conforme se acerca el invierno, la capa
superior se enfria y permite el mezclado de las capas. Sin embargo, en la capa inferior puede llegar
a almacenarse una masa importante de CH4 durante la estratificacion, y el mezclado ocasiona su

liberacion a la atmosfera (Gerardo-Nieto, Astorga-Espafia, Mansilla, & Thalasso, 2017). Estos
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factores, en conjunto con las corrientes de aire, precipitaciones y cambio de presion, contribuyen
a la variabilidad de las emisiones de CHa. Finalmente, la ubicacion de un ecosistema acuatico dado
en cierta zona geogréfica, regulara la dindmica de los GEI y el O, de acuerdo a las caracteristicas
propias del sitio y las condiciones climaticas. Desafortunadamente, la mayoria de los trabajos de
investigacion se limitan a cierta zona geografica/climatica, lo cual resulta problematico dado que

existen variaciones regionales que no deben ser generalizadas.

Con gran razon la emision total de CH4 derivado de ecosistemas acuaticos es uno de los aspectos
con mayor incertidumbre dentro del inventario global de CH4 (Saunois et al., 2019). Esta
incertidumbre se debe a la alta variabilidad espacial y temporal de estos ecosistemas, por ello es
necesario realizar camparias de muestreo que permitan: (i) representar las variaciones espacio-
temporales dentro de un mismo lago y (ii) evitar el sesgo en las estimaciones globales por la
sobrerrepresentacion de ciertos ecosistemas acuaticos o latitudes. De este ultimo punto los
ecosistemas subtropicales, tropicales, salinos y costeros son algunos ecosistemas con poca
representacion en la literatura (Aguirrezabala-Campano, Gerardo-Nieto, Gonzalez-Valencia,
Souza, & Thalasso, 2019; Camacho et al., 2017; Deborde et al., 2010; Gonzalez-Valencia,
Sepulveda-Jauregui, et al., 2014). Este trabajo de investigacion esta enfocado al desarrollo y uso
de métodos de alta resolucion espaciotemporal para la caracterizacion de la dinamica de CHa, CO2

y Oz en ecosistemas escasamente estudiados.

Antecedentes directos

La caracterizacion del ciclo de los GEI (CHs y CO.) y O2 en lagos debe contemplar la medicion
de las emisiones hacia/desde la atmosfera y la caracterizacion de los principales bioprocesos

involucrados; produccién primaria, respiracion, metanogénesis y metanotrofia. Tal como lo
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describiremos en la seccion de materiales y métodos, asi como en la seccion de resultados, se

pueden cuantificar dichos procesos mediante tres grupos de metodos;

1. Medicidn de las emisiones: Las técnicas actuales se basan en la colocacion de camaras estaticas
en la superficie del agua. Esas cAmaras colectan los gases emitidos y mediante la toma de muestras
y su posterior andlisis en laboratorio, permiten cuantificar las emisiones. Estas técnicas son
relativamente faciles de implementar pero; (i) requieren transferir las muestras del ecosistema al
laboratorio y (ii) requieren de largos periodos de mediciones (de 4 a 8 horas por punto de
muestreo). Por estos inconvenientes, la cuantificacion de las emisiones se basa comdnmente en un
namero limitado de mediciones. Por ejemplo, mediante una revision de la literatura, Martinez-
Cruz, (2011) mostro que la cuantificacion de las emisiones se limita en general de 3 a 20
mediciones por ecosistema. Dada la alta variabilidad espacial y temporal de las emisiones (Ortiz-
Llorente y Alvarez-Cobelas, 2012), un nimero tan limitado de mediciones resulta estadisticamente
poco representativo. No obstante, cabe destacar que en la literatura se reporta cada vez mas el uso
de detectores conectados a las cdmaras, lo cual permite reducir considerablemente el tiempo de

estudio.

2. Medicion de gases disueltos en agua: La mediciéon del oxigeno disuelto (OD) se realiza
tradicionalmente con un sensor polarografico o galvanométrico que se sumerge a la profundidad
deseada y permite obtener perfiles discretos de concentracion. el OD se puede determinar in situ
con electrodos que, no obstante, tienen el inconveniente de tener tiempos de respuesta
relativamente lentos, haciendo necesaria la espera de varios minutos para la medicion de OD en
un punto especifico. Por otra parte, las técnicas actuales para la determinacion de CH4, y CO2 se

basan en la toma de muestras discretas de agua que son colocadas en viales que contienen un
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espacio de cabeza de un gas inerte, libre del gas que se desea medir. Después del establecimiento
de un equilibrio gas/liquido por agitacion a temperatura controlada, se mide la concentracion del
gas de interés en el espacio de cabeza por cromatografia u otra técnica, y se determina la
concentracion en la muestra mediante el calculo del equilibrio gas/liquido (ley de Henry). Al igual
que las técnicas de medicion de fluxes, esta técnica es relativamente sencilla, pero requiere de
largos tiempos de medicion, limitando el nimero de mediciones que se pueden realizar para la

caracterizacion del ecosistema.

3. Medicién de las actividades microbianas mediante incubaciones: La determinacion de la
actividad metanotrofica se basa usualmente en la incubacion de muestras de agua del sitio de
interés en viales con espacio de cabeza enriquecido con CHa y Oz. A tiempos regulares, se toma
una muestra del espacio de cabeza en la cual se determina la concentracion de CHa. Esta estrategia
permite determinar la disminucién de la concentracion del CHs en el tiempo, pero modifica
sustancialmente la cinética de la reaccidn debido a la adicion de CH4 y O2. Por lo tanto, el resultado

no corresponde a las condiciones reales del ecosistema del cual proviene la muestra.

Como fue descrito anteriormente, los métodos actualmente utilizados para caracterizar el ciclo de
los GEI tienen serias limitantes, que impiden su caracterizacion con alta resolucion
espaciotemporal y/o bajo las condiciones prevalentes en los ecosistemas. Es por esa razén que el
grupo de trabajo en el cual se realizd la presente tesis ha desarrollado recientemente varios métodos
de alta resolucién, incluyendo pero no limitado a (i) la medicion de emisiones de GEI (Gerardo-
Nieto et al., 2017; Gerardo-Nieto, Vega-Pefiaranda, Gonzalez-Valencia, Alfano-Ojeda, &
Thalasso, 2019; Frederic Thalasso et al., 2020), (ii) la determinacion de la concentracion de gases

disueltos con alta resolucion espacial (Gonzalez-Valencia, Magana-Rodriguez, et al., 2014,
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Frédéric Thalasso et al., 2020), y (iii) la determinacion de las actividades metanotréficas
(Martinez-Cruz et al., 2018). Esos métodos, que forman la base metodoldgica del presente trabajo,
no contemplan la medicion de las emisiones de oxigeno a/desde la atmdsfera, la determinacion del
consumo/produccion de oxigeno durante los ensayos de incubacion y la determinacién con alta

resolucion espacial de la concentracion de oxigeno disuelto.
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4. Justificacion

El aumento de los GEI en la atmosfera causa el cambio climatico. EI CH4 es un importante GEl,
es el segundo més abundante y tiene una fuerza radiativa 28 veces superior a la del CO». Los
ecosistemas acudticos son fuentes naturales importantes de CHs con alta variabilidad
espaciotemporal. Dado que algunas zonas geogréficas se encuentran subrepresentadas en la
literatura y que los métodos tradicionales no permiten describir adecuadamente la dindmica del
CHa, existe una incertidumbre considerable asociada a las estimaciones de CH4 de ecosistemas
acuaticos. Por lo tanto, existe una creciente necesidad por caracterizar ecosistemas escasamente

estudiados y desarrollar métodos con mejor desempefio, precision y frecuencia de mediciones.
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5.

1)

2)

Objetivos generales y especificos

Completar el paquete de métodos de alta resolucidn para la caracterizacion del ciclo del metano
en ecosistemas acudticos (emisiones, concentracion y actividad) con el desarrollo de un método
para la determinacion de (i) gases disueltos (CHa, CO2, y O2) en la columna de agua con alta
resolucion espacial y temporal, y (ii) actividad biologica (metanotrofia, metanogénesis y

sulfatorreduccion)

a) Acoplar la medicion de OD con alta sensibilidad y frecuencia de lectura al actual método

de medicion M-ICOS

b) Acoplar la medicion de OD en los ensayos de actividad metanotréfica

c) Desarrollar un método para cuantificar actividad metanogénica en columna de agua

d) Desarrollar un método para cuantificar la actividad metanogenica y sulfatorreductora en

sedimentos

Aplicar los métodos desarrollados para caracterizar el ciclo del CH4 en ecosistemas acuaticos

de agua dulce y salobre escasamente estudiados

a) Manantiales de Cuatro Ciénegas

b) Reservorios subtropicales

c) Ecosistemas costeros
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6. Materiales y métodos

El ciclo del CH, estd compuesto por tres procesos principales: produccion, consumo y emisiones.
Existen diversas tecnologias para realizar la caracterizacion de los procesos involucrados en el
ciclo del metano; sin embargo, se describiran a continuacion los métodos més relevantes para este

trabajo.

La espectroscopia de l&ser de cavidad integrada (Off-Axis Integrated-Cavity Output Spectroscopy,
OA-ICQOS) es la plataforma tecnoldgica que se eligié para la deteccion de GEI en este trabajo. La
integracion de la cavidad dptica en espectroscopia provoca un aumento considerable en la longitud
efectiva de interaccion entre el laser y la muestra. El sistema Analizador de Gases de Efecto
Invernadero Ultraportatil (UGGA) que se utilizo en este trabajo cuenta con tecnologia desarrollada
por Los Gatos Research, Inc. de Mountain View (CA). En éste, la intensidad del laser de onda es
registrada a la salida de la cavidad de OA-ICOS. La excitacion fuera del eje fue implementada
como medida para mejorar el desempefio de la espectroscopia laser de cavidad integrada. Esta
herramienta de andlisis permite tener alta resolucién temporal, precision de partes por billén (ppb;
Los Gatos Research, 2017), alta exactitud y presenta notables ventajas sobre otros instrumentos
por su robustez y portabilidad que permite realizar mediciones in situ (Romanini, Ventrillard,
Méjean, Morville, & Kerstel, 2014). El célculo de la concentracion de los GEI se determina a partir
de la absorcion registrada, haciendo uso de la ley Beer-Lambert. En este grupo de trabajo, OA-
ICOS fue acoplado a la cuantificacion de emisiones, actividad metanotréfica real y gases disueltos
en la columna de agua. Las ventajas de este metodo sobre cromatografia de gases (CG) es que es

mas rapido, no es invasivo y se puede realizar en el sitio.
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La determinacion de la actividad metanotrofica real se realizo a través de un método modificado
de Kankaala et al. (2006). En éste, se contiene la muestra de agua de cierta profundidad en una
jeringa de vidrio que es impermeable a CH4, CO2 y O2. Se toman submuestras de volumen
conocido en otra jeringa, sin contacto con la atmdsfera, a la que se le agrega un volumen conocido
de nitrégeno (N2) libre de CHs y COa. Se realiza el monitoreo de la concentracion de CHs y CO2
en el tiempo vy, a partir de las concentraciones, se estima el consumo de CHa4 en la muestra. Este
método tiene la ventaja de minimizar el cambio de las condiciones reales vy, al estar acoplado a
OA-ICOS, a tener una mayor sensibilidad (1 ppb). Una contribucion importante de esta
investigacion fue el acoplamiento de la medicion simultdnea de OD en conjunto con CHs y CO..
Para lograrlo, se colocaron sensores dpticos en el interior de las jeringas, permitiendo la medicion
no invasiva de la concentracion de DO (Sensor Spots PSt3 y PSt6, PreSens, Alemania). Por lo
tanto, se puede monitorear el consumo de O (respiracion aerobia) conforme se mide la actividad

metanotrofica. Este desarrollo permite ademas discernir entre metanotrofia aerobia y anaerobia.

La medicion in situ del CH4 disuelto en la columna de agua utilizando una membrana de
intercambio (M-ICOS) fue desarrollado en el trabajo de Gonzalez-Valencia et al. (2014). M-ICOS
consiste en una membrana de intercambio gas-liquido en la que la fase gaseosa fluye por dentro
de fibras de silicona con un area de intercambio de 1000 cm?. El agua extraida continuamente del
lago con una bomba peristaltica fluye a contracorriente por fuera de las fibras de silicona de la
membrana. Debido a las fuerzas difusivas, el CHs y CO2 contenidos en el liquido se transfieren a
la fase gaseosa que esta conectada a la entrada del UGGA. Utilizando este método se pueden
obtener tantos datos puntuales como se desee, pero normalmente se registran entre 60-100 por

metro de profundidad de la columna de agua. De manera similar a la metanotrofia, se acoplé un
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medidor déptico de oxigeno al sistema M-ICOS (FTC-PSt3, PreSens, Alemania), permitiendo la

determinacion simultanea de perfiles de concentracién de CHs, CO2 y Oo.

Finalmente, para la medicion de fluxes de CH4 emitidos de los lagos hacia la atmosfera se utiliza
el método de la camara flotante estatica. En contraste con métodos de micrometeorologia, la
camara estatica es un método de bajo costo que puede ser utilizado y transportado con facilidad,
ademas de requerir periodos mas cortos para obtener resultados (Duchemin, Lucotte, & Canuel,
1999). Ademas, dado que su manejo es sencillo puede cubrir amplias areas de muestreo y permite
observar variaciones espaciales de escala menor. El principio se basa en el método de Rolston
(1986), originalmente utilizado en suelo, pero facilmente adaptable para realizar mediciones en
cuerpos de agua. Consiste en colocar una cdmara que selle herméticamente con el agua y permitir
la acumulacién de gas dentro de la misma por un periodo de tiempo determinado. En este trabajo,
se conecto6 una salida de dicha cdmara en circuito cerrado al UGGA para observar la acumulacion

de gases en tiempo real con alta precision y resolucién temporal.
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7. Resultados y discusion

7.1 Dinamica el metano en las pozas subsalinas del Desierto Chihuahuense: Una primera

evaluacion
Articulo publicado en Science of the Total Environment
Resumen

La Cuenca de Cuatro Ciénegas en el desierto de Chihuahua se caracteriza por la presencia de mas
de 500 pozas ubicadas en una cuenca endorreica. Estas pozas son ecosistemas subsalinos
caracterizados por una concentracion de sulfato particularmente alta, comparable con ecosistemas
marinos. Este estudio se enfoco a evaluar los parametros fisicoquimicos principales en estas pozas,
junto con la caracterizacion de la dindmica del metano a través de la determinacion de fluxes,
concentracion de metano disuelto y actividad neta metanotrofica y metanogénica. A pesar de una
concentracion de sulfato que van desde 1.06 a 4.73 g L™, las pozas estudiadas mostraron una
produccién y emision moderada pero evidente, lo cual sugiere que la metanogénesis no es
completamente superada por la reduccion de sulfato. Los fluxes de metano fueron desde 0.12 a
0.98 mg m2 d?, los cuales caen en el rango superior de emisiones de las emisiones marinas y en
el rango inferior reportado para ecosistemas costeros y pozas salinas. Durante el verano, fue
observada una produccion de metano significativa en la columna de agua bajo condiciones 6xicas.
Aparte de los fluxes de metano, se determinaron fluxes de dioxido de carbono en niveles entre
0.20 y 0.53 mg m? d?, que esta en el rango reportado para lagos salinos del mundo. Nuestros
resultados representan evidencia adicional de que los ecosistemas salinos y subsalinos juegan un

papel importante en la emision de gases de efecto invernadero a la atmosfera.
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Methane cycling in the brackish ponds of the Chihuahuan Desert: a first assessment
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Abstract

The Cuatro Cienegas Basin (CCB) in the Chihuahuan desert is characterized by the presence of
over 500 ponds located in an endorheic basin. These ponds are subsaline ecosystems characterized
by a low productivity and a particularly high sulfate concentration, comparable to marine
environments. This study focused on assessing the main physicochemical parameters in these
ponds along with the characterization of the CH4 dynamics through the determination of fluxes,
dissolved CH4 concentrations, and net methanotrophic and methanogenic activity. Despite a
sulfate concentration ranging from 1.06 to 4.73 g L%, the studied ponds showed moderate but clear
CHs production and emission, which suggests that methanogenesis is not completely outcompeted
by sulfate reduction. CHs fluxes ranged from 0.12 to 0.98 mg m d-*, which falls within the higher
range of marine emissions and within the lower range reported for coastal saline lagoons and saline
ponds. During summer, significant CH4 production in the oxic water column was observed. In
addition to CHa, CO; fluxes were determined at levels from 0.2 to 53 g m2 d*, which is within the

range recorded for saline lakes in other parts of the world. Our results provide additional evidence
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that subsaline/saline aquatic ecosystems play an important role in the emission of greenhouse gases

to the atmosphere.

7.1.1 Introduction

Methane (CH4) is a major greenhouse gas (GHG) released to the atmosphere through diverse
anthropogenic and natural processes. Total global emission of CHs is estimated to 550 Tg per year,
including natural processes, which account to 51% (Kirschke et al., 2013). Aquatic environments
have been identified as a major natural source of CHa. In particular, lakesandreservoirsrepresentonly
3.7% of the total continental area (Verpoorter et al., 2014) but account for 16% of the global CH4
emissions (Bastviken et al., 2011; Saunois et al., 2016). Methane emissions from aquatic
ecosystems have been well described since the early 1960s (Koyama, 1963) and have been the
subject of a growing interest since the early 1980s (Harriss and Sebacher, 1981). However, relatively
little attention has been given to ponds, which represent a large fraction of land area (Verpoorteretal.,
2014). Indeed, 7% of the total lake area is covered by lakes with an area from 0.001 to 0.01 km?
(Downing and Duarte, 2006), which contribute approximately 18% of the global CH4 diffusive
emissions (Holgerson and Raymond, 2016). Similarly, our current knowledge on the CH4 cycling
is mostly limited to freshwater systems, while inland subsaline/saline aquatic ecosystems have
been generally undervalued (Alcocer and Hammer, 1998; Cole etal., 2007; Stenger-Kovacs et al.,
2014; Williams, 2002). Since CHas production is negatively correlated to salinity and sulfate
concentration (Wen et al., 2017), potentially low methanogenic rates are expected from these saline

ecosystems. However, the low methane production might be compensated, in terms of emissions, by
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the large fraction they represent to the total continental aquatic ecosystems; i.e., 23% of the total
area and 48% of the total water volume (Babkin et al., 2003; Wurtsbaugh et al., 2017).

Brackish and saline aquatic ecosystems are found in a diversity of environments wherever an
endorheic basin is subject to a balance between hydrological inputs and outputs (Williams, 2002).
These conditions are found in the Cuatro Cienegas Basin (CCB), which is located at the
northwestern edge of the Sierra Madre Oriental, a mountain range that delineates the Chihuahuan
Deserttotheeast (Figure 7.1.1). Thevalley is set on a complex geological structure and is composed
of endorheic and generally well-preserved basins resulting on the existence of over 500 ponds. CCB
is the product of desertification of a marine environment that existed in the area between the Late
Triassic and the Early Cretaceous (Souzaetal., 2012), which became part of the western seaway that
connected the Gulf of Mexico with Canada. The ponds of the valley are subsaline aquatic
ecosystems; i.e. salinity from 0.5 to 3%o (Hammer, 1986), dominated by sulfate (SO4>"), carbonate,
calcium, and magnesium ions (Minckley and Cole, 1968). Moreover, the ponds are characterized
by the presence of ancient and living microbialites, and by a high level of endemism (Alcaraz et al.,
2008; Kornfield et al., 1982; Minckley and Cole, 1968; Taboada et al., 2018; Taylor, 1966).

The ponds of the CCB have been well-studied in the fields of biodiversity and evolutionary ecology,
while relatively little attention has been paid to the biogeochemical functioning of these aquatic
ecosystems. To the best of our knowledge, CH4 dynamics in Cuatro Cienegas ponds has never been
reported before. An assessment of CH4 dynamics and emissions in these ponds is therefore of major
importance, not only to address the knowledge-gap previously described, but also to serve as a
baseline condition for pristine subsaline/saline environments with which to compare other
chronically polluted ecosystems. In this context, the objective of this study was to characterize, for

the first time, CH4 cycling and emissions in five ponds of the CCB, in different seasons. Our study
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included the determination of CH4 emissions, dissolved CH4 concentrations within the water
column, and CH4 production/oxidation rates. To complement data on CH4 cycling, carbon dioxide
(COy) flux and dissolved CO> concentrations, dissolved oxygen (DO) concentrations, and several

other physicochemical parameters were also measured.
7.1.2 Materials and methods

7.1.2.1 Site description

In CCB, the Sierra de San Marcos divides the valley into east and west sub-basins (Wolaver, 2008;
Figure 7.1.1). Depending on the sub-basin in which they are located, the physicochemical
characteristics of the ponds are likely to differ. Eastern ponds have generally lower discharge,
temperature, and total dissolved solids relative to the western ponds (Wolaver et al., 2008). In both
sub-basins, the ponds are recharged by groundwater flowing from the mountain ranges
(Johannesson et al., 2004; Wolaver et al., 2013, 2008), although on the western side, a significant
water input comes from the 91,000 km? carbonate aquifer located underneath the region (Wolaver
etal., 2008). This deep water has a magmatic influence that maintains the water cycle in the wetland
and explains the high sulfur concentrations in the water (Wolaver et al., 2013). For example, the
Cuatro Cienegas ponds have SO42~ concentrations comparable to marine environments (>1 g
L~ Holmer and Storkholm, 2001; Escalante et al., 2008; Minckley and Cole, 1968). It has also
been suggested that the microbes and viruses in the ponds still contain the genetic signatures of
the ancient marine ecosystems that once prevailed in the region (Desnues et al., 2008; Souza et
al., 2018; Souza et al., 2006). Moreover, the ponds are characterized by the presence of ancient
and living microbialites, and by a high level of endemism (Alcaraz et al., 2008; Kornfield et al.,

1982; Minckley and Cole, 1968; Taboada et al., 2018; Taylor, 1966) including fishes (e.g.,
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Herichthys minckleyi), turtles (e.g., Terrapene Coahuila), crustaceans (e.g., Leptocaris
stromatolicolus), mollusks, and gastropods. These exceptional and unique characteristics have led
to the CCB being granted the status of a Federal Natural Protected Area, and it is considered the most
important wetland in the Chihuahuan Desert, also recognized as a Ramsar site; i.e., wetland of
international importance.

102.40°W 102.30°W 102.20°W 102.10°W 102.00°W 101.90°W 101.80°W

27.00°N 27.00°N

26.90°N 26.90°N
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Figure 7.1.1. Cuatro Cienegas Valley. The valley is in the Northeast of Mexico as shown in the
yellow rectangle. The colored golden area represents the valley, while the delineated mountain is the
Sierra de San Marcos which divides the basin in east and west sub-basins. The ponds have been
numbered as 1: Poza Becerra (PB), 2: Poza Manantial (PM), 3: Poza Churince (PCH), 4: Poza Azul
(PA), and 5: Poza Los Hundidos (LH).

A total of five ponds were selected, which according to their local names were: Poza Azul (PA),
Los Hundidos (LH), Poza Becerra (PB), Poza Manantial (PM), and Poza Churince (PCH, also
described in other studies as intermedia lagoon; Table 7.1.1). An initial field campaign was
performed in April 2016, at PA, PM, and PCH. During a second campaign, we observed that PM and
PCH, both part of the same hydrological system (Cerritos et al., 2011), were desiccated, probably
due to misman agement of groundwater resources by agriculture (Leal Nares et al., 2018; Souza

etal., 2018). Thus, an alternative strategy was selected in which we opted for the characterization
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of the three permanent ponds (PA, LH, and PB) over two contrasting seasons; measurements were
made in January and August 2017, the months with the greatest thermal contrast, with a mean
temperature of 12.8 and 28.7 °C, respectively (SMN; Sistema Meteoroldgico Nacional, 2011).
Despite the fact that precipitation is highly variable from year to year, historical records show that
January corresponds to the dry season and August corresponds to the wet season, with average
monthly precipitation rates of 12.3 and 29.4 mm, respectively (SMN; Sistema Meteoroldgico
Nacional, 2011).

Table 7.1.1. Morphometric parameters of the selected Cuatro Cienegas Valley ponds. Aw: surface
area; Zm: mean depth; Zmax: maximum depth; V: total volume.

Pond Poza Azul  Poza Becerra Los Hundidos Manantial Churince
Season All seasons  All seasons ~ Winter  Summer Spring Spring
Latitude  26°49'39"N  26°52'42"N 26°52'13"N 26°50'25"N  26°50'54"N

Longitude 102° 1'27"W  102° 8'17"W 102° 1'13"W 102° 8'3"W  102° 8'29"W
Ay (M?) 1,800 3,000 1,200 1,200 1,100 10,900
Zm (M) 3.52 1.18 1.56 1.06 0.96 0.3
Zmax (M) 9.5 3.3 4.89 4.21 2.1 0.5
V (m?) 6,500 3,500 1,900 1,300 1,000 3,200
Transect 45 140 75 75 45 210

length (m)

7.1.2.2 Limnological characteristics

Water depth was measured in over 20 locations in each pond with a portable sounder (Depthmate
Portable Sounder, Speedtech, USA). A global positioning system (eTrex 20, Garmin, USA) was
used to determine the location of each measurement in the ponds. The pond surface area (Aw) was
obtained through image analysis of aerial photographs obtained from Google Earth Pro (v. 7.3).
Pond volumes (V) were determined from depth and area measurements. The average depth (Zm) of

each pond was obtained by dividing the total volume by the total area.
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Physicochemical measurements were made at sampling sites along the longest section of each pond,
referred to as the longitudinal transect (Table 7.1.1; Figure 7.1.2). Along each transect, from 7 to 15
locations were selected, depending on the size of the pond, for physicochemical measurements.
Temperature, conductivity, oxidation-reduction potential (ORP), pH, salinity, and dissolved oxygen
were measured with a multiparametric probe (HI 9828, Hanna Instruments, Mexico, and YSI 556
MPS, Xylem Analytics, USA). These measurements were made from the surface of the water to
the sediment at the bottom of each pond at depth intervals of 1 m, or 0.3 m when depth was b1 m.
Chlorophyll-a concentrations were determined in August 2017 using a Hydrolab MS5 (OTT
Hydromet, USA), calibrated according to the operating manual which included a chlorophyll
standard. For the determination of SO4>" concentrations in surface and bottom water (0.2 m depth
and justabove sediments, respectively), samples weretaken with ahorizontal 2.2-L VVan Dorn bottle

(Wildco, Mexico) and analyzed according to standard methods (APHA, 2012).

7.1.2.3 Greenhouse gases fluxes
CHaand CO- fluxes were determined with a floating static chamber (SC) connected to an ultraportable
greenhouse gas analyzer (UGGA, Los Gatos Research, USA) in a closed circuit. Fluxes were

determined according to Eq. (1):

__AC Vsc

F= At " Asc (1)

where F is the flux (mg m™2d™!); AC is the change in CH4 or CO- concentrations observed in the SC
over the measured time interval At; Vsc is the SCvolume (7.8 L); and Asc isthe areaof the SCin contact
with the water surface (0.096 m?).

The SC method measures the total flux at the surface of the ecosystem and includes both diffusive

and ebullitive fluxes. Since the method includes a continuous measurement of CH4 and CO»
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concentration with a frequency of 1 Hz, it allows for a clear distinction between both emission modes.
Indeed, any ebullitive event would be observed as an abrupt step increase in the concentration,
while diffusive flux would be observed as a linear concentration increase. Thus, prior to the flux
measurements and to determine if ebullitive fluxes were present, visual observations of the area were
performed and long-term (15 min) flux measurements were taken in the littoral zones of the
ponds; i.e., where ebullition is more frequently observed (Natchimuthu et al., 2016). As it will
described in the Results and Discussion section, no ebullitive event was observed over a total of
40 h of continuous flux measurement. Thus, only diffusive fluxes were considered, and two criteria
were used to validate measurements, as reported by Duchemin et al. (1999): first, the initial
concentrations were close to ambient atmospheric concentrations, and second, the linear correlation
coefficient (R?) of the regression analysis exceeded 0.75. Triplicate flux measurements were done
at 10-20 positions, covering the entire surface area of the ponds, including the littoral zones. In each
case, fluxes measurements were started 30 s after positioning the SC on the water surface and
sustained over 3 min. All fluxes were measured under maximum daylight conditions; i.e., from 10

amto 5 pm.

7.1.2.4 Dissolved greenhouse gas concentrations

Dissolved CHs (Ccha) and CO2 (Cco2) concentrations in the water column were determined
according to the M-1COS method previously developed and reported by Gonzalez-Valencia et al.
(2014a). Briefly, this method consisted of a gas-liquid exchange membrane (PDMSXA- 1000,
Medarray Inc., USA) composed of an array of silicone hollow fibers, with a total exchange area of
1000 cm?. The water extracted from the pond constantly flowed around the hollow fibers, while

CHs4— and COg>-free nitrogen flowed inside the hollow fibers at a constant rate. Due to diffusive
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forces, the dissolved CH4 and CO- contained in the water were transferred to the gas phase, where
they were detected by the UGGA. The water was continuously extracted at the desired depth with a
peristaltic pump (12 V, Solinst, Mexico) at a flow rate of 1.2 L min™!, while the CHs—and CO;-
free nitrogen was flowing at a constant flow rate of 0.75 L min~!, controlled by a mass flow
controller (GFC 17, Aalborg, Mexico). According to the M-ICOS method, the setup was calibrated
at the beginning and at the end of each measurement day using a standard headspace equilibration
technique (Gonzalez-Valencia et al., 2014a). In order to obtain the Ccra and Ccop profiles, the
extraction probe was maintained just below the water surface for about 60 s, the probe was then
allowed to descend steadily at a rate of 1 m min~! until it reached the bottom of the pond, where it
was kept for an additional 30 s. Using this procedure, about 60 data points for dissolved gases were
acquired for each meter of water column depth. This method has been reported to have a lower limit
of detection of 4.4 ng L™* for CH4 and 6.6 ug L™* for CO, (Gonzalez-Valencia et al., 2014a).

In all estimations, water solubility of CH4 and CO> were calculated from the Bunsen coefficient, 3,
defined as the volume of gas absorbed by a volume of solvent at a partial pressure of 1 atm (with
units L L™ atm™ for CH4 and mol kg™t atm™ for CO,) as detailed by Liotta and Martelli (2012)
and in accordance with Eq. (2):

Ing = Ay + A, (70) + A;In (=) + S [31 + B, (—) + B (%)2] )

where A, and By, are constants for each gas; T is the water temperature (K); and Sis the salinity (PSU).

Bunsen coefficients were subsequently corrected for the partial pressure of the gases at each site.

7.1.2.5 Methane production/oxidation rates in water
In order to measure the net CH4 production/oxidation rates, water samples were taken from the

surface (ca. 0.2 m depth) or the bottom (ca. 0.1 m above sediments) of the ponds using a Van Dorn
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bottle. After sampling, the Van Dorn bottle was carefully turned to a vertical position and the top
rubber lid was fully opened. Then, 10-mL glass syringes were dismantled, fully submerged into the
water sample, filled and assembled again. This procedure ensured the absence of any bubble in the
syringes. These syringes were transferred to the laboratory as soon as possible (typically within
one to 3 h) for incubation in the dark at a constant temperature similar to the temperature of the
ponds. Then, at set time intervals, 2 mL sub-samples were transferred from each sample into 5-mL
plastic syringes, to which 3 mL of CHs— and CO»-free nitrogen were added. The syringes
containing the subsamples were then vigorously shaken for 30 s, to allow for gas/liquid
equilibration. The liquid volume in each sub-sample syringe was then evacuated, and the 3 mL gas
content was injected through a septum into a continuous flow of nitrogen passing through the
UGGA open circuit. The presence of CH4ineach injected sample was detected as a peak response that
was integrated after full calibration with known volumes of CHa. The CH4 concentrations in the
original samples were determined according to the Bunsen coefficient (Eq. (2)). These incubations
were sustained from five to seven days, during which a total of five triplicate measurements of CcHa
were performed to establish the net CHs production/oxidation rates. Sterile water samples
(autoclaved for 15 minat 121 °C) were used as controls and were measured following the same
procedures. This protocol allowed for the determination of net CH4 production/oxidation rates from
incubation with no headspace, thus without addition of DO and CH4, and therefore under the
conditions prevailing in the water column of the ponds. This is the reason why these CHa
production/oxidation rates can be referred as actual rates (Kankaala et al., 2006), in opposition to
potential rates determined in vials with headspace or spiked with CH4 or DO, as often reported in

the literature.
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7.1.2.6 Sediment characterization in Poza Becerra

A sediment sample was taken from the center of PB, using an Ekman dredge (Wildco, Mexico)
immediately placed in,a Ziploc bag and carefully sealed under water to avoid further contact with
air. The sample was used for the determination of SO4>” concentration, as well as methanogenic and
sulfate reduction rates through incu4bation assays. For the determination of SO4>~ concentration, the
sediment was mixed with water and filtrated through a 0.2 um membrane (Millipore, USA). Then,
the resulting water was used to determine SO4*~ according to standard methods (APHA, 2012). The
sediment sample used to determine methanogenic and sulfate reduction rates was transferred as
soon as possible (typically within one to 3 h) to an inflatable anaerobic chamber (AtmosBag, Sigma-
Aldrich, Mexico) under constant N2 flow. 130 g of sediments were diluted with 130 g of PB bottom
water, sampled with a VVan Dorn bottle. 15 mL of the resulting slurry were transferred, under constant
agitation and N2 flushing, to 120 mL serum bottles, which were then sealed with rubber stoppers
(Bellco, USA) and aluminum crimp caps. A total of 48 vials were prepared for triplicate determination
of methanogenic and sulfate reduction rates. At time intervals, over a 25-day period, three vials were
sacrificed for CH4 and sulfide (S™2) measurements, according to the following procedure; (i) 3
mL of ZnAc (40%) were added to each closed vial to precipitate S as ZnS using a syringe, (ii) 2
mL of the headspace was taken and measured in the UGGA, as described in Section 2.6, (iii) the
vials were opened and S™2 concentration was determined by the methylene blue method (APHA,
2012) using 1 mL samples of the slurry. Methanogenesis and sulfate reduction were quantified as

the change of concentration of CH4 and S~2 per unit of wet sediment (WS) volume and time.
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7.1.2.7 Data treatment and statistics

Data collected during the campaigns were used to generate contour maps for bathymetry, and CHs
and CO> fluxes. A contour map of the Ccra profile along the longitudinal transect of pond PB was
also created. The contour maps were generated by data interpolation using Surfer 11.0 software
(Golden Software, USA). Surfer provides 10 interpolation methods, from which the best method was
chosen based on two criteria (the mean absolute error and the mean bias error), following Willmott
and Matsuura (2006).

Data were tested for normality using the Shapiro-Wilk test. The physicochemical parameters were
compared among all ponds and seasons using a one-way analysis of variance (ANOVA) in
conjunction with the Tukey-Kramer test. Fluxes were compared on the basis of their medians using a
sign test. Bonferroni corrections were applied to avoid type I errors. All statistical analyses were

performed in MATLAB Statistics Toolbox (R2015a, Mathworks Inc.).
7.1.3 Results and discussion

7.1.3.1 Pond descriptions and physicochemical characteristics

The morphometry and transect length of the ponds are presented in Table 7.L1. Pondarea ranged from
1100 to 3000 m?, except PCH, which had a considerably larger area of 10,900 m2. Maximum pond
depth ranged from 0.5 m (PCH) to 9.5 m (PA), while volume ranged from 1000 m? (PM) to 6500
m? (PA). Bathymetric maps of the ponds are presented in Figure 7.1.2. The depths of PA and PB
remained unchanged throughout the field campaigns, while LH showed a reduction in depth of
about 0.7 m between January and August2017. PCH and PM were both desiccated after April 2016.
With the exception of PCH, aquatic life was observed in all ponds. This was minimal in PA but

abundant in LH and PB, as shown in Video S1 (link provided in supplementary material).
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Stromatolites were only observed in PA, while strong underwater resurgences; i.e., groundwater
input, were observed in PM and PB, having distinctive columns of resuspended sediments.

The key physicochemical parameters of the ponds are summarized in Table 7.12. A significantwater
temperature difference was observed between winter and summer in PA and LH, but not in PB (p
<0.05). This was probably due to the observed water resurgences, which may explain the
significantly higher water temperature of PB. A slight thermocline was observed during the summer

only in PA, where a temperature gradient of 1.3 °C was observed between the surface and a depth of

3m.
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Figure 7.1.2. Contour maps obtained from bathymetric data collected in: PA, Poza Azul; PM, Poza
Manantial; PCH, Poza Churince; LH, Los Hundidos; PB, Poza Becerra. The scale varies as shown by
the scale bar next to the ponds acronym (in m). The dotted line indicates the selected longitudinal
transects.

Overall, the water columns of the ponds were well-mixed and under oxic conditions, with DO

ranging from 3.0 to 6.6 mg L depending on the pond and the season. A near neutral pH was found
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in most of the ponds, except in PCH where a pH of 8.3 was observed. Chlorophyll-a concentrations
were below the detection limit of the Hydrolab (<0.1 pg L") at all depths in every pond, except at
the bottom of PA where a concentration of up to 2 pg L™* was measured during the summer. The
absence of chlorophyll is a clear indicator of low productivity, as it has been previously reported for
the Cuatro Cienegas ponds (Alcaraz et al., 2010; Elser et al., 2005; Escalante et al., 2008; Souza
etal., 2018). SO? concentrations similar to marine environments were observed, ranging from 1.06
t04.73g L', which is in agreement with previous reports (Corman etal., 2016; Escalante etal., 2008;
Johannesson et al., 2004; Minckley and Cole, 1968). In PB, SO4*>" concentrations measured in the
surface sediments (1.23 + 0.12 g L) were lower than those measured at the bottom of the water
column, above the sediment (1.75 + 0.06 g L™). This suggests active SO42~ reduction in the surface

sediments, which was confirmed during sulfate reduction assays, described in the next section.

7.1.3.2 Dissolved greenhouse gases

Mean Ccha values observed in the ponds are shown in Table 7.12. With the exception of PB, where
longitudinal and profundal gradients were observed (Figure 7.1.3), Cchsa Was homogeneously
distributed. In all ponds except PCH, Cchsa was between 4 and 92 times above the atmospheric
equilibrium, taking into account the salinity and the temperature of the ponds (Eq. (2)). In PCH, Ccra
was 30 + 3 ng L%, which was close to the Ccha in equilibrium with the atmosphere, i.e. 31 ng L.
These results indicate that the ponds, except PCH, are net CH4 producers, which combined with
relatively high concentration of SO42", suggest the coexistence of methanogenesis and SO+~ reduction
processes as previously reported for other subsaline/saline environments (Dupraz et al., 2009;
Oremland and Polcin, 1983; Schink and Stams, 2013; Sela-Adler et al., 2017). The latter was

confirmed experimentally, through incubation of surface sediment samples obtained from PB
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(Figure 7.1.S2). During these assays, a net CH4 production of 16.7 +5.25 x 10 pgm = d ™' and a net
SO4? reduction rate of 1.80 + 0.7 x 10° ug-S2 m™ d™! were observed. These rates correspond to
1.04 £0.33 x 10% and 56.4 +21.9 x 10° umol m~ d™!, for methanogenesis and SO4?" reduction,
respectively. It can be concluded that both processes coexisted, being SO4% reduction dominant
over methanogenesis, which is in agreement to the ecological succession of electron acceptors
(McMahon and Chapelle, 2008). Although the substrate used by both processes in CCB ponds is
unidentified, assuming acetoclastic processes, the observed rates would correspond
stoichiometrically (Okabe and Characklis, 1992; Whitman et al., 2006) to an acetate uptake of

98.2% through the sulfate reduction pathway.

PB
Winter
Mean 2.49 + 2.37 g L~

S~

A

HERNE

o 1 2 3 4 5 6 7 8

Cona (Mg L)
Figure 7.1.3. Longitudinal transect of Ccha profile for PB, Poza Becerra, during winter. Lines A and
B indicate zone of high CH4 concentration. A is the location of a resurgence, while no resurgence
was observed in B. The maximum depth and transect length correspond to the values reported in
Table 7.1.1.

During winter, a Ccna profundal gradient was observed in PB, which is an additional evidence of net
CHa production in the sediments of the ponds, as opposed to possible lateral transport. A longitudinal

gradient was also observed in PB, with higher concentrations found at the center of the pond,
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Table 7.1.2. Physicochemical parameters of the selected ponds (mean values over the entire water column at 1-m intervals). T:
temperature; DO: Dissolved Oxygen; TOC, total organic carbon; TN, total nitrogen,; SO4%" sulfates; PO4*: ortho-phosphates; Cond:
conductivity; ORP: oxidation-reduction potential; CcHa: mean dissolved CH4 concentration; Cco2: mean dissolved CO2 concentration.
NM: Not Measured. Standard deviations are shown in parentheses. Difference in superscript letters indicate significative differences
between means (Tukey-Kramer test; p < 0.05).

Pond Poza Azul Poza Becerra Los Hundidos Manantial Churince
(1D) (PA) (PB) (LH) (PM) (PCH)
Season Winter Spring Summer  Winter  Summer Winter Summer  Spring Spring
T Q) 21.55° 27.30¢ 30.40° 32.31f 33.19f 17.022 25.36° 26° 25.5°
(0.08) (0.70) (0.80) (0.62) (0.67) (0.73) (1.20) (0.30) (1.10)
DO (mg L) 5.44¢ 4.79° 6.32° 2.97° 3.112 6.59° 3.08° 3.68° 6.60°
(0.43) (0.40) (0.11) (0.79) (0.52) (1.44) (1.72) (0.52) (0.39)
H 7.530¢ 7.60° 7.56¢ 7.09° 6.70° 7.530e 7.37%¢ 7.45¢00¢ 8.31"
P (0.03) (0.10) (0.11) (0.26) (0.18) (0.08) (0.046)  (0.14) (0.52)
o 1.06? 1.83° 1.25 1.75% 1.25 4.73° 1.772 3.35°
SO& (g LY (0.04) NM 005)  (001)  (0.06) (0.05) (0.1) (0.04) (0.04)
Cond (S cm?) 2672° 2,666° 2,614 2,598  2,303° 4,688° 5,391° 2,526° 36,000¢
H (6) (140) (68) (53) (363) (33) (14) (29) (1000)
. 1.372 1.42° 1.17° 2.97° 1.30° 19.1¢
Salinity () NM ©o) o M 19 W (0.007)  (0.01) (0.6)
d 662° b b, 230¢ 442 6925
ORP (mV) 203 NM 96 138° 1240¢
) (7.40) (12) (39) (7 (23) (15) (5.40)
B 0.20° 0.15° 0.49b¢ 3.50¢ 0.12° 1.22¢ 0.62¢ 0.70° 0.03
Ccha (Mg L™ (0.026) (0.039) (0.18) (2.28) (0.11) (0.12) (0.20) (0.093) (0.003)
B 11.19f 9.7b¢ 10.70¢ 15.81¢  23.219 10.7¢ 9.37°¢ 9.44b 1.70
Co2(MgL?)  (123)  (25)  (135)  (103)  (150) (1.35) (349) (12 (0.76)
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corresponding to its deepest section and the region where resurgences were observed (marked as
line A in Figure 7.1.3). The possible input of exogenous CHas through resurgences was
investigated and discarded, as similar Ccra values were observed in a separate, deep section of the
pond where no resurgence was observed (marked as line B in Figure 7.1.3). There are scarce data
regarding Cchas in endorheic subsaline/saline lakes and, to the best of our knowledge, they have
been reported only for Lake Issyk-Kul, Kyrgyzstan, which is an ultraoligotrophic lake, with a
reported salinity of approximately 6 g L™ (Savvaitova and Petr, 1992). In that lake, Zavialov et al.
(2016) reported Ccha ranging from 0.35t02.78 ug L1, similar to those measured in the CCB ponds.
Compared to other aquatic ecosystems, the Ccnsa found in the CCB ponds were below (PCH) or

within the lower range previously reported for oligotrophic boreal lakes (Bastviken et al., 2004).

Mean Cco2 values for the ponds are displayed in Table 7.1. 2. In all cases, Cco. was homogeneously
distributed. The lowest and highest mean Cco2 values were found in PCH and in PB during the
summer (1.7+0.8 and 23.0 + 1.5 mg L}, respectively). These Ccoz values were 3.2 and 51 times
above the atmospheric equilibrium values of 0.535and 0.459 mg L2, respectively. The levels of
Cco2 found in the ponds might result from weathering of carbonates; high levels of carbonates are
present in the soil of the Cuatro Cienegas Valley (Escalante et al., 2008; INE-SEMARNAP, 1999;
Minckley and Cole, 1968), and inputs from weathering of carbonates have been observed in other
saline lakes (Duarte et al., 2008). Furthermore, Marcé et al. (2015) positively correlated CO>
supersaturation with the weathering of carbonate in lakes with alkalinity above 1 meq L2, which
is the case for the Cuatro Cienegas ponds (24 meq L!; Escalante et al., 2008). From chemical
equilibrium (see Section S1.1) the dissolved CO- concentration was estimated to 24.4, 11.8, and 1.5

mg L%, in PB, LH and PCH, respectively (Section S2; Table 7.52), while Ccoz experimentally



measured was 23.2, 10.7 and 1.7 mg L%, in these same ponds. Therefore, the dissolved CO;
found in the Cuatro Cienegas ponds might be of chemical origin as well as resulting from microbial
heterotrophic activity, especially given the low primary production as suggested by low

chlorophyll-a concentrations.

7.1.3.3 Greenhouse gas emissions

Both CH4 and CO2 emissions were determined in the ponds. Over the three campaigns, we
determined a total of 700 flux, which corresponded to 40 h of measurements, during which no
ebullitive event was observed. Although ebullitive flux is not thoroughly discarded, diffusive flux
was considered as the main emission mode. All the ponds emitted CH4, except PCH, from which
no flux was observed. The minimum and maximum CHjy fluxes in the ponds were zero (PCH
during spring) and 2.37 mg m 2 d™! (PM during spring), while the mean CH4 fluxes ranged from
0to 1.22 mg m2 d!, respectively (Figure 7.1.4). The pond with the least change in flux among

seasons was PB, which is also the only pond for which no temperature change was observed.

The observed mean CHs fluxes are within the higher range of marine emissions and within the
lower range reported for coastal saline wetlands and saline ponds (Table 7.1.3). Camacho et al.
(2017) observed lower CH4 emissions together with higher salinity in endorheic saline ponds. The
latter coincides with our observation of zero CH4 flux from PCH —the pond with the highest
salinity (Table 7.1.2). Salinity has been identified as an important factor for methane cycling since it
decreases both the methanogenic activity, and the composition and diversity of archaea populations

(Liuetal., 2016; Wenetal., 2017).
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Figure 7.1.4. CH4 fluxes contour maps for all the ponds and seasons, means are shown in brackets.
The ponds are indicated as follows: PA, Poza Azul; PM, Poza Manantial; PCH, Poza Churince;
LH, Los Hundidos; PB, Poza Becerra. The letters indicate the season of the campaign: spring, SP,
in April 2016; winter, W, in January 2017; or summer, S, in August 2017.

Table 7.1.3. Comparative methane emissions from aquatic ecosystems.

Ecosystem CHg emission range Reference
(mg m?d)
Cuatro Cienegas -0.009 - 1.04 This study
Spanish saline lakes Camacho et al., 2017
Hypersaline 0.1-2.00
Hyposaline
Eutrophic 0.1-14
Mesotrophic 0.1 -110
Marine 0.013-0.22 Bange et al., 1994
Coastal lagoons 0.01-240 (Chuang et al., 2017; Deborde et
al., 2010; Dos Santos Fonseca et
al., 2004; Hirota et al,
2007Verma et al., 2002)
Freshwater ponds 104+£26 (Holgerson and Raymond, 2016)
(area 0.001 — 0.01 km?)
Oligotrophic lakes 1.08 -4.73 Bastviken et al., 2004
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The studied ponds had a mean CHs flux below that reported for oligotrophic boreal lakes
(Bastviken et al., 2004; Rasilo et al., 2015) and arid lakes (Wen et al., 2016), but was similar to
observations of both concentration and flux from an alpine lake in Colorado (Smith and Lewis,
1992). The measured CH4 fluxes from the ponds are also well below those estimated for small
lakes (0.001-0.01 km?; 10.4 + 2.6 mg m 2 d™!; Holgerson and Raymond, 2016), a category that
corresponds to the studied ponds, which is an additional evidence that salinity was a major governing
parameter on CHs emissions. Trophic state is well-known to have a major influence on
methanogenesis and CH4 fluxes (Gonzalez-Valencia et al., 2014b; DelSontro et al., 2018), thus
the relatively low CHs4 fluxes observed in the Cuatro Cienegas ponds might be a result of the
combined low productivity conditions and salinity.

PA Sp PA W PA S PM Sp PCH Sp

&

- S— - ‘ . J.

[6.52 £ 266 gm?d) [7.73+374gm?d") [732+275gm2d"  [15.25%10.20 g m?d") [1.20£1.03 gm? d")
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CO, flux (g m?d")
Figure 7.1.5. CO> fluxes contour maps for all the ponds and seasons, means are shown in brackets.
The ponds are indicated as follows: PA, Poza Azul; PM, Poza Manantial; PCH, Poza Churince;
LH, Los Hundidos; PB, Poza Becerra. The letters indicate the season of the campaign: spring, SP,
in April 2016; winter, W, in January 2017; or summer, S, in August 2017.
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All ponds showed CO; fluxes, with mean values ranging from 1.20gm2d"! (PCH during spring)

t0 25.56 g m2d~! (PB during winter; Figure 7.1.5) and arange of 0.2 to 53 g m 2 d'. No significant
differences were observed among ponds when PCH was excluded (p < 0.05). The observed CO>
emission rates are within the higher range of CO; fluxes reported for boreal lakes (2.9 to 15 g m 2
d!; Rasiloetal., 2015) and semi-arid lakes in Northeastern China (—0.7 to 8 gm 2 d~!; Wenetal.,
2016). The measured CO> fluxes from the Cuatro Cienegas ponds are also up to 10 times higher than
those estimated for small lakes (0.001-0.01 km?; 0.93 + 0.25 g m 2 d"!; Holgerson and Raymond,
2016). Notwithstanding, the CO2 fluxes reported in this work are within the range previously observed
in saline lakes by Duarte et al. (2008) (—12to 137 g m 2 d ') who suggested that saline lakes possess
chemical processes thatenhance CO2 emission; via carbonate dissolutionand enhanced CO2 exchange
rates at the air/water interface. Thus, compared to freshwater ecosystems, the relatively high CO-
emissions observed in the ponds of CCB might be explained by a combined effect of high carbonate
concentration and relatively high salinity. In CO2 equivalent units, using a 34-times conversion
factor for a 100-yr time-scale (Myhre et al., 2013), the mean CO> emissions observed in the five

ponds, represents 99.87% of global GHG emissions, while CH4 represents 0.13%.

7.1.3.4 Methane production/oxidation rates in water

The net CH4 production/oxidation rates in water were measured in PA, LH, and PB during both
seasons (Table 71.4). During the summer, all results indicated a net CH4 production in the oxic water
column. Several arguments support the validity of this observation: a significant difference was
observed between the control samples and all of the assays (p < 0.05); the mean coefficient of
determination (R?) of the linear regression of CH4 concentration was 0.92 +0.06 (n =10, p <0.05); and

the mean coefficientof variationamong replicateswas 9.6 +0.05% (n =3, p <0.05). During winter, no

o1



clear tendency was observed and lower R? values were obtained (data not shown). The difference
between summer and winter might be due to differences in hydrological regimes, or any other
seasonal variation in the functioning of the ponds.

Table 7.1.4. Methane production rates in the ponds during summer. R? indicates the coefficient of
determination, which was highest for the untreated samples, evidencing biogenic CH4 production.

Mean net CH4

Ecosystem Sample depth production R?
(ug m=d?)
Poza Azul Top 178+ 9 0.95
Bottom 177 + 30 0.82
Abiotic control 6 +2.26 0.79
Los Hundidos Top 196 + 16 0.92
Bottom 196+ 4 0.99
Abiotic control 1.90 £ 1.50 0.56
Poza Becerra Top 119+9 0.93
Abiotic control -2.20+2.84 0.18

Oxic CH4 production has been previously reported in the water column of freshwater ecosystems
(Bogardetal.,2014; Tangetal.,2014) but never in subsaline inland ecosystems. In terms of rates, an
oxic methane production rate of 3680 ug m— d~! was found in Lake Cromwell (Bogard et al., 2014),
which is about twenty times higher than the average observed in the present work; i.e., 173 ugm3
d™!'. Regarding the potential mechanism of that process, Repeta et al. (2016), have shown that CH4
supersaturation in marine oxic waters is due to the demethylation of methylphosphonate (MPn), a
component found in dissolved organic matter (DOM), through the cleavage of the C:P bond, by
bacteria that utilize DOM as the sole source of phosphorus. A previous report on the metagenome
of microbialites present in PA has shown their metabolic capacity to produce and utilize
phosphonates (Breitbart et al., 2009), as observed in marine environments. The latter suggests that

the mechanism for CH4 production found in marine oxic water may also be occurring in the ponds
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of Cuatro Cienegas, although we acknowledge that a more detailed approach involving a higher

spatial and temporal resolution would be required to confirm the oxic methanogenesis observed.

7.1.4 Conclusions

We reported, for the first time, the main indicators of the CH4 cycle in ponds of the Cuatro Cienegas
valley. These ecosystems showed moderate but clear CH4 production and emission, which suggests
that despite high SO4>~ concentrations, methanogenesis was not completely outcompeted by
sulfate reduction. Our findings along with others' (Avrahamov et al., 2015; Camacho et al., 2017,
Dong et al., 2006; Zavialov et al., 2016) confirm that CH4 production does occur in these
environments, although at low rates. In contrast, CO> emissions were relatively higher than those
usually reported for freshwater ecosystems, but within the range previously reported for saline lakes.
Thus, the salinity conditions and the sulfate concentration found in CCB ponds are likely the
dominant factors explaining lower CHs emissions and higher CO. emissions, compared to
freshwater ponds (Duarte et al., 2008; Holgerson and Raymond, 2016; Wenetal., 2017). Saline and
subsaline lakes constitute a significant proportion of the world's total lake area (around 23% or
600 x10° km?; Messager et al., 2016; Wurtshaugh et al., 2017), still underrepresented in previous
GHG flux estimations. Our results provide therefore additional evidence that subsaline aquatic
ecosystems may play a significant role in the global emission of greenhouse gases, being CHs a
minor component, compared to CO- that represented 99.8% of the total greenhouse gas emitted,
expressed in COz equivalent units. Finally, evidence of oxic methanogenesis was found for the first
time in these subsaline environments, which may substantially modify our current understanding of
CHa cycling. Further research adopting sampling at a high spatial resolution is required to obtain

conclusive evidence of said oxic methanogenesis.
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Supplementary data to this article can be found online at https:/doi.

0rg/10.1016/j.scitotenv.2019.02.163.
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7.2 Dinamica espaciotemporal global de la dindmica de gases de efecto invernadero y

oxigeno de dos reservorios subtropicales con estados troficos contrastantes
Articulo sometido a Water Research
Resumen

Se evalud el impacto de la eutrofizacion cultural en el ciclo del carbono en reservorios
subtropicales utilizando mediciones de alta resolucién de concentracion de gases disueltos,
intercambio atmosférico y tasas de consumo/produccion de metano, diéxido de carbono y
oxigeno. Se realizaron mediciones estacionales en dos reservorios que pertenecen a la misma
cuenca hidrolégica, pero que son drasticamente diferentes en cuanto al carbono aléctono que

reciben.

Estos resultados fueron utilizados para alimentar un modelo de balance de masa, del cual un
gran numero de parametros globales fueron determinados. Se seleccionaron 22 de estos
parametros por su potencial para describir explicitamente la dinamica y atributos espaciales del
ciclo del carbono en los reservorios. Se cre6 una representacion grafica para facilitar la
apreciacion global y contraste del ciclo del carbono. El impacto de la eutrofizacién cultural fue
profundo y resulto en una completa redistribucion de los diversos bioprocesos que participan en
los ciclos del metano, dioxido de carbono y oxigeno. Dentro de los diferentes impactos de la
eutrofizacidn, se observd que el efecto sobre el ciclo del metano fue compensado por un aumento
relativamente moderado en las emisiones de metano y las tasas de metanotrofia, mientras que

la produccion primaria fue limitada.
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Abstract

The impact of cultural eutrophication on carbon cycling in subtropical reservoirs was assessed
using high-resolution measurements of dissolved gas concentration, atmospheric exchange, and
uptake/production rates of methane, carbon dioxide, and oxygen. Seasonal measurements were
performed in two reservoirs that pertain to the same hydrological basin but are drastically
different in terms of allochthonous carbon input. These results were used to feed a mass balance
model, from which a large number of overall parameters were determined. A total of 22 of these
parameters were selected for their potential to explicitly describe the dynamics and spatial
attributes of the carbon cycle in the reservoirs. A single graphical representation of each
reservoir was created to facilitate an overall appraisal and contrast of the carbon cycle. The
impact of cultural eutrophication was profound and resulted in a complete redistribution of how

the various bioprocesses participated in the methane, carbon dioxide, and oxygen cycles. Among
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several identified impacts of eutrophication, it was observed that the trigger effect on the
methane cycle was compensated by a relatively moderate increase in methane emissions and

methanotrophic rates, while gross primary production was depleted.

7.2.1 Introduction

Despite their relatively small contribution to the global landscape, freshwater ecosystems have
been identified as an important natural source of methane (CHs) and carbon dioxide (CO3),
which act as greenhouse gases (GHG) when released into the atmosphere (Tranvik et al., 2009).
Many processes are involved in the carbon cycle, and they directly impact the GHG emissions
from lakes and reservoirs. Among these, CH4 production (methanogenesis) and CH4 oxidation
(methanotrophy) are the dominant bioprocesses involved in CHs emissions, while primary
production and heterotrophic respiration are those most closely related to CO. emissions. These
processes interact and create a complex metabolic network that is regulated, to a great extent,
by the availability of oxygen (O2), CH4, and CO3, together with nutrient and organic carbon
concentrations as well as physicochemical conditions. The complexity of carbon cycling
explains the high variability usually observed, not only among water bodies but also within a
given ecosystem.

The characterization and comparison of aquatic ecosystems is therefore a difficult task, often
simplified through mass balances and/or the use of overall parameters that numerically describe
a given feature of the studied ecosystem. The mass balance approach consists of describing the
overall carbon cycle in an ecosystem by a grey model fed with a limited number of
interconnected processes. By closing the mass balance, some individual processes, which could

otherwise not be determined experimentally, can be derived. An example of this approach has
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been given by Santoso et al. (2020), who determined the dynamics of CH4 and CO; storage in a
eutrophic, monomictic lake. In the same context, overall parameters usually link several
components of the studied cycles that are relevant to a given feature. Among these, some
examples are: (i) the trophic state index (TSI); (ii) the net ecosystem productivity (NEP), which
indicates whether the ecosystem is predominantly autotrophic or heterotrophic (Lovett et al.,
2006); (iii) the proportion of gross primary production (GPP) or NEP that is lost as GHG
(Whiting and Chanton, 1993); (iv) the mean oxidation-reduction potential, which defines
whether oxidative or reductive processes predominate in the ecosystem (McMahon and
Chapelle, 2008); (v) the sestonic C:N:P proportion that provides insights into the biological
processes; and (vi) the homogeneity and anisotropic factors that describe the spatiotemporal
distribution of a given parameter (Gonzalez-Valencia et al., 2019).

However, despite an extensive literature on carbon cycling in lakes and reservoirs, most of the
reports present an in-depth analysis of either a single component or a reduced number of the
carbon cycle components (Li et al., 2020; Santoso et al., 2020). In this context, the objective of
the present work was to perform a comprehensive spatiotemporal analysis of the carbon cycle
in subtropical reservoirs, including as many overall parameters as possible, all of them
determined from high resolution measurements of CHs, CO2, and O. For each of these
molecules, a global mass balance was established, including emissions to/from the atmosphere,
primary production, methanogenesis, methanotrophy, and heterotrophic respiration. Finally, the
overall parameters and the mass balances were coupled with spatiotemporal attributes into a
single graphical representation. This strategy was used to assess the impact of anthropogenic
pollution on the carbon cycle in two reservoirs that pertain to the same hydrological basin but

are drastically different in terms of allochthonous carbon input. One reservoir is in a natural
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protected area, while the other is located in an urban area and has a high input of untreated

wastewater.

7.2.2 Materials and methods

7.2.2.1 Site description and sampling campaigns

Two subtropical reservoirs that belong to the same hydrological basin located close to Mexico
City were selected: ‘‘Lago de Guadalupe’” (LG; 19.6333,-99.2602) and ‘‘Lago El Llano’” (LL;
19.6582, -99.5071). The former is a dendritic reservoir with an area of 450 ha and is located
2300 m above sea level. LG receives an estimated flow of 0.5 m® s** of untreated wastewater
from the surrounding densely populated urban areas (Sepulveda-Jauregui et al., 2013).
Contrastingly, LL is a U—shaped 6 ha reservoir situated 2840 m above sea level in a protected
area that receives water from springs and a pristine tributary river. Both reservoirs have a
subtropical climate of warm summers and mild winters with an average annual air temperature
of 17°C and 15°C for LG and LL, respectively. Six monitoring and sampling stations (MSS)
were established in LG, and five were set up in LL (Figure 7.2.1). Since LG is characterized by
a clear longitudinal zonation, the MSS locations were selected to cover the fluvial and lacustrine
zones, i.e. southwest to northeast. In LL, the MSS were distributed to cover both arms of the U-
shape. Both reservoirs were monitored in August 2018, January 2019, and May 2019, which
correspond to the three annual seasons of the area, i.e. mild and rainy (wet), cold and dry (dry

cold), and warm and dry (dry hot), respectively.
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7.2.2.2 Limnological characteristics

Temperature, pH, and oxidation-reduction potential (ORP) were measured at each MSS with a
multi-parametric probe (H1 9828, Hanna Instruments, Mexico) from the surface to the sediments
at depth intervals of 0.25 m. Surface water samples were taken from each MSS; additional water
samples were taken at 1-m depth intervals from the surface to the bottom at LG-6 (Figure
7.2.1A) and LL-4 (Figure 7.2.1B). The water samples were collected with a horizontal 2.2-L
Van Dorn bottle (Wildco, Mexico) and handled according to standard methods (APHA et al.,
2012); they were used to determine the total organic carbon (TOC), total nitrogen (TN), and
orthophosphate (PO*) concentrations. TOC and TN were determined using a Shimadzu TOC
Analyzer equipped with a total nitrogen module (Model TOC-Vcn + TNM), whereas POs>
concentrations were determined with a colorimetric standard method (APHA et al., 2012).
Secchi depth (SD) was determined with a 0.2 m Secchi disk at each MSS.

These measurements were used to establish the trophic state of each lake, according to Wetzel
(2001) and Carlson (1977). The thermocline depth and the Schmidt stability, which indicates
the resistance to mechanical mixing due to stratification, were obtained from temperature
profiles, using the rLakeAnalyzer package (Winslow et al., 2019) of R software version 3.6.2

(R Core Team, 2019).

7.2.2.3 Fluxes of greenhouse gases

We used the floating static chamber (SC) method to measure CHs and CO> fluxes. The SC was
connected to an ultraportable greenhouse gas analyzer (UGGA, Los Gatos Research, USA) in a
closed circuit. A continuous five-minute measurement was used to determine diffusive fluxes

from CH4 and CO. concentrations; the first 30 s after positioning the SC on the water surface
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were discarded. Each flux determination was done in triplicate with a measurement/data logging
frequency of 1 Hz. In some cases, ebullitive events occurred while measuring fluxes. In order
to filter these, a threshold was set to differentiate diffusive and ebullitive emissions; i.e. an
abrupt increase of concentration at least five times higher than the linear slope observed during
diffusive fluxes and for five seconds or more. The total flux was defined as the mean
concentration slope of the entire measurement, whereas the ebullitive flux was defined as the
difference between the total flux and the diffusive flux.

The O flux was determined theoretically by using an approach similar to J&hne et al. (1987)
and Wanninkhof (2014); here, measured CO- fluxes (F¢,,) were used to determine the O. mass
transfer coefficient of the boundary layer. In this approach, CO. fluxes were preferred over CHs
given that CO2 was emitted only via diffusion. Briefly, O, fluxes (F,,) were calculated as

follows:

Foy = koz*Hpy - (Poz,w - Poz,air) (1)

where koz is the O, mass transfer coefficient (m h1, see below), Hoz is the Henry constant for
Oz (mole m™ atm; Sander, 2017), pozw and poz.air are the partial pressure of dissolved oxygen
(DO) measured in the surface water and in the atmosphere (atm), respectively.

To determine ko2, the F/,, was first used to determine the CO, mass transfer coefficient (kco2),

as per Eq. 2, which is equivalent to Eq. 1;

kcoz = Fgoz/(Hcoz ) (Pcoz,w - pCOZ,air)) (2)
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Once kcoz was determined, ko> was obtained as follows:

koz = kCOZ ) (0851)_05 = 1.084 - kCOZ (3)

where 0.851 is the ratio between the Schmidt numbers of O2 and CO», as recommended by
Wanninkhof (2014), and 0.5 is an adjustment parameter recommended by Cole et al. (2010) for

low wind conditions.

7.2.2.4 Dissolved gas concentration

The dissolved CH4 (Ccra) and CO2 (Cco2) concentrations in the water column were determined
onsite with a previously reported M-ICOS method (Gonzalez-Valencia et al., 2014). Briefly,
this method consists of a gas-liquid exchange module (PDMSXA-1000, Medarray Inc., USA)
through which water extracted from the reservoir flows constantly on the shell side of the gas
exchange module while a CHs- and CO.-free nitrogen counterflows inside the silicone fibers;
i.e. exchange area of 1000 cm?. Diffusive forces from the concentration gradient promote
transfer of the dissolved CH4 and CO- contained in the water to the gas phase, where they are
quantified by the UGGA. In the present study, the water was continuously extracted at the
desired depth with a peristaltic pump (12 V, Solinst, Mexico) at a flow rate of 1.2 L min, while
the CH4- and CO,-free nitrogen was flowing at a constant flow rate of 0.75 L mint, controlled
by a mass flow controller (GFC 17, Aalborg, Mexico). The setup was calibrated as specified in
the method, at the beginning and at the end of each measurement day, with a standard headspace

equilibration technique (Gonzalez-Valencia et al., 2014). The Ccns and Cco2 profiles were
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obtained by placing the extraction probe just below the water surface for about 60 s. Afterwards,
the probe was allowed to descend steadily at a rate of approximately 1 m min until it reached
the bottom, where it was kept for an additional 30 s. Additionally, a flow-through oxygen optode
(FTC-PSt3, PreSens, Germany) was included in the water extraction line, allowing the
simultaneous determination of dissolved oxygen concentration (Cpo). Using this procedure,
about 60 data points of dissolved gases were acquired for each meter of water column depth.
The lower detection limit of the M-1COS method coupled with the DO sensor under the present

configuration was 0.005 mmol m™ for Ccra, 4 mmol m™ for Ccoz, and 0.625 mmol m™ for Cpo.

7.2.2.5 Methane production and oxidation rates

Water samples were taken with a Van Dorn bottle, usually guided by Ccha and Cpo profiles, to
measure the CHs production and oxidation rates at several characteristic water depths. The
samples were immediately and carefully transferred to 50—mL glass syringes that included an
optical oxygen Sensor Spot (PSt3 or PSt6, PreSens, Germany) previously fixed to the inside
wall, close to the syringe output. The difference between PSt-3 or PSt-6 sensors is their lower
detection limits and ranges (expressed in air saturation percentage) of 0.03—100% and
0.002—-5%, respectively. Thus, PSt-6 sensors were preferred for low DO and anaerobic samples.
Once the samples had been collected, the syringes were taken to the laboratory for incubation
under dark conditions at a constant temperature similar to that of the reservoirs. Then, at time
intervals, Cpo was determined and 2 mL sub-samples were transferred into 5-mL plastic
syringes, to which 3 mL of CHs- and CO»-free nitrogen were added. The sub-sample syringes
were vigorously shaken for 30 s to allow for equilibration, the liquid volume was evacuated,

and the 3 mL gas content of the syringe was injected through a septum into a continuous flow
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of nitrogen passing through an open circuit into the UGGA. The presence of CH4 and COz in
the sample was detected as a peak response, that was integrated, after proper calibration. Lastly,
Ccha and Ccoz in the liquid sub-samples were derived from Henry’s solubility constant (Sander,
2017). These incubations were sustained for five to seven days, during which a total of five to
six triplicate measurements of Ccrs, Cco2, and Cpo were done to ascertain the CH4, CO2, and
DO production/uptake rates. It is worth noting that this protocol allowed for the determination
of the production/uptake rates without headspace addition; thus, the laboratory conditions

matched those prevalent in the reservoirs.

7.2.2.6 Mass balance and gas transfer velocity

The full mass balance calculations and assumptions are described in detail in the Supplementary
Material (Section S1.1). Briefly, assuming steady state, the CH4 balance over the entire water
column and sediments was considered as a three-compartment system: (i) methanogenesis

(MG), described by the methanogenic rate (r215,); (ii) methanotrophy (MT), described by the

methanotrophic rate (rg7); and (iii) emissions to/from the atmosphere (Fzy,). Of these, two
were measured (rgMT and Fgy,), which then allowed 75 to be calculated. The DO balance
consisted of three compartments: (i) respiration (R), described by the respiratory rate (r;%); (ii)
oxygen production, described by the gross primary production (GPP; r$FP); and (iii)
atmospheric exchange (F,,). The rates r;¥ and F,, were measured, which in turn allowed
r5PPto be determined. The CO2 balance was considered as a four-compartment model: (i) MG,
described by r/%% and that can result in CO. production (acetoclastic pathway) or uptake
(hydrogenotrophic pathway); (ii) R in the water column, described by r£,; (iii) the GPP in the

photic zone of the water column, described by &7 and (iv) emission to/from the atmosphere
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(Fzo2)- In this case, only two of these four compartments were measured (1o, and Fgp). Thus,
&P was determined from r$FP, assuming a constant r&5Y to 7S ratio of 1.2 (Wetzel et al.,
2000). Once 7Y was determined, 7225 was estimated by closing the mass balance. In these
mass balance equations, negative rate values indicate uptake or efflux of a given molecule, while
positive values indicate production or influx. The steady-state assumption used in this mass
balance model will be discussed in the results and discussion section.

In addition to process rates, for each compound x (CHa, O, and CO>), the total mass of x in the

water column was determined according to:

M, = Z?:l Cy -6 (4)

where & is the depth section of the water column corresponding to each concentration
measurement (Cx).

Finally, the turnover time (6,.), which is the mean time that M,, remains within the water column,
was defined. To that end, a total rate was defined for each compound (;7°T), which is the sum

of all positive rates involved in the compound mass balance:

O = Mx/rxTOT (5)

7.2.2.7 Numerical Homogeneity Model
The numerical homogeneity model (NHM; Gonzalez-Valencia et al., 2019) was implemented

to explore the spatial distribution of the dissolved gas concentrations and to assign a numerical
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value to the distribution. Briefly, this model includes a homogeneity index (he, %), which
represents the homogeneity of the parameter P, along two dimensions (X, y); in our case,
longitudinal distance along the reservoir transect and depth. The significance of this quantity is
that for a nonhomogeneous distribution, 0 < h, < 100%, while for a homogeneous distribution,
hp = 100%. Furthermore, to establish in which dimension heterogeneities are dominant, the
NHM also defines an anisotropic factor (wp) that indicates the angle of the heterogeneities in
the two-dimensional space; this value ranges from -45° when heterogeneities are observed only

in the x dimension (length), to 45° for heterogeneities observed only in the y dimension (depth).

7.2.2.8 Data treatment and statistics

The dplyr package was used in R software to determine the mean and standard deviation of the
physicochemical parameters (Wickham et al., 2020). Data collected during the campaigns were
smoothed by weighted linear least squares and a Savitzky-Golay filter using MATLAB (version
2015a, MathWorks, USA); the smoothed data were then used to generate contour maps of
dissolved gas concentration. The contour maps were generated by interpolation of the high-
resolution data using Surfer 11.0 software (Golden Software, USA). The Surfer Software
provides 10 interpolation methods, from which the best was chosen, according to Willmott and
Matsuura (2006), using the mean absolute error (MAE) and the mean bias error (MBE) as
selection criteria. We log-transformed our data in order to compare means between reservoirs
given that aquatic ecosystems usually show log normal distribution (St-Pierre et al., 2018).
Welch’s t-test was used in MATLAB to compare the annual means from the log-transformed

data of the reservoirs.
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7.2.3 Results and discussion

7.2.3.1 Physicochemical characterization

Clear differences were observed in the water physicochemical parameters measured in both
reservoirs, as expected based on the urban vs. natural ecosystems surrounding LG and LL,
respectively. The wastewater discharged into LG resulted in mean seasonal TOC ranging from
0.82 to 2.55 mmol L; meanwhile, the values observed in LL ranged from 0.23 to 0.56 mmol
L. In LG, the seasonal mean TN ranged from 0.95 to 1.28 mmol L™, whereas in LL it ranged
from 0.011 to 0.015 mmol L. The mean seasonal PO4 concentration ranged from 0.017 to
0.022 mmol L? in LG, while in LL, the concentration was between 0.7 and 2 pmol L*
Differences in terms of element balance were also observed between the reservoirs, as reflected
by the stoichiometric C:N:P molar ratio, which was on average 171:53:1 in LG and 582:10:1 in
LL. These ratios revealed no nutrient limitation in LG, whereas a moderate to severe N and P
limitation was observed in LL (Wetzel, 2001). A significant difference in terms of water
transparency was also observed with a mean SD in LG of 0.75 £ 0.42 m, while in LL the mean
SD was 2.71 + 0.93 m (p<0.01). Reductive processes predominated in LG, as shown by a mean
ORP of -124.36 + 488 mV, while in LL oxidation prevailed with mean ORP of 94.32 + 97.07
mV (McMahon and Chapelle, 2008). According to Wetzel (2001), the physicochemical
parameters of LG were in line with those commonly found in eutrophic/hypereutrophic

ecosystems, while LL corresponded to an oligotrophic/mesotrophic site.
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Figure 7.2.1. Satellite images of the studied reservoirs and locations of the monitoring and
sampling stations: A. “Lago de Guadalupe” (LG), and B. “Lago el Llano” (LL). Created in
ArcGIS 10.7.1.

7.2.3.2 Dissolved gases and gas emission

The CcraWas subject to a large spatial variability, as shown in the contour maps (Figure 7.2.2A).
The Cchas concentration in LL was, on average, 50 times lower than that of LG. In all cases,
these concentrations corresponded to an oversaturation relative to the atmospheric CHs by four
to five orders of magnitude in LG and three orders of magnitude in LL, which indicate that both
reservoirs are sources of atmospheric CHa. Surface Ccra observed in LL and LG was generally
higher than in other subtropical reservoirs (Table 7.2.S2) and world lakes of the same class size
(Holgerson and Raymond, 2016). Contrastingly, bottom Ccha was in the lower range of reported
values for tropical and subtropical ecosystems (Table 7.2.S2) in LL and within the range in LG.
Together, higher surface Ccna and similar or lower bottom Ccra suggest a lower CH4 oxidation
and/or a better CH4 transfer from the bottom to the surface water, than is usually seen in other
lakes. The latter is further supported by relatively low Schmidt numbers ranging from 13.8—55.1
Jm?in LG and 38.9-96.6 J m? in LL, which reflects a relatively weak thermal stratification
for both reservoirs, considering that Schmidt numbers as high as 1 x 10* J m2 have been reported

(Wetzel, 2001).

54



LG LL
N+
0 1000 2000 m  © 200 400m
a0 e < Lt ©
. hﬁ 10 10
By cod 30 20
S HHHHHHHHH eeamzeiezezeseieiels N
Dry hot o
= D - < 222 T T—
CH, concentration CO, concentration DO congcentration
(mmol m=) _ {mmol m=) (% Air saturation)
| [ | LN 11 11— W 1] [T
A 0%)‘?@7 %, % 7 % g B TS e gy Wy c 0 Y o G B g Yy ey

Figure 7.2.2. Contour maps of (A) Cchs, (B) Ccoz, and (C) Cpo over the three distinct seasons
in LG and LL. MSS references are displayed as inverted triangles at the top of the maps. To
improve readability, lengths are scaled differently in each reservoir (scale shown at the top left).
The thermoclines are represented as a dashed line. Water level changes are shown as dotted
areas.

As expected from the large variability of Ccra, CH4 fluxes were also highly variable (Figs. S2A
and S2B). Mean total fluxes were 128.5 + 222.6 mmol m? d* and 62.0 + 155.7 mmol m2 d? in
LG and LL, respectively. Ebullition was a major emission mode in LG, accounting for 54.70 +
38.83% of the total flux. In LL, ebullition was sporadic and represented 21.62 + 40.41% of the
total emission. CH4 emissions in LG and LL were higher than expected based on their respective
trophic states, as detailed by Deemer et al. (2016). Moreover, emissions observed in LG are
within the higher range of fluxes from Brazilian reservoirs (0.62 to 83.5 mmol m d*; de Mello
et al., 2018; dos Santos et al., 2006) and are even comparable to those reported for dairy and
swine farm wastewater lagoons (6.25 to 3,125 mmol m2 d!; Grant and Boehm, 2015; Leytem

et al., 2017; Sharpe and Harper, 1999).

Notably, Cco2 was subject to a narrower range than Ccns (Figure 7.2.2B), from 84.2 to 593.5
mmol m in LG and from 5.9 to 197.5 mmol m2in LL. In LG, the mean Ccoz over the entire

column was about 25 times higher than the atmospheric equilibrium concentration, while in LL
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the mean Ccoz was 4 times above equilibrium. In terms of emissions, the mean total CO- flux
was 107.70 + 78.60 mmol m? d* in LG, which is within the range previously reported from
other subtropical reservoirs (Table 7.2.S2) and eutrophic aquatic ecosystems, i.e. -27 to 76
mmol-CO, m?2 d! (Deemer et al., 2016). In LL, despite observing an overall supersaturation of
CO2 in the water column, the surface waters were often undersaturated, resulting in
predominantly negative CO> fluxes, at -9.5 + 13.6 mmol m d. The latter is also in accordance
with emissions previously reported from oligotrophic and mesotrophic reservoirs, i.e. -6.99 —
15.10 mmol m d* (Deemer et al., 2016). Thus, LL can be considered as a CO2 sink and a
dominantly autotrophic ecosystem, whereas LG is a source of CO, and a dominantly
heterotrophic ecosystem.

In LG, the eutrophic/hypereutrophic conditions promoted respiratory processes and DO
depletion, as shown in the Cpo contour maps (Figure 7.2.2C). Throughout the three campaigns,
most of the LG water column was characterized by Cpo values that were below the detection
limit of the method, while mean seasonal Cpo were within the dysoxic range (Tyson and
Pearson, 1991), i.e. from 10.68 + 25.36 to 26.45 + 65.8 mmol m, which corresponds to
5.59—13.85% saturation. These low Cpo are below survival levels for regular macrobiota (U.S.
EPA, 2000) and are an additional indicator of the polluted state of LG. Contrastingly, all year-
round, a fully oxygenated water column was observed in LL with mean seasonal Cpo levels
ranging from 198.53 to 272.24 mmol m, which corresponds to 93—127% saturation. The
oversaturation commonly observed in LL confirms the dominant autotrophic nature of the
reservoir. In LG, the observed DO undersaturation was partly compensated by positive influxes
from the atmosphere, with seasonal means ranging from -23.65 to -137.93 mmol m? d*. In

contrast, LL was a source of O to the atmosphere with mean seasonal fluxes ranging from 4.94
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to 23.92 mmol m2d. Although diffusive O fluxes are not extensively reported in the literature,
our measurements are within the range previously reported by Gelda and Effler (2002; -300 to
60 mmol m d*) in a hypereutrophic lake and close to an overall estimation for lakes published

by Koschorreck et al. (2017; -90 to 90 mmol m2 d1).

7.2.3.3 Bioprocesses rates

Microbial activity profiles were determined for each season at LG-6 and LL-4, which had mean
depths of 10.7 = 4.2 and 16.5 = 0.5 m, respectively (Figure 7.2.S3). Regarding CH4, as
standardly observed in most lakes and reservoirs, a clear methanotrophic activity was observed
in both lakes. However, irregular trends were observed in LG, while a relatively smooth and
constant pattern was observed in LL. Since the standard deviations of the triplicate
measurements were smaller than the observed variations, experimental noise was discarded as
a possible explanation of that observed behavior. Irregular patterns of methanotrophic activity
with drastic variations within short depth intervals have been previously observed (Thalasso et
al., 2020) and hypothesized to be the result of complex transitions between aerobic and
anaerobic CH4 production/oxidation along the water column. It is noteworthy that during the
dry cold season, a minimum methanotrophic rate of -13.55 mmol-CH4 m™ d! was found at the
bottom of the water column in LG which is a clear indication of methanogenesis. Equally
noticeable is the maximum methanotrophic rate of 30.08 mmol-CHs m™ d* found during the
same season, 7 m below the oxycline and 6 m below the photic depth, as estimated from SD (4
m; French et al., 1982). Since incubations were done under dark and anaerobic conditions (no

O, added, DO concentration undetectable), the methanotrophic rates observed below 5 m
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strongly suggest anaerobic oxidation of methane (AOM). The latter has been previously
reported to naturally occur in lakes (Martinez-Cruz et al., 2018).

In terms of COy, the production rates found in LG were higher than those observed in LL but
were limited to the oxic epilimnion. Notably, a negative CO2 production rate was observed at
the depth where AOM was found, which suggests the presence of reverse methanogenesis
driven by archaea (Kellermann et al., 2012) or other autotrophic processes, such as acetogenesis
or iron oxidation (Bryce et al., 2018; Lay et al., 1998). Conversely, a significant CO2 production
rate was found in the water column where methanogenesis was observed, which is an indicator
of dominant acetoclastic methanogenesis. In LL, CO2 production was found at almost all depths
of the water column over the three seasons but was highly variable. It is worth reiterating that
these tests were performed under dark conditions and reflect respiration, i.e. they do not account
for primary production. In terms of DO, a respiration rate was observed only at the oxic
epilimnion of LG, as expected from the DO profiles. In LL, respiration was found along the

entire water column with a distinctive local minimum at 10 m over the three seasons.

7.2.3.4 Spatiotemporal variations and overall metabolism

A global mass balance was established from measurements at LG-6 and LL-4, which considered
a limited number of dominant processes expressed per unit of lake area, i.e. methanotrophy,
methanogenesis, respiration, primary production, and emissions from/to the atmosphere. The
magnitude of each process is listed in Table 7.2.1 along with the parameters of spatiotemporal
distribution of Cchas, Ccoz, and Cpo, the total mass of each dissolved gas present in the water

column (M,,), and their corresponding turnover time (6x). It should be noted that the steady-state
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condition assumed during the model development was confirmed by experimental data, i.e. the
variation of M, between seasons represented on average 1.69 + 1.13% of r,7 7.

All of the determined parameters listed in Table 7.2.1 were also included in a graphical
representation (Figure 7.2.3), facilitating the overall appraisal of the carbon cycle at first glance.
This Figure shows drastic differences between the two reservoirs: (i) the magnitude of the CH4
cycle in LG was significantly higher than that of LL (p<0.01); (ii) despite differences in
magnitude, the distribution of the processes linked to the CHs cycle were similar in both
reservoirs; (iii) the magnitude of the DO cycle was lower in LG than in LL (p<0.02) ; (iv) the
flux components were more important in LG than in LL; (v) r/45 was negative in LG and
positive in LL; (vi) GPP was a relatively minor component of the carbon cycle in LG and a
dominant component in LL; and (vii) the CO2 and O cycles were more balanced in LL than in
LG (as evidenced by similitude in size and processes share). The same exercise was done
regarding seasonality (illustrated in Fig S4), which indicates that the variation among seasons
was moderate. Meanwhile, large variations were observed between the two ecosystems, not only
in terms of magnitude but also in the contribution of each bioprocess. This observation suggests
that the impact of the trophic state on the carbon cycle is greater than that of seasonality.

A closer analysis of the parameters listed in Table 7.2.1 and illustrated in Figure 7.2.3 shows
that /75, was about 15 times higher in LG than in LL and that LG contained 30 to 60 times more
CHa in the water column than LL. This shows that LG stores significantly more CHa than LL,

which suggests
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Table 7.2.1. Seasonal and mean parameters (A); metabolic rates and mass balance summary (B) for LG and LL. CV is the coefficient
of variation (%). " indicates a significant difference between the means of the reservoirs (p<0.05).

LG LL

Dry cold Dry hot Wet Mean (CV) Dry cold Dryhot Wet Mean (CV)
Lake parameters
Temperature (°C)  16.83 20.38 19.64 18.95 (9.88) 10.82 16.64 13.04 13.5(21.76)
Max. Depth (m)  15.00 8.25 15.00 12.75 (30.57) 18.00 17.00 17.00 17.33 (3.33)
hcy, (%) 54.88 42.00 56.00 50.96 (15.27) 55.00 74.00 57.77 62.26 (16.49)
wcy, (°) 28.23 4.25 18.82 17.1 (70.66) 4.18 0.65 3.32 2.72 (67.76)
hco, (%) 87.00 81.30 81.00 83.1° (4.07) 69.58 62.62 73.44 68.55" (8)
Wco, (°) 32.45 -11.72 14.38 11.7 (189.74) 29.85 28.54 13.79 24.06 (37.07)
ho, (%) 21.77 31.73 22.00 25.17" (22.59) 88.87 91.59 88.60 89.69" (1.84)
wo, (°) 41.86 21.98 35.24 33.03 (30.65) 31.33 -6.90 32.13 18.85 (118.32)
Metabolism and mass balance
Rates (mmol m2d?)
ré”},i 67.06 105.19 81.29 84.517 (22.8) 4.39 4.69 8.01 5.7 (35.28)
e -50.94  -46.92 -61.16 -53.01" (13.85)  -1.21 -286  -7.30  -3.79"(83.14)
Feu, -16.12 -58.27 -20.13 -31.5" (73.84) -3.19 -1.83 -0.72 -1.91" (64.72)
074 2” -14.65 -26.00 -108.87 -49.84°(103.20) -168.94  -236.66 -299.58 -235.06" (27.80)
8o, 201.08  233.50 161.24 198.61" (18.22)  105.55 92.70 79.28 92.51" (14.20)
ré"(’)‘; -83.08 -45.32 -32.95 -53.78" (48.56)  59.09 115.60 221.58 132.09" (62.45)
Feo, -103.34  -162.18 -19.42 -94.98 (75.54) 4.30 28.36 -1.28 10.46 (150.60)
rOGZP P 17.59 31.20 130.64 59.81" (103.20)  202.72 284.00 359.50 282.07" (27.80)
o -66.64 -64.89 -120.32 -83.95"(37.53)  -201.63  -260.11 -355.92 -272.55" (28.58)
Fy, 49.06 33.70 -10.33 24.14 (127.68)  -1.09 -23.88  -3.58 -9.52 (131.36)
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Table 7.2.1. (continued)

Total mass (mmol m) and residence time (d™)

706.57
3390
309
10.54
16.86
4.64

543.94

2724
318
5.17
11.67
4.89

990.71
4663
495
12.19
28.92
3.79

747.07" (30.27)

3593" (27)
373" (28)
9.30" (39.45)
19.15" (46.23)
4.44 (13.02)

7.51
1327
3281
1.71
7.86
16.18

15.17
716
3602
3.23
3.03
12.68

6.74
979
3067
0.84
3.27
8.53

9.81" (47.55)
1008" (30)
3317 (8)
1.93" (62.82)
4.72" (57.67)
12.47 (30.72)
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that flux and methanotrophy did not completely compensate for the higher CH4 production
observed in LG. This is certainly a result of the low DO availability for aerobic methanotrophy.
The higher CHj4 storage is also reflected by a higher turnover time in LG than in LL, with 04
being 9.3+ 3.7dinLGand 1.9 + 1.2 d in LL. The opposite trend to CH4 was observed regarding
DO, with M, 10 times higher in LL than LG, as a result of the relatively high photosynthetic DO
production observed in LL, above the relatively low respiration. As a result of the latter, the DO
cycle was more dynamic in LG than in LL, with a 65, of 4.4 + 0.6 and 12.5 £ 3.8 d, respectively.
In terms of CO, an important contrast between LG and LL was also observed. Indeed, Mz,,was
three times higher in LG than in LL. In LL, a deficit of CO2 production compared to CO, uptake
by primary production was compensated by a CO- input from the atmosphere, while in LG a large
COz production and relatively low primary production resulted in important emissions. Despite
these drastic disparities, a relatively small difference in terms of 6co2 was observed, at 19.2 £ 8.9
and 10.1 £ 3.6 d for LG and LL, respectively.

Notably, Figure 7.2.3 and Table 7.2.1 also indicate a depleted GPP in LG despite higher
concentration of nutrients and trophic level than LL. Photosynthesis is known to be inhibited by
compounds that could potentially be present in the wastewater discharged into LG, such as NHs,
herbicides, sulfide, and humic substances (Chen et al., 2020; Choi et al., 2012; Godos et al., 2010;
Leusch et al., 2014; Misaki et al., 2019). Chlorophyll a concentrations confirmed the hypothesis
of depleted GPP in LG as it ranged 0.59 to 52.64 pug m= (CONAGUA, 2019), which is in the lower
range of hypereutrophic ecosystems, i.e. 9.5-275 ug m™ (Wetzel, 2001). The combination of
depleted GPP and high respiration in LG suggests that allochthonous carbon was the main
substrate for respiration in LG (Cole et al., 2000); meanwhile, autochthonous carbon input from

GPP always
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exceeded R in LL. The dominance of autotrophic over heterotrophic activity is further evidenced

by the mean GPP/R ratio, which was 3.17 £ 1.31 in LL and 0.34 £ 0.40 in LG.

Processes

500 mmol m2

®

r. 20 mmol m2d

Figure 7.2.3. Graphical representation of the carbon mass balance components in LG and LL.
Grey picture is for explanatory and scaling purposes. Each quarter-pie chart, where areas are scaled
to magnitude, represents the proportional share of each process: MG, methanogenesis; MT,
methanotrophy; F, flux; R, respiration; GPP, and gross primary production, for CH4, CO2 and O2.
Rates located on the left side are positive (input/production) and those on the right side are negative
(output/uptake). Inferior solid-color circles represent the scaled total mass of the compound (M,;
mmole m-2) and the circle arrows represent the scaled turnover time (6x). The superior circle
represents the homogeneity factor of dissolved gases distribution (h) and the anisotropic factor

(o).

In addition to these observations, Figure 7.2.3 also indicates a negative 1255 in LG, which is in
direct contrast to that observed in LL. This suggests acetoclastic methanogenesis in LL while the
hydrogenotrophic pathway would be dominant in LG. This is surprising since methanogenesis in
the water column of LG was observed along with a net CO2 production, which is usually indicative

of acetoclastic methanogenesis. This would suggest a shift of the dominant pathway between the
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sediments and the water column, although it bears repeating that r2%5 was considered as a buffer
compartment in our model. Therefore, /%% consists primarily of the CHa produced in the
sediments and transferred to the water column, but also any other unidentified biological or abiotic
process, including potentially autotrophic processes.

Aside from the main bioprocesses rates, the spatiotemporal distribution of Ccha, Cco2, and Cpo
offers an additional scope on the carbon cycle. For instance, Cpo was the parameter most
heterogeneously distributed in LG (hpo = 25%), while, in the same reservoir, Cco2 was the most
homogeneously distributed parameter (hco2 = 83%). As suggested by Gonzalez-Valencia et al.
(2019), the comparison of the h values of several compounds is an indicator of which compounds
are in excess and/or deficit. An overabundant compound is more likely to be evenly distributed,
which seems to be confirmed here. Indeed, the low h observed for Cpo in LG appears to be caused
by the dominant anoxic conditions, reflecting a DO limitation, while the homogeneous distribution
of Cco2 suggests that respiration surpassed primary production, causing an abundant CO:
concentration. Based on that premise, the order of the dissolved gases, from excess to deficit, was
CO2/CH4/O2 in LG and O2/CO2/CHjs in LL, which is in line with the dominant heterotrophic and
autotrophic overall metabolism in LG and LL, respectively. Together with h, the NHM also
provides the anisotropic dominant direction. In this case, it was mostly depthward (positive wp;
Figure 7.2.S4), which is in accordance with the concept of water column stratification. Notably, in
LG, wcHa, wcoz, and wcpo Were linearly correlated to the Schmidt stability, with a R? > 0.998
(p<0.01, n =4), unlike LL, where no clear correlation was observed. Thus, stratification is not the
dominant factor that influences the anisotropy of dissolved gas distribution in LL. In general, the
predominant direction of anisotropy in LL was slighter and more stable across seasons than that

of LG.
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7.2.4 Conclusion

As shown in the present work, a large number of overall parameters were determined from a
relatively reduced number of field measurements, including flux, dissolved concentration, and
several bioprocess rates of CHs, CO>, and O, which were integrated in a mass balance model.
Among these, a total of 22 parameters were arbitrarily selected to exhaustively describe the carbon
cycling in two reservoirs over three seasons. All of these parameters were included in a single
graphical representation, which allows for an overall appraisal of the carbon cycle at first glance.
This approach revealed the share of each major process in the CHa4, CO2, and O cycles, as well as
several spatiotemporal attributes of their distribution and turnover. The combination of a
comprehensive study and an integrative graphical representation facilitates seasonal comparisons
between the ecosystems. In the present study, this approach vividly showed how allochthonous
pollution deeply modifies the global functioning of subtropical reservoirs. The same approach
could be applied to draw comparisons among other aquatic ecosystems and their respective
characteristics, locations, and/or seasons.
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7.3 Dinamica estacional de gases de efecto invernadero y oxigeno sobre un gradiente de

salinidad de una laguna costera tropical

Articulo por someter a Estuarine and Coastal Ecosystems o Limnology & Oceanography

Resumen

En este trabajo, se presenta la caracterizacion exhaustiva de la dinamica de metano, dioxido de
carbono y oxigeno de la laguna costera tropical “La Mancha”, ubicada en el estado de Veracruz,
en tres estaciones caracteristicas. Se realizaron mediciones en los sedimentos y columna de agua,
y se cuantificaron las emisiones de gases de efecto invernadero. El ciclo del metano fue
caracterizado en dos transectos: (i) longitudinal norte-sur, abarcando el gradiente de salinidad
ocasionado por el mezclado de agua dulce, proveniente de un rio (Cafio Grande) en el extremo sur
de la laguna, y agua marina, en el lado norte de la laguna y (ii) transversal oeste-este, abarcando
la zona noroeste dominada por manglar hasta la salida de La Mancha al mar del lado este. Se
observo una fuerte regulacion estacional que a su vez influy6 sobre la entrada de agua dulce a La
Mancha. En particular, la temporada de lluvias, en la que aumenta la descarga del rio, la materia
organica y la entrada de agua del mar se observo la mayor variabilidad y magnitud de emisiones.
A nivel global, se estima que La Mancha contribuye 191 kg de metano y 184 Mg de dioxido de
carbono a la atmosfera por afio. Los resultados presentados resaltan la importancia de realizar

estudios que caractericen con alta resolucién espaciotemporal los cuerpos de agua costeros.
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Abstract

This work presents the exhaustive characterization of the methane, carbon dioxide and oxygen
dynamics of the tropical coastal lagoon “La Mancha”, located in the State of Veracruz, Mexico.
We performed measurements in the sediments and water column, and we quantified the
greenhouse gas emissions of the lagoon in three characteristic seasons. The methane cycle was
characterized in two transects: (i) North-South longitudinal, including the salinity gradient caused
by the mixing of freshwater streaming from a river in the southernmost part of the lagoon and the
seawater incoming from the North of the lagoon, and (ii) West-East transversal, including the
northwest area dominated by mangrove up to the opening of the lagoon. We observed a strong
seasonal regulation which in turn influenced the inflow of freshwater into La Mancha. The rainy
season in particular, during which the river discharge, organic matter, and water input from the sea
increases, we observed the highest variability and magnitude of emissions. Globally, we estimate
that La Mancha contributes 191 kg of methane and 184 Mg of carbon dioxide per year. Our results
highlight the importance of performing studies that characterize with high spatiotemporal

resolution the coastal water bodies.
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7.3.1 Introduction

Methane (CHg4) is a greenhouse gas (GHG) known to be the second most abundant in the
atmosphere. It also possesses a global warming potential 28 times higher than carbon dioxide
(CO2) on a 100-year horizon (Saunois et al., 2016). Input of CH4 to the atmosphere comes from
both anthropogenic activities and natural sources, the latter includes aquatic ecosystems such as
wetlands, freshwater, geological sources, and oceans. Oceanic sources are estimated to emit up to
10 Tg of CH4 per year (Saunois et al., 2019) and may arise from different sources, i.e. lateral
transport, geological CH4 seepage, marine hydrates, groundwater discharge, plant-facilitated
transport, or in situ production in the water column and sediments. Coastal ecosystems are
particularly important as they account for 75% of oceanic emissions (Osudar et al., 2015).
Mangroves, tidal flats, salt marshes, and coastal lagoons all comprise coastal environments and,
as such, they represent valuable transition zones between the ocean and terrestrial ecosystems.
Their value lies in the broad spectrum of essential services they provide, e.g. coast protection from

erosion and mitigation of hurricanes, or nursery and breeding sites for marine species and birds.

Despite being active sites of mixing and exchange of nutrients and organic carbon, CH4 emissions
are relatively low compared to freshwater ecosystems. However, as more studies are performed,
the complexity of the CH4 cycle in these ecosystems unravels. For instance, some studies have
shown that high sulfate and salinity concentrations, which is a characteristic of these ecosystems,
negatively impacts CHas-producing (methanogenic) archaea and CHs-oxidation (methanotrophic)
bacteria (Liu et al., 2016; Osudar et al., 2015). Other studies have provided evidence that have
shown that methanogenesis and sulfate reduction coexist in diverse ecosystems (Dupraz et al.,
2009; Sela-Adler et al., 2017; Wu et al., 2014; Yuan et al., 2009), despite previous evidence that

relatively high sulfate concentration hinders methanogenesis due to substrate competition with
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sulfate-reducing bacteria (SRB). Sela-Adler et al. (2007) showed that although sulfate reduction
will control the rate of methanogenesis under limiting substrate concentrations, both processes can
coexist in sites with excess substrate. Other studies, focused on deep marine sediment, have shown
that the main substrate for methanogenesis in these sites is methylated compounds (Oremland and
Polcin, 1983; Zhuang et al., 2016), thus avoiding competition with SRB, since these
microorganisms are unable to process methylated compounds. A paradoxical methane
supersaturation that has been observed in the surface of some marine ecosystems (Oremland, 1979;
Reeburgh, 2007; Repeta et al., 2016) has been recently explained by alternative pathways for CHs
release through bacterial aerobic degradation of methyl phosphonates (Karl et al., 2008; Repeta et
al., 2016). Furthermore, anaerobic methane oxidation (AOM) could be masking methanogenesis
in saline ecosystems due the readily availability of alternative electron acceptors, resulting in low
methane concentration in the water column and low net methane production in sediments
(Valenzuela et al., 2020, 2017; Zhuang et al., 2018). Chuang et al. (2017), observed relatively high
CHas concentration and fluxes in mangrove-dominated coastal lagoons, attributed to strong
methanogenesis in the sediments and the inability of methanotrophic bacteria to consume the
produced CHa, while no relation was found between CHs and salinity. Hence, it becomes apparent
that methane-related activity is site-specific and further studies are required to both have a better

understanding of the CH4 cycle and improve emission estimations in coastal ecosystems.

The uncertainties associated to global oceanic emissions may be reduced by improving the
quantification and representation of CH4 emissions worldwide (Bange, 2006; Saunois et al., 2019).
However, it is difficult to adequately represent coastal ecosystems given the complexity and
spatiotemporal variability associated to CH4 dynamics. Mexico is a particularly privileged country

given that it possesses one of the largest coastlines worldwide, extending over 11,122 km with a
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continental shelf of 288,000 km? (CONABIO-CONANP-TNC-PRONATURA, 2007), which has
been scarcely studied in terms of the CH4 cycle. In this work, high-resolution methods were used
for the full characterization of the CH4 dynamics of a coastal lagoon with riverine input located in
the Atlantic coast of Mexico. Our aim was to characterize all the aspects of the CH4 cycle,
encompassing production, storage, and emissions. As such, this is the first study to report all the
aspects of the methane cycle using a high-resolution approach, providing a valuable insight into
the dynamics of methane of the coastal lagoon La Mancha, located in the Veracruz State (Gulf of

Mexico).
7.3.2 Materials and methods

7.3.2.1 Site description and sampling campaigns

La Mancha (LM) is a coastal lagoon located in the State of Veracruz, Mexico, its climate is
equatorial tropical savanna climate (Aw; Kottek et al., 2006), characterized by mean annual
temperature above 22 °C. As depicted in Figure 7.3.1, LM has a length of 3 km, and area of 1.32
km?, the main water inflows come from the “Cafio Grande” stream, located at the southernmost
edge of the lagoon, and, ephemerally, the Gulf of Mexico. The connection to the sea depends on
the season and the local fishing community, the latter according to their necessity for a certain
salinity to ensure oyster survival, which are collected and commercialized. The site is characterized
for having three distinctive seasons: dry, i.e. February through May, rainy, i.e. June through
September, and north wind season, i.e. October through January. During the dry season, the
temperature rises, and it has a low accumulated precipitation (<60 mm), whereas during the rainy
season LM becomes connected to the sea and experiences the most precipitation (224 + 25 mm)
along with an increase in turbidity and discharge from the Cafio Grande stream into the lagoon.

77



During the north wind season, hereafter referred to as the northern season, LM typically loses
connection to the sea, and polar winds reach a mean velocity of 10 km h with frequent storms
and relatively low temperatures (Torres Alvarado et al., 2016). Three sampling campaigns were
performed towards the end of each characteristic season to account for seasonal variation. Figure
7.3.1 shows the monitoring and sampling stations (MSS), designed to provide measurements along
two transects: T1, from the south (stream inflow) to the sea connection (northwest), with

increasing salinity, and T2, from the northwestern section to the sea connection.

7.3.2.2 Limnological characteristics

Water depth was measured at over 200 locations for each season using a portable sounder
(Depthmate Portable Sounder, Speedtech, USA) and a global positioning system (eTrex 20,
Garmin, USA) to produce bathymetric maps. The surface area (Aw) was estimated through image
analysis of satellite photographs obtained from Google Earth Pro (v.7.3), while the seasonal
volumes (V) were interpolated from the bathymetric maps. Temperature, pH, oxidation-reduction
potential (ORP), and salinity (sal) were measured continuously from the surface to the bottom at
each MSS with a multi-parametric probe (HI 9828, Hanna Instruments, Mexico and Y S1 556 MPS,
Xylem Analytics, USA). Mid-column water samples were taken from selected MSS with a
horizontal 2.2-L. Van Dorn bottle (Wildco, Mexico), handled according to standard methods
(APHA, 1985) and used for determination of ammonia, nitrates and nitrites, and total phosphorus.
Secchi depth was determined with a 0.2 m Secchi disk in each MSS. The halocline depth
determination was obtained by calculating the density of water, corrected by salinity and

temperature, from the surface to the sediments and obtaining the highest difference in density.
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7.3.2.3 Greenhouse gases fluxes
Fluxes of greenhouse gases, CH4 and CO2, were determined in situ using a floating static chamber
(SC) method connected to an ultraportable greenhouse gas analyzer (UGGA, Los Gatos Research,

USA) in a closed circuit. Triplicate determination of fluxes were calculated as:

AC Vsc
=t s (1)

where F is the flux (mg m?2 d?), AC is the change of CH4 or CO, concentration (mg m~) observed
in the SC over the total sampling time (At; d), Vsc is the SC volume (7.8 x 10 m?), and Asc is the
area of the SC in contact with the water surface (9.6 x 10 m?). The UGGA has a data acquisition
frequency of 1 Hz, providing high-resolution CH4 and CO2 concentration measurements. The SC
method allows to distinguish diffusive and ebullitive fluxes, but only the former were detected.
Diffusive flux measurements were validated using a linear model fit, fluxes with a linear
correlation coefficient (R?) superior to 0.80 and a p-value lower than 0.05 were considered
diffusive. Despite the large number of flux measurements (215 total), no ebullition events were

observed during our measurements.

7.3.2.4 Dissolved gas concentration

The M-1COS method (Gonzalez-Valencia et al., 2014) was used to determine the dissolved CHa
(Ccha) and CO2 (Ccoz) concentrations in the water column. This method consisted of a gas-liquid
exchange membrane (PDMSXA-1000, Medarray Inc., USA) composed of an array of silicone
hollow fibers, with a total exchange area of 1000 cm?. The water extracted at the desired depth of
the reservoir was constantly flowing outside of the hollow fibers, while a CH4- and CO2-free

nitrogen was counterflowing inside the hollow fibers at a constant rate. Due to diffusive forces,
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the dissolved CH4 and CO; contained in the water were transferred to the gas phase, where they
were detected by an ultraportable greenhouse gas analyzer (UGGA, Los Gatos Research, USA).
The water was continuously extracted at the desired depth with a peristaltic pump (12 V, Solinst,
Mexico), at a flow rate of 1.2 L min, while the CHs- and CO-free nitrogen was flowing at a
constant flow rate of 0.75 L min, controlled by a mass flow controller (GFC 17, Aalborg,
Mexico). According to the M-1COS method, the setup was calibrated at the beginning and at the
end of each measurement day, with a standard headspace equilibration technique (Gonzalez-
Valencia et al., 2014a). In order to obtain the Ccra and Ccoz profiles, the extraction probe was
maintained just below the water surface for about 60 s, the probe was then allowed to descend
steadily at a rate of 1 m min*t until it reached the bottom where it was kept for an additional 30 s.
Additionally a flow-through oxygen optode (FTC-PSt3, PreSens, Germany) was included in the
water extraction line, allowing the simultaneous determination of dissolved oxygen concentration
(Cpo). Using this procedure, about 60 data points on dissolved gases were acquired for each meter
of water column depth. The lower detection limit of the M-ICOS method under the present
configuration was 0.08 pg L™ for Ccha and 176 pg L for Ccoz, while the lower detection limit

of the Cpo optode was 20 pg L.

7.3.2.5 Methane production/oxidation rates

Water samples were taken to measure the CHa4 production/oxidation rates following the salinity
gradient and, in some cases, Ccns and Cpo profiles. The water samples, taken with a VVan Dorn
bottle were carefully transferred to 50—mL glass syringes that included an optical oxygen Sensor
Spot (PSt-3 or PSt-6, PreSens, Germany) previously fixed to the inside wall. Avoiding the presence

of any bubble, these syringes were transferred as soon as possible to the laboratory, typically within

80



one hour, for incubation at constant temperature, similar to water temperature of the lagoon. Then,
at time intervals, dissolved oxygen concentration was determined by querying the Sensor Spots,
and 2 mL of sub-samples were taken in a 5-mL plastic syringe, in which 3 mL of CHs- and CO-
free nitrogen were further added. The sub-sample syringe was then vigorously shaken for 30 s, to
allow for gas/liquid equilibration. The liquid volume of the sub-sample syringes was evacuated,
and the 3 mL gas content of the syringe was then injected through a septum, in a continuous flow
of nitrogen passing through the UGGA circuit, i.e., open circuit. The presence of CHa in the sample
injected was detected as a peak response, that was integrated, after proper calibration with known
volumes of CH4. The CH4 concentration in the original samples were determined according to the
Bunsen coefficient (Liotta and Martelli, 2012). These incubations were sustained from five to
seven days, during which a total of five to six triplicate measurements of Ccns were done to
establish the CH4 production/oxidation rates. That protocol allowed for the determination of
combined CH4 and Cpo production/uptake rates without headspace addition, thus under the Cpo

and Ccha conditions prevailing in LM.

7.3.2.6 Sediment CH4 and CO- concentration

Sediment samples were taken at each MSS using a dredge and transferred into 60-mL plastic
syringes with the piston removed using a spoon, until approximately 20 mL were obtained. Then,
10 mL of surface water were added, as well as a glass bead and the syringe was assembled carefully
to avoid losing water and sediment. Atmospheric air was taken into the syringe to reach 60 mL
and closed using a three-way valve. The CH4 input from the water and air are negligible
considering the high Cchas present in the sediments. In the laboratory, the syringes were shaken

and centrifuged, which allowed to visualize and record the actual sediment volume. Finally, 3 mL
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of headspace sample were transferred into a 3-mL plastic syringe and then injected into the UGGA.
The peak response was integrated as described in section 2.5 and translated into headspace
concentration of CHs, which was then used to back calculate the CH4 content of the sediment

samples.

7.3.2.7 Sediment CH4 production rates

Sediment samples were collected using an Eckman dredge at each MSS and transferred into double
Ziploc bags. Once in the laboratory, using a 60-mL syringe, 30 mL of sediment were transferred
into borosilicate glass serological bottles (120 mL), sealed with butyl-rubber septa and aluminum
crimp, and then flushed with N2 to ensure anaerobic conditions. The CH4 concentration was
performed by taking 1 mL of N2 in a 3-mL plastic syringe, the syringe was then inserted through
the septa using a needle and the volume of N2 was injected into the bottles. After allowing mixing
without removing the syringe, the same volume was withdrawn from the headspace and injected
into the closed circuit of the UGGA. The peak response was integrated as described in section 2.5
and translated into headspace concentration of CHa, allowing the calculation of CH4 production
rate from each MSS. This procedure was repeated approximately every 24 h, always ensuring that
anaerobic conditions were preserved. After the first measurement, the bottles accumulated pressure
from gas production, which was registered using a pressure transducer (PSI-30, Centrepoint

Electronics, Ireland).

7.3.2.8 Data treatment and statistics
Data collected during the campaigns were processed using MATLAB (MathWorks, 2015a), the
dissolved gas concentration profiles were smoothed by weighted linear least squares and a

Savitzky-Golay filter. The contour maps were generated by interpolation of the high-resolution
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data using Surfer 11.0 software (Golden Software, USA). The Surfer Software provides 10
interpolation methods, from which the best was chosen by evaluating their mean absolute error

(MAE) and the mean bias error (MBE ;Willmott and Matsuura, 2006).

We used the numerical homogeneity model (NHM; Gonzalez-Valencia et al., 2019) to examine
the spatial distribution of the salinity, fluxes, and dissolved gas concentrations. The NHM assigned
a numerical value to the distribution. In brief, the model yields a homogeneity index of parameter
P (hp, %) along two dimensions, which can be length and length for surface fluxes, or length and
depth for dissolved gases or salinity. A nonhomogeneous distribution contains values 0 < hp <
100%, while for a homogeneous distribution, h, = 100%. Similarly, the NHM allows the
calculation of homogeneity in one dimension (hpx), with x being either length or depth, depending
on the parameter. Using the NHM we can also calculate an anisotropic factor (we, °), which
indicates the angle of the heterogeneities in the two-dimensional space. T this value ranges from -
45°, when heterogeneities are observed only in the x dimension (length), to 45° for heterogeneities

only in the y dimension (length or depth).

All statistical procedures was performed using the packages stats, rstatix, dplyr, and tidyverse of
R software version 3.6.2 (Kassambara, 2020; Team, 2019; Wickham et al., 2020, 2019). Plots were
generated using the ggplot2 package (Wickham, 2016). Two-way ANOVA were performed to
examine river and seasonal influence over physicochemical parameters and dissolved gas
concentrations. The assumptions of the two-way ANOVA over model residual were reviewed
using the Shapiro-Wilk test for normality and the Bartlett’s test for homogeneity of variances.
Most variables had a positive skew due to the nature of LM, which were log-transformed to achieve

normality of the ANOVA residuals. In some instances, the homogeneity of variances assumption
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was not met; consequently, two Welch one-way ANOVA were performed. If a significant effect
was observed, multiple pairwise comparisons were then performed to determine which effect was

different.

7.3.3 Results and discussion

7.3.3.1 Physicochemical and limnological characteristics

LM is a relatively shallow lagoon, its depth ranges 0.3 to 3.3 m depending on the season (Figure
7.3.1). The shallowest overall depth was observed during the rainy season with a mean of 0.89 +
0.46 m (mean * one standard deviation of the mean), whereas the deepest mean depth of 1.24 +
0.43 m was measured during the northern season. The mean depth of LM was 1.03 £ 0.36 m during
the dry season. A halocline was consistently observed in the southern section of the lagoon, and
stratified LM due to the density difference caused by freshwater and seawater salinity with a depth
and length that fluctuated across seasons. During the rainy season, when LM was connected to the
sea, we observed the deepest and longest halocline from R1 to LM-6 at a mean depth of 0.48 +
0.16 m, whereas during the northern season the halocline receded to LM-2 with a mean of 0.10 +
0.18 m. The halocline was present during the dry season from MSS R1 to LM-2, with a mean depth
of 0.24 £ 0.16 m. Thus, from this point onward, when referring to river-influenced MSS it will

include R1 — LM6 for the rainy season, and R1 — LM2 for the northern and dry seasons.

Table 7.3. shows clear differences between measured parameters across seasons and above and
below the halocline. The temperature difference above and below the halocline indicates that the
denser seawater was warmer than the freshwater streaming above it. A marked lengthwise gradient
of salinity was evident in LM. The distribution of salinity was relatively homogeneous with an hsa

of 85 —99% and an anisotropic factor (wsa) of -45 to -31° for both transects across seasons. Despite
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the vertical stratification caused by the halocline, the latter implies that lengthwise anisotropy was
predominant. Only during the northern season depth-wise anisotropy predominated with a wsal of

12.56°.

No significant effect of river influence was found in the mid-column nutrient concentration across
seasons. Total phosphorus concentrations ranged from 1.68 to 23.60 uM, with a median of 6.26
uM. Ammonium was the most predominant nitrogen specie with concentrations ranging from
0.014 to 21.71 uM and a median of 5.54 uM. Nitrites and nitrates accounted from 0.29 to 11.36
uM, with a relatively low median of 1.61 pM. Our results are in agreement with previous reports
of LM (Contreras-Espinosa et al., 2005; Rivera-Guzmén et al., 2014). The N:P ratios showed
nitrogen limitation with relatively low seasonal medians of 1.14, 1.28, and 2.03 for the rainy, dry,
and northern season, respectively. The ratio fluctuated across MSS within the same season as well,

but the northern season had the highest N:P reaching a magnitude of up to 6.46.

During the rainy season, the increased river input resuspended the sediments and carried organic
matter from land runoff (Torres-Alvarado et al., 2005), while the connection to the sea increased
the salinity. Thus, the higher organic matter input from the river and the increased concentration
of alternative electron acceptors present in the seawater input were likely responsible for the
reduced ORP conditions observed for the rainy season. The northern season standed out with a
lower salinity, temperature, and higher ORP compared to the rainy and dry season (p<0.05). The
water in LM was stagnant during the dry season, given that there was lower river input and wind
speed, and exchange with the sea was limited. As a result, Oz exchange was limited as well, thus
causing a predominance of other reductive processes taking place as observed by the decline of

ORP.
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Season Halocline  pH Salinity (%0) T (°C) ORP (mV)
Rainy Above 7.99 +£0.09 6.17 £ 8.96 29.14+ 28 -11.05 +61.43
Below 7.65%0.29 27.21+272 33.19+15 -190.09 £ 151.94
Northern Above 8.13 +0.27 3.2+4.36 25.02 £1.02 8.51 +13.05
Below 8.09 +0.62 1726 +2.45 26.81+1.43 19.01 + 36.32
Dry Above 7.59+£0.15 3.57 +4.67 29.34 +1.05 -59.91 +44.13
Below 7.42 +0.37 20.2+2.12 32.12+1.16 -124.29 + 141.53

Table 7.3.1. Mean concentrations of the measured physicochemical parameters across seasons.
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Figure 7.3.1. Bathymetric map of La Mancha during the northern season referenced for each
sampling station, longitudinal transect from the river (T1, red dashed line), and longitudinal
transect from the mangrove to the opening of the lagoon (T2, beige dashed line).
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7.3.3.2 Sediments dynamics

The sediment CH4 concentrations ranged from 0.002 to 55.78 mg gow™* (grams per dry-weight of
sediment, Figure 7.3.2). No seasonal effect was observed, but we found significant differences
between river-influenced, i.e. halocline present, and seawater-dominated samples (p<0.05). The
median for river-influenced samples was 1.89 mg gow™, whereas the seawater-dominated samples
had a median of 0.036 mg gow™. A similar trend was observed for CH4 production rates in the
sediments, with MSS samples closer to the river showing significantly higher rates of production
(p<0.05; Figure 7.3.S1A), the mean rates of CH4 production ranged from 0.05 to 0.88 mmol m
dL. The concentrations of CO. ranged from 0.003 g gow™ t0 2.39 g gow™* and a significant effect
of both seasons and river-influence was found in contrast to CH4 concentrations. Dry season
concentrations were significantly higher (p<0.05), as well as river-influenced MSS (p<0.05).
River-influenced MSS had a median of 0.216 g gow™, while seawater-dominated had a median of
0.046 g gow™. A marked trend of CO;, production rates decreasing with the distance from the river
input (Figure 7.3.S1B). Production rates from river-influenced samples were significantly higher,

as well as samples from the northern season (p<0.05).
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Figure 7.3.2. GHG concentration in sediment along a longitudinal transect and across seasons.
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7.3.3.3 Dissolved gas concentration in the water column

An important input of GHGs coming from the river was observed (Figure 7.3.3A and Figure
7.3.S2A), dissolved GHGs concentrations in river-influenced MSS were significantly larger than
the rest of LM (p<0.05). A difference of about one order of magnitude in the water column Ccha
between river-influenced and sea-dominated MSS was observed for all seasons (Table 7.3.3). The
lowest median Ccha was observed during the northern season, whereas the highest median Ccha
was found during the dry season; however, only the northern season was significantly different
from the others (p<0.05). The latter could imply there was more methanogenesis during the dry
season, but storage certainly increased as there was limited exchange with the atmosphere due to
the stagnant water column, as it will be described in Section 9.3.4. The range of Ccna found in LM
were within the higher range of other coastal ecosystems (2.8 x 10 to 9.25 mg L™*; Bange, 2006;
Chuang et al., 2016; Deborde et al., 2010; Huertas et al., 2018; Musenze et al., 2016; Orif et al.,
2017). A relatively homogeneous distribution in the depth direction was found for Ccna, with hcha,
depth ranging 90 — 93% for T1 and T2. In contrast, a more heterogenous distribution was present
for the lengthwise direction, particularly in T1 with hcha, length ranging 35 — 49%, whereas hcha,

length for T2 ranged 80 — 97%. This was further observed with wcHs showing a predominance of

anisotropy in the length direction.

The highest methanotrophic activity was detected on the river-influenced MSS during the rainy
and dry seasons (Table 7.3.4). A decrease in methanotrophic activity was found during the northern
season, attributed to the lower temperature and Ccns concentration (p<0.05). The methanotrophic
turnover, i.e. the time needed for methanotrophic activity to uptake the respective Cchas, of

superficial CH4 ranged between 2.59 to 341 days, whereas the bottom turnover ranged from 0.61
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to 36 days. Our methanotrophic rates are within the range reported in the Mandovi and Elbe
estuary, both showing the same trend of methanotrophic activity decline along their salinity
gradients (Araujo et al., 2018; Matousu et al., 2017). We also observed relatively low rates of
methane production in the water column during the dry season, previously reported to exist in
other seawater ecosystems (Karl et al., 2008; Repeta et al., 2016). The fact that we observed
methane production only during the dry season, could be attributed to the phytoplaktonic
succession that LM experiences depending on its connection to the sea (Contreras-Espinosa et al.,

2005).

Similar to CHg, there was an important input of CO2 coming from the river exported to LM (Figure
7.3.3A and Figure 7.3.S2B), which causes a significant difference between river-influenced and

seawater dominated MSS (p<0.05). As mentioned in the previous section, the presence of
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Figure 7.3.3. Seasonal continuous measurement of surface water concentration of dissolved gases
(A) and physicochemical parameters (B).
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Season Section Cca(mgL?)  Ccoz(mglL?) DO (mg L)

Rainy R1to LM-6 0.052 £0.034 12.781 + 3.497 0.961 £ 0.66
LM-7 to LM-1T 0.006 £ 0.007 6.528 £4.431 3.577 £ 1.806
Entire LM* 0.01 8.55 1.88

Northern R1to LM-2 0.028 £ 0.012 11.286 + 1.452 0.876 £ 0.406
LM-3to LM-1T 0.003 £0.003 6.351 £ 1.298 6.138 £2.188
Entire LM* 0.0016 6.79 5.96

Dry R1to LM-2 0.151 £ 0.061 27.854 £ 7.661 0.085 £ 0.027
LM-3to LM-1T 0.016 £0.03 10.846 + 4.634 4.408 = 2.306
Entire LM* 0.0039 9.71 4.61

Table 7.3.2. Mean dissolved gas concentrations of the entire water column for the sampled
seasons. *Median values are shown.

mangrove surrounding the river-dominated area contributes an important amount of organic matter
into the Cafio Grande stream inflow. The organic matter is then respired as it travels along T1,
forming a longitudinal gradient. The high rates of riverine organic matter input and respiration,
characteristic of coastal ecosystems in lower latitudes (Cai, 2011), resulted in relatively high Ccoo.
As expected from the latter, the distribution of CO, was more homogeneous compared to CHa.
There was a predominance of lengthwise heterogeneity with hcoz,depth ranging 90 — 93% while
hcoz, length ranged from 72 — 86% in T1 and 94 — 97% in T2. Both GHGs followed the same trend
of w development, lengthwise anisotropy dominated during the dry season, gradually equilibrating
as it goes through the rainy and northern seasons. The rainy and northern seasons had similar Ccoz,
which could be due to the more alkaline state of LM compared to the northern and rainy seasons,
i.e. inorganic carbon becomes HCOs". In contrast, the highest Cco2 were found during the dry
season, which were significantly higher than during the northern and rainy seasons (p<0.05), due
to its accumulation which in turn lowers the pH of LM. The latter implies a positive feedback
effect on Ccop, as it decreases pH it pushes the bicarbonate system chemical balance to free COo.
Further evidence of the pH impact on CO. equilibria was observed during our methanotrophic
incubations since CO2 net production was measured as well. Significantly lower CO2 net
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production rates were observed during the rainy and northern seasons compared to the dry season
(p<0.05). The net CO- production ranged from -16.21 to 26.52 umol m=d -, whereas during the
dry season it ranged from 13.90 to 134.20 pmol m™ d 1. The negative rates found during the
northern and rainy seasons are attributed to carbonic acid formation and its further dissociation

into bicarbonate due to the higher pH.

The river input water was also clearly depleted of DO, as shown in Table 7.3.2. The respiration of
the high organic matter contents of riverine water triggers the decline of DO, hence we observed
a significantly lower Cpo in river-influence MSS compared to seawater-dominated MSS (p<0.05).
During the northern season we observed significantly higher Cpo compared to the other two
seasons (p<0.05). Contreras-Espinosa et al. (2005) showed that the fluctuation of N:P was directly
related to primary productivity efficiency, as N:P increased primary productivity became more
efficient. Since the highest N:P ratios were found during the northern season, we attribute the
higher Cpo to the increased efficiency of primary production as well as the reduction of organic
matter input from the river. Although no significant difference was observed between the rainy
and dry season, it is worth repeating that the effect of the stagnant column during the dry season
exacerbates the lack of DO as respiration proceeds in the river-influenced zone of LM (Figure
7.3.S1C). The seawater-dominated MSS of LM, during the dry season, had a relatively high Cpo,
attributed to the excess DO leftover from the northern season and the limited atmospheric
exchange. The same behavior as the GHGs was observed for Cpo, hpo ranged 61 — 69% for T1,
while T2 was relatively more homogeneous with hpo ranging from 80 — 93% for T2. Lengthwise

anisotropy was predominant, as wpo decreased from -17.63° during the rainy season, to -28.11°

during the northern season, and reaching -31.50° in the dry season. The rainy season showed the
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least homogeneous lengthwise and depthwise distribution, as expected from the limiting

conditions of Cpo. The aerobic respiration seasonal measurements are shown in Table 7.3.3,

showing a relative stability across seasons.

7.3.3.4 GHG fluxes and overall dynamics

The fluxes of CH4 were relatively variable spanning three orders of magnitude (column in a given

MSS by the quantified flux. It ranged from 0.11 to 17.05 days, with larger turnover times observed

CH4 fluxes (mg m-2 d-1)

Season Influence Min Max Mean SD VC Median

Rainy River 0.47 140.30 35.12 39.67 112.96 21.69
Lagoon  0.85 26.24 6.33 5.73 90.49 4.48
ER}I"E 8.43 1149 13630 504

Northern River 0.96 26.66 8.71 6.22 71.37 6.90
Lagoon  0.24 16.94 3.31 3.47 104.85 2.12
Erl\‘/tl"e 3.13 264 8435 212

Dry River 4.94 77.10 22.81 19.34 84.79 14.16
Lagoon  0.35 11.57 3.97 3.33 83.80 2.54
Entire
LM 5.48 6.70 122.26 3.17

CO2 fluxes (g m-2 d-1)

Min Max Mean SD VC (%) Median

Rainy River 0.79 55.88 16.52 15.05 91.09 10.13
Lagoon  0.43 18.20 4.59 3.77 82.01 2.99
Entire 5.51 5.55 100.72 3.82
LM

Northern River 2.16 24.71 9.63 5.18 53.76 8.25
Lagoon  0.77 14.69 4.99 3.27 65.52 3.93
Entire 5.11 2.65 51.86 4.09
LM

Dry River 4.49 27.56 11.27 5.71 50.65 9.90
Lagoon 155 14.40 5.09 3.37 66.24 4.14
Entire 5.75 3.38 58.76 4.65
LM

in the river-influenced MSS.
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The flux turnover of the dry season was comparatively lower than that of the other two seasons,
further confirming that the higher CCH4 observed during the dry season was due to the stagnant

state of the water column. Our results on CH4 dynamics are in agreement with previous reports of

Table 7.3.4. Greenhouse gas flux statistics; min: minimum, max: maximum, SD: standard
deviation, VC: variation coefficient.

coastal ecosystems (Araujo et al., 2018; Chuang et al., 2017; Matousi et al., 2017). Although the
CH4 concentration and fluxes were negatively correlated to salinity, the latter is a covariate of O2
concentration and temperature. Thus, we cannot assert whether salinity has a negative impact on

CH4 production in LM.
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Figure 7.3.4. Contour maps of seasonal CH4 (top) and CO2 (bottom) fluxes for the three sampled
seasons. A close-up of the river to lagoon zone is shown to the right of each map for ease of
visualization. Cross symbol (x) indicates flux sampling stations.

4, Figure 7.3.4). The CH4 fluxes showed the same trend as Ccra profiles, i.e. lower fluxes as the
distance from the river input increased. Thus, the mean CHa fluxes from river-influenced areas
were significantly higher than seawater-dominated areas (p<0.05). A significant seasonal effect
was observed for the northern season, CHa fluxes were lower than those of the rainy and dry

seasons (p<0.05).
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As previously mentioned, the northern season had a higher Cpo, as well as lower organic matter
load, and temperature. The simultaneous effect of these factors during the northern season could
explain the lower CH4 fluxes observed, being conditions more favorable to methanotrophy and
less favourable yo methanogenesis. The rainy season showed the highest variability of CH4 fluxes,
which is attributed to the larger area of river-influence increasing the variability of Ccna, salinity,
temperature, and ORP. The spatial variability of CH4 fluxes is further observed in Figure 7.3.A.
The hchafiux ranged from 50 — 56%, with heterogeneities predominating in the latitudinal direction,
i.e. the direction of T1. Assuming a four-month duration of each season, these fluxes translate
roughly to a total cumulated emission 95, 36, and 60 kg-CHa for the rainy, northern, and dry
seasons, respectively. Yearly, we estimate that LM contributes 191 kg-CHa. Since methanotrophic
activity was not widespread in LM, evasion to the atmosphere played a major role in CH4 turnover.

To determine the turnover of CH4 due to flux, we divided the total mass of CH4 per area of water

95



Methanotrophic activity

(umol m3d )

Respiration

(mmol m3d %)

Season
MSS Depth Rainy Northern Dry Rainy Northern Dry
R1 Surface 861.69+34 - 957.9+447.8 8.29+2.74 - 7.56 + 0.64
Bottom n.s. - n.s. - - -
R2 Surface 869.41+146 - - 7.68+0.73 - -
Bottom n.s. - - - - -
LM-1 Surface 585.3+430.3 84.7+20.1 5476 +£45.1 9.91+1.02 3358+242 1657 +8.21
Half-column - n.s. - - 51.45 + 8.53 -
Bottom n.s. - n.s. - - -
LM-5 Surface n.s. n.s. -6.79 £ 14.3 27.61+565 - -
LM-6 Surface 4.02+104 n.s. n.s. 28.45+538 - 11.73 + 4.47
LM-7 Surface n.s. 2497 +2 n.s. - - 13.08 + 0.48
LM-8 Surface - 14.57 £ 0.6 - - - -
LM-9 Surface - n.s. - - - -
Bottom - n.s. - - - -
LM-10 Surface n.s n.s. n.s - - 30.58 + 4.38
LM-11 Surface - n.s. - - - -
LM-1T Surface - 2497 +2 n.s. - - -
LM-2T Surface n.s. n.s. -1.68 £ 0.8 51.79+0 - -
LM-3T Surface n.s. n.s. n.s 23.06 + 4.48 14.52 +0.83 18.8 + 7.96
Half-column - n.s. - - 9.77 £8.33 -
Bottom 2951+31.8 553+4.1 - 1897 +15 23.9+0.1 -
LM-4T Surface n.s. n.s. -1.73+0.3 1569+151 1211+273 -

Table 7.3.3. Methanotrophic and respiration rates measured in our incubation assays. Non-significant rates are labeled as n.s.
(p>0.05), whereas not sampled stations in certain seasons are labeled as -.
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column in a given MSS by the quantified flux. It ranged from 0.11 to 17.05 days, with larger

turnover times observed in the river-influenced MSS.

The flux turnover of the dry season was comparatively lower than that of the other two seasons,

further confirming that the higher Ccrs observed during the dry season was due to the stagnant

state of the water column. Our results on CHs dynamics are in agreement with previous reports of

CHa fluxes (mg m?2 d?)

Season Influence Min Max Mean SD VC Median

Rainy River 0.47 140.30 35.12 39.67 112.96 21.69
Lagoon  0.85 26.24 6.33 5.73 90.49 4.48
ER}I"E 8.43 1149 13630 504

Northern River 0.96 26.66 8.71 6.22 71.37 6.90
Lagoon  0.24 16.94 3.31 3.47 104.85 2.12
Erl\‘/tl"e 3.13 264 8435 212

Dry River 4.94 77.10 22.81 19.34 84.79 14.16
Lagoon  0.35 11.57 3.97 3.33 83.80 2.54
Entire
LM 5.48 6.70 122.26 3.17

CO; fluxes (g m? d?)

Min Max Mean SD VC (%) Median

Rainy River 0.79 55.88 16.52 15.05 91.09 10.13
Lagoon  0.43 18.20 4.59 3.77 82.01 2.99
Entire 5.51 5.55 100.72 3.82
LM

Northern River 2.16 24.71 9.63 5.18 53.76 8.25
Lagoon  0.77 14.69 4.99 3.27 65.52 3.93
Entire 5.11 2.65 51.86 4.09
LM

Dry River 4.49 27.56 11.27 5.71 50.65 9.90
Lagoon 155 14.40 5.09 3.37 66.24 4.14
Entire 5.75 3.38 58.76 4.65
LM

Table 7.3.4. Greenhouse gas flux statistics; min: minimum, max: maximum, SD: standard

deviation, VC: variation coefficient.
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coastal ecosystems (Araujo et al., 2018; Chuang et al., 2017; Matousu et al., 2017). Although the
CHa concentration and fluxes were negatively correlated to salinity, the latter is a covariate of O
concentration and temperature. Thus, we cannot assert whether salinity has a negative impact on

CHys production in LM.
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Figure 7.3.4. Contour maps of seasonal CH4 (top) and CO> (bottom) fluxes for the three sampled
seasons. A close-up of the river to lagoon zone is shown to the right of each map for ease of
visualization. Cross symbol (X) indicates flux sampling stations.
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The fluxes of CO2 were relatively less variable, but larger in magnitude than CHas (column in a

given MSS by the quantified flux. It ranged from 0.11 to 17.05 days, with larger turnover times

observed in the river-influenced MSS.

The flux turnover of the dry season was comparatively lower than that of the other two seasons,

further confirming that the higher CCH4 observed during the dry season was due to the stagnant

state of the water column. Our results on CH4 dynamics are in agreement with previous reports of

CH4 fluxes (mg m-2 d-1)

Season Influence Min Max Mean SD VC Median

Rainy River 0.47 140.30 35.12 39.67 112.96 21.69
Lagoon  0.85 26.24 6.33 5.73 90.49 4.48
ER}I"E 8.43 1149 13630 504

Northern River 0.96 26.66 8.71 6.22 71.37 6.90
Lagoon  0.24 16.94 3.31 3.47 104.85 2.12
Erl\‘/tl"e 3.13 264 8435 212

Dry River 4.94 77.10 22.81 19.34 84.79 14.16
Lagoon  0.35 11.57 3.97 3.33 83.80 2.54
Entire
LM 5.48 6.70 122.26 3.17

CO2 fluxes (g m-2 d-1)

Min Max Mean SD VC (%) Median

Rainy River 0.79 55.88 16.52 15.05 91.09 10.13
Lagoon  0.43 18.20 4.59 3.77 82.01 2.99
Entire 5.51 5.55 100.72 3.82
LM

Northern River 2.16 24.71 9.63 5.18 53.76 8.25
Lagoon  0.77 14.69 4.99 3.27 65.52 3.93
Entire 5.11 2.65 51.86 4.09
LM

Dry River 4.49 27.56 11.27 5.71 50.65 9.90
Lagoon 155 14.40 5.09 3.37 66.24 4.14
Entire 5.75 3.38 58.76 4.65
LM
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Table 7.3.4. Greenhouse gas flux statistics; min: minimum, max: maximum, SD: standard
deviation, VVC: variation coefficient.

coastal ecosystems (Araujo et al., 2018; Chuang et al., 2017; Matousu et al., 2017). Although the
CH4 concentration and fluxes were negatively correlated to salinity, the latter is a covariate of O2
concentration and temperature. Thus, we cannot assert whether salinity has a negative impact on

CH4 production in LM.
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Figure 7.3.4. Contour maps of seasonal CH4 (top) and CO2 (bottom) fluxes for the three sampled
seasons. A close-up of the river to lagoon zone is shown to the right of each map for ease of
visualization. Cross symbol (x) indicates flux sampling stations.
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and Figure 7.3.4B). In contrast of CHa, no significant seasonal effect was observed for CO> fluxes.

However, as observed for CH4, the variability of the rainy season was comparatively higher than

the other seasons. Furthermore, the significantly higher Cco2 observed during the dry season did

not translate to higher CO: fluxes, as previously mentioned, the relatively lower wind speed of the

dry season decreases atmospheric exchange. Significantly higher fluxes were found in the river-

influenced area of LM (p<0.05), about twice as much CO> was emitted per unit area in this area

CH4 fluxes (mg m-2 d-1)

Season Influence Min Max Mean SD VC Median

Rainy River 0.47 140.30 35.12 39.67 112.96 21.69
Lagoon  0.85 26.24 6.33 5.73 90.49 4.48
ER}I"E 8.43 1149 13630 504

Northern River 0.96 26.66 8.71 6.22 71.37 6.90
Lagoon  0.24 16.94 3.31 3.47 104.85 2.12
Erl\‘/tl"e 3.13 264 8435 212

Dry River 4.94 77.10 22.81 19.34 84.79 14.16
Lagoon  0.35 11.57 3.97 3.33 83.80 2.54
Entire
LM 5.48 6.70 122.26 3.17

CO2 fluxes (g m-2 d-1)

Min Max Mean SD VC (%) Median

Rainy River 0.79 55.88 16.52 15.05 91.09 10.13
Lagoon  0.43 18.20 4.59 3.77 82.01 2.99
Entire 5.51 5.55 100.72 3.82
LM

Northern River 2.16 24.71 9.63 5.18 53.76 8.25
Lagoon  0.77 14.69 4.99 3.27 65.52 3.93
Entire 5.11 2.65 51.86 4.09
LM

Dry River 4.49 27.56 11.27 5.71 50.65 9.90
Lagoon 155 14.40 5.09 3.37 66.24 4.14
Entire 5.75 3.38 58.76 4.65
LM

compared to the rest of LM (column in a given MSS by the quantified flux. It ranged from 0.11 to

17.05 days, with larger turnover times observed in the river-influenced MSS.
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The flux turnover of the dry season was comparatively lower than that of the other two seasons,
further confirming that the higher CCH4 observed during the dry season was due to the stagnant

state of the water column. Our results on CH4 dynamics are in agreement with previous reports of

Table 7.3.4. Greenhouse gas flux statistics; min: minimum, max: maximum, SD: standard
deviation, VC: variation coefficient.

coastal ecosystems (Araujo et al., 2018; Chuang et al., 2017; Matousi et al., 2017). Although the
CH4 concentration and fluxes were negatively correlated to salinity, the latter is a covariate of O2
concentration and temperature. Thus, we cannot assert whether salinity has a negative impact on

CH4 production in LM.
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Figure 7.3.4. Contour maps of seasonal CH4 (top) and CO2 (bottom) fluxes for the three sampled
seasons. A close-up of the river to lagoon zone is shown to the right of each map for ease of
visualization. Cross symbol (x) indicates flux sampling stations.

). The fluxes of CO2 were more homogeneously distributed than CH4 fluxes, with hcozfiux ranging
from 58 — 72%. The heterogeneities predominated in the latitudinal direction as CH4 fluxes. The
seasonal emission of LM were estimated at 59, 62, and 63 Mg-CO: for the northern, rainy, and dry

season, respectively. Thus, we estimate that LM contributes a yearly emission of 184 Mg-COs..
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The emissions of CO. from LM are within the range of previously reported ecosystems (Abril et

al., 2004).

7.3.4 Conclusions

Achieving certainty of GHG fluxes from oceanic sources is highly dependent on the
characterization of the GHG dynamics of coastal ecosystems across the globe. In this work, we
presented a thorough report on CH4 and CO2 dynamic in a tropical coastal lagoon as well as
relevant physicochemical parameters. The dissolved gas dynamics in LM are strongly regulated
by seasonal effects driven by river and seawater inflow, temperature, and windspeed. The use of
high-resolution methods allowed to further assess the influence of the river and temperature over
the dynamics of the dissolved gases. The dynamics of CHs were particularly sensitive to
temperature and river inflow, as reflected in the CH4 concentration, consumption/uptake in the
water column, and fluxes. The variability introduced by the higher input of river water and
seawater increased the concentration and fluxes variability along LM. Our results indicate that the
studied lagoon is a net source of GHG with an annual total emission of 189 Mg of CO- equivalent,
of which CHa represents only 2.8%. We also showed that, overall and as previously reported,
salinity negatively affected the emissions of both CHs and CO: as well as their dissolved
concentration. Thus, the hydrologic balance between freshwater input from the surrounding

ecosystems to water exchange with the sea, is a dominant feature of this lagoon.
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8. Conclusiones globales

La mayor incertidumbre en el inventario global de CH4 proviene de los ecosistemas acuaticos,
mismos que son fuentes particularmente importantes de CHas. La dinamica del CHa de los
ecosistemas acuticos esta sujeta a una alta variacion espaciotemporal tanto por las condiciones
propias del ecosistema como por variaciones climaticas y regionales. Es por ello que se requieren
métodos y campafias de muestreo que permitan caracterizar la dinamica de GEI de manera
representativa. Ademas, la literatura demuestra que la produccion de GEI esta fuertemente
regulada por el OD. Por lo tanto, es fundamental realizar la medicion simultanea de la

concentracion de GEl 'y OD. En este trabajo se demostro la importancia del continuo mejoramiento
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y aplicacion de métodos de alta resolucion sobre ecosistemas acuaticos escasamente estudiados.
Las aguas interiores salobres, sean lagos o pozas, no figuran en los inventarios globales de GEI. A
pesar de la presencia de concentracion relativamente alta de sulfatos, en este trabajo se demostrd
que las pozas subsalinas de Cuatro Cienegas, Coahuila, son fuentes significativas de CHa4 y fuentes
particularmente potentes de CO- por su composicion quimica. Ademas, se reporto por primera vez
la produccion oxica de CHs en un ecosistema de este tipo. Nuestros resultados resaltan la

importancia de estudiar estos ecosistemas subrepresentados en la literatura.

Por otra parte, el acoplamiento de la medicién de O> mediante un sensor dptico de manera
simultanea a la medicion de los GEI trajo consigo claras ventajas. En concreto, determinar perfiles
de concentracion de Oz y respiracion aerobia con la misma resolucion que los GEI, nos permitio
observar de manera mas detallada la relacion entre estos gases disueltos. En este trabajo se
demuestra el alcance que puede tener el uso de métodos de alta resolucion orientados a la
determinacion de los componentes del ciclo del CHa. En particular, se logré la cuantificacion de
los principales bioprocesos relacionados al ciclo del CHa, incluso aquellos que no pueden ser
medidos facilmente, como la produccién primaria neta y la metanogénesis, ademéas de la
identificacion de respiracion y metanotrofia aerobia y anaerobia. Asimismo, se propuso una
representacion grafica sin precedentes que permite la visualizacion del impacto de la eutrofizacion
sobre los bioprocesos y el almacenamiento de GEI de manera sencilla y directa. Finalmente, este
trabajo constituye una prueba adicional de que los ecosistemas acuéticos en latitudes bajas emiten

mas GEI que sus contrapartes en latitudes altas.
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Recomendaciones y perspectivas

Los resultados del capitulo 7.1 muestran que las aguas interiores salobres pueden ser fuentes
de CHs y CO:2 a la atmosfera. Por lo tanto, se recomienda que haya més estudios orientados a
la caracterizacion del ciclo del CH4 en ecosistemas salobres. México posee una gran cantidad
de cuerpos de agua superficial salobres y es de interés saber si los resultados presentados en
este trabajo se pueden generalizar a todos los cuerpos de agua salobres de la regién. Se
recomienda ademas caracterizar la composicion quimica del suelo y agua, ya que la presencia
de carbonatos en Cuatro Ciénegas es determinante para las emisiones de CO; observadas.
Conforme aumente la certidumbre sobre estos ecosistemas se podra determinar si éstos deben
ser integrados a los inventarios globales de GEI. Otro aspecto interesante del capitulo 7.1 fue
la produccion 6xica de CH4 en la columna de agua. Existen varias rutas metabolicas
propuestas en la literatura que potencialmente podrian explicar las observaciones reportadas
en este trabajo. Afortunadamente, existe mucho interés en este sitio por su historial geoldgico,
y la fauna, flora y comunidades microbianas endémicas. Estudios previos sugieren que la
comunidad microbiana presente en las pozas tiene la capacidad de metabolizar fosfonatos,
mismos que han sido propuestos como sustrato para la produccion éxica de CHs en
ecosistemas marinos. Futuros trabajos de investigacion sobre la produccién éxica de CHa
deberian ser orientados en este sentido.

En el capitulo 7.2 hicimos una caracterizacion detallada del ciclo del CH4 en dos ecosistemas
de agua dulce con estado tréfico contrastante. Se logro cuantificar procesos como la

produccién primaria y la respiracion neta de ambos sitios. Para ir méas alla en este tipo de
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estudio, se recomienda ampliar la caracterizacion detallada de la metanotrofia y respiracion a
todo el transecto longitudinal. Ademas, estos ecosistemas mostraron emisiones ebullitivas
continuas, en particular el sitio contaminado. En el futuro se deberian aplicar métodos
especializados para la medicién de estas emisiones, pueden ser desde métodos sencillos como
un embudo invertido o métodos mas poderosos de alta resolucion. Esta recomendacion,
aunque particularmente importante para mejorar futuros trabajos como el realizado para el
capitulo 7.2, se extiende a todos los trabajos que pretenden caracterizar el ciclo del CH4 en
ecosistemas acuaticos.

Se observé una emision inesperadamente alta en comparacion a otros ecosistemas del mismo
estado tréfico para el reservorio subtropical mesotréfico “El Llano”. En este sitio también se
ha observado la presencia de macrdfitas invasivas sumergidas. Se sabe que las plantas pueden
facilitar el transporte de CH4 de los sedimentos hacia la columna de agua, por lo que en el
futuro podrian abordarse estudios orientados al efecto de las macrofitas sobre las emisiones
en “El Llano”.

Actualmente en la literatura existen evidencias opuestas respecto al efecto de la salinidad
sobre la metanogénesis, relevante para ecosistemas costeros como el estudiado en el capitulo
7.3. Es de interés realizar estudios enfocados al efecto de la salinidad sobre el ciclo del CHs
en LM. Nuestros resultados mostraron evidencia claras del efecto negativo de la salinidad
sobre el ciclo del metano, pero no permitié determinar claramente sus causantes, en términos
de bioprocesos. En el futuro podrian realizarse incubaciones de sedimento con diferentes
condiciones de salinidad para evaluar el impacto de la salinidad. Ademas, es sumamente

relevante realizar una cuantificacion certera del intercambio de CHgs entre el rio, el manglar y
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la laguna costera, es decir, identificar cuanto CH4 es importado del rio y manglar, cuanto es
producido por la laguna y cuanto es finalmente exportado al oceano.

Finalmente, en general se recomienda que en futuros estudios se considere aumentar la
resolucion de otros factores importantes para el ciclo del CHs como los nutrientes, la calidad

de la materia organica y la composicion fitoplantonica de los ecosistemas acuaticos.
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11. Anexos

11.1 Anexo 1: Material suplementario del capitulo 7.1

Methane dynamics in the subsaline ponds of the Chihuahuan Desert: a first
assessment

Teresa Aguirezabala-Campano!, Oscar Gerardo-Nieto!, Rodrigo Gonzalez-Valencia®, Valeria
Souza?, Frederic Thalasso?.

! Cinvestav, Department of Biotechnology and Bioengineering, Mexico City, Mexico.

2 Universidad Nacional Auténoma de México, Departamento de Ecologia Evolutiva, Mexico City,

Mexico.

S1. MATERIALS AND METHODS
S1.1 Calculation of carbonate/aqueous COz in equilibrium

Aqueous CO> concentration, [CO2]aq, as predicted by chemical equilibrium was compared to CO-
concentration (Ccoz2) measured experimentally in the ponds. With that purpose, the following set
of equations was used (Stumm and Morgan, 2012). The water dissociation constants (Kw), and
carbonic acid (H2CQO3) first and second dissociation constants (K1 and Kz) were calculated from:

(~283.971-0.050698427 +2232300 4102 24447109 (1) -1 112202
KW =10 T = ’
(Eq. S1)
2183437 1684915
K, = 10(~356:3094 ~0.06091964T +52172 41268339109 (1), );
(Eq. S2)
5151.79 563713.9
K, = 10(~107.8871 ~0.032528497 +T+38.9256110g(T)—T);
(Eq. S3)

where T is the absolute temperature (Kelvin).
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Then, the bicarbonate concentration [HCO3] was calculated from:

A k -

(HCOs] = = c1ovm

where Alk is the alkalinity of the pond (mol L; Table S1).

Then, the CO- concentration in water [CO2]aq predicted from chemical equilibrium was determined
from:

10PH[HCO02™] (Eq. S5)

[COZ]aq = K
1

Table S1. Parameters used for the calculation of [HCOs] and [COz]aq, K coefficients were
calculated from Eq. S1-S3 using T and pH from each pond.

Alk Kw K1 K2
ID (mmol LYH)!  pH T (107) (1077) (1071
PB 1.67 7.10 305 1.67 4,78 5.33
LH 1.89 7.50 298 1.00 4.45 4.69
PCH 1.56 8.31 298 1.00 4.45 4.69

(%) Alkalinity values as CaCOs3 obtained from Escalante et al. (2008).
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Figure S1. Cuatro Cienegas Valley map and photographs of each studied pond. The ponds have
been numbered as 1: Poza Becerra (PB), 2: Poza Manantial(PM), 3: Poza Churince(PCH), 4: Poza
Azul (PA), and 5: Poza los Hundidos (LH).
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S2. RESULTS
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Figure S2. CH4 (A) and S* (B) concentration observed during incubation assays of PB sediments,

over a 25-day period.
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Figure S3. CH4 concentration observed during incubations of PB water sample in 10-mL glass

syringes.
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Table S2. [HCOs7] and [CO2]aq calculated from chemical equilibrium using Eqg. S2 and S3.

[HCOsT] [CO2]q [CO2]aq
Ecosystem (mmol L) (mmol L) (mg LY
PB 3.34 0.55 24.41
LH 3.78 0.27 11.83
PCH 3.14 0.03 1.52
References

1. Escalante, A.E., Eguiarte, L.E., Espinosa-Asuar, L., Forney, L.J., Noguez, A.M., Souza
Saldivar, V., 2008. Diversity of aquatic prokaryotic communities in the Cuatro Cienegas

basin. FEMS Microbiol. Ecol. 65, 50-60. https://doi.org/10.1111/j.1574-
6941.2008.00496.x

2. Stumm, W., Morgan, J.J., 2012. Aquatic Chemistry: Chemical Equilibria and Rates in

Natural Waters. Wiley.
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11.2 Anexo 2: Material suplementario del capitulo 7.2

Overall spatiotemporal dynamics of greenhouse gases and oxygen in two subtropical

reservoirs with contrasting trophic states
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Frédéric Thalasso?
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San Pedro Zacatenco, 07360, Mexico.
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Campus Juriquilla, Universidad Nacional Autonoma de México, Blvd. Juriquilla 3001, Querétaro,

76230, Mexico

Supplementary Information

Table S1. Notations

Notation Description Units

C Concentration of a given compound mmol m™

) Depth section m

F Flux mmol m2 d?
H Henry’s constant mol Lt atm™
M Mass of a given compound mmol m

r Net rate mmol m2d*!
Sc Schmidt number -

0 Turnover time d
Superscripts Description Units

*

Experimentally determined

GPP Gross primary production -
MG Methanogenesis -
MT Methanotrophy -
R Respiration -
Subscripts

CHs4 Methane -
CO2 Carbon dioxide -
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DO or O Dissolved oxygen -
X Compound X -
S1. Mass balance

In this work, we established a mass balance of CH4, Oz, and CO2, which consider the water column
as a grey box containing a limited number of dominant biological processes; i.e. methanotrophy,
methanogenesis, respiration and primary production. In this model, all parameters are expressed
per unit of area of the lake, the black box is open to the exterior, any mass increase or entry is

considered as positive, and steady state is assumed,; i.e. no significant changes over time.

The CHg4 balance consists of three compartments; methanogenesis (MG), methanotrophy (MT),
and emissions to/from the atmosphere (F), two of them being measured (MT and F), thus allowing
the derivation of the third one (MG). It is worth noting that, on the contrary of MT and F which
are limited to the water column and the lake surface, respectively, MG is not restricted to the water

column and includes sediments.

MT is considered as net methanotrophy, thus being the net result of two possible antagonistic
processes in the water column; i.e. methanogenesis and methanotrophy. Similarly, MG is
considered as a buffer compartment as it includes mostly the methane produced in the sediments
and transferred to the water column, but also any other biological or abiotic process unidentified
as MT, including potential lateral transport from the surrounding ecosystem. The total CH4 mass
presents per unit of area of the water column (M;y,), can be determined from the measured

dissolved CHa concentrations (Cry.,), as follows;
ML*'H4 = ?:1 Cém,,i - 6 (1)

where & is the depth section of the water column corresponding to each measurement.
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Assuming steady state, the CH4 mass balance per unit of area is described by Eq. 2;

dMcp,

St = 0 = rlif +1¢H, + Fln, (2)

Where ré‘j{,i is the methanogenic rate, rc*%f is the methanotrophic rate, determined during lab

assays, and Fg/y, is the measured CHs flux. The overall methanogenesis rate can be then

determined from Eq. 2;
ré, = —(rchy + Fen,) (3)

In a similar way to CHa, the O> mass balance includes three compartments; respiration (R),
emissions to/from the atmosphere (F), and the gross primary production in the photic zone of the
water column (GPP), R being measured and F estimated from the gradient between water and air
concentration, thus allowing the derivation of the third one (GPP). It is worth noting that, in this
case, GPP is considered as a buffer compartment as it includes mostly gross primary production
but also any other unidentified process, including potential lateral transport from the surrounding

ecosystem. The total Oz mass presents per unit of area of the water column (My,), and the mass

balance between the three compartments can be determined by Egs. 4 and 5;
Mo, = Xi=1Co,i* 6 (4)

amp,

2 =0=r151+15," +F, (5)

2

where C;, is the DO concentration in the water column, and 5%, 577, and F,, are the respiration

rate, the gross primary production rate, and the flux.

129



The CO: balance is more complex, and is considered here as a four compartments model, including

methanogenesis (MG) which can result in production (acetoclastic pathway) or uptake

(hydrogenotrophic pathway) of COz, respiration in the water column (R), gross primary production

in the photic zone of the water column (GPP), and emission to/from the atmosphere (F). Two of

these processes are experimentally determined (R and F), while GPP can be derived from the RG"”

(see below), thus allowing to determine MG. Likewise CH4 and O2 balances, in this case the buffer

compartment is MG, which includes mostly the CO> produced/consumed by methanogenesis, but

also any other biological process, not identified as GPP or R, including potential lateral transport

from the surrounding ecosystem or sediments heterotrophic/autotrophic activity. In this mass

balance, the total CO2, mass presents per unit of area of the water column (M¢,,), and the mass

balance between the three compartments can be determined by Eqgs. 6 and 7;

MEOZ = ?Zl CEOZ ) 61 (6)

=0 =1lt; + 165 + 166, + Feo, (7

where C¢,, is the CO2 concentration in the water column, and %, r&57,

and £, , are the

methanogenic, the gross primary production, and the respiration rate, and F¢,, is the CO> flux. As

previously mentioned, r¢5” is determined from r5"?, according to Wetzel et al. (2000);

rEEP = 1P /12 ©
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Figure S1. Mass balance conceptual diagram showing the interactions between dissolved gases
through their different production and uptake processes.
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Table S2. Comparative Table of surface and bottom Ccna (mmol m), methanotrophic activity (mmol m= d?), diffusive and total CHa4
flux (mmol m2 d?), surface Ccoz (mmol m2), CO; and DO flux (mmol m2 d*) from other subtropical (St) and tropical (T) reservoirs.
Trophic states are indicated as oligotrophic (Oligo), mesotrophic (Meso), eutrophic (Eu), and hypereutrophic (Hyper). References: *
This study, [1] Abril et al. (2005), [2] Abril et al. (2006), [3] Rodriguez and Casper (2018), [4] Chanudet et al. (2011), [5] Itoh et al.
(2015), [6] Musenze et al. (2016), [7] Narvenkar et al. (2013), [8] Yang et al. (2019), [9] de Mello et al. (2018), [10] Zhang et al. (2019).

Site Climate  Trophic state Surface Ccha Bottom CcHa Methanotrophic  Ref.
activity

LG St Eu-Hyper 12.29 + 10.98 160.27 + 55.92 7.34 £ 10.22 This work

LL St Oligo-Meso 1.24 + 0.64 1.02+0.13 0.43x0.72 This work

Petit-Saut Dam T - 0.3-2.65 0.5-720 0.13-1600 1,2

Itaparica Reservoir T Meso 54 257 — 702 - 3

Laos Reservoirs St Oligo-Meso 001-21 16 — 400 - 4

Fei-Tsui Reservoir St Meso 0.036 = 0.026 135.6 £ 120.1 85.08 + 144.84 5

Australian Reservoirs St - 0.06 - 0.54 8-361 - 6

Indian Reservoirs St Oligo-Meso 0.0028 — 0.2629 0.05 - 140 - 7

Lianhe Reservoir St Oligo-Meso - - - 8

Pampulha Reservoir T Hyper - - - 9

Lake Taihu St Eu - - - 10

Site Climate  Trophic state Diffusive CH4 flux  Total CH4 flux CO; flux Ref.

LG St Eu-Hyper 22.22 £ 45.27 95.71 £ 180.22 107.7 + 78.59 This work

LL St Oligo-Meso 2.06+1.74 52.07 £ 139.04 -9.86 £ 13.71 This work

Petit-Saut Dam T - 0.70 £ 0.50 - 14 - 133 1,2

Itaparica Reservoir T Meso 1.25-125 - 45.45 - 113.63 3

Laos Reservoirs St Oligo-Meso 0.04-11.9 - -36 - 38 4

Fei-Tsui Reservoir St Meso 0-0.093 - - 5)

Australian Reservoirs St - 0.025-0.6 - - 6

Indian Reservoirs St Oligo-Meso - - - 7

Lianhe Reservoir St Oligo-Meso 0.002-0.007 - —9.04-0.65 8

Pampulha Reservoir T Hyper 1.12-5.18 1.20-83.5 - 9

Lake Taihu St Eu - 1.40£0.54 37.67 — 49.09 10
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Figure S2. Diffusive and total CH4 flux (A,B), diffusive O2 flux (C), and total CO> flux (D) in

LG and LL for each season and MSS. Please note the logarithmic scale in panels A and B.
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Figure S3. Net uptake rates (two left-hand panels) and dissolved gas concentration (two right-

hand panels) of CHs4 (A), CO2 (B), and DO (C).
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Figure S4. Graphical representation of the seasonal carbon mass balance components of (A)
CHas, (B) COg, and (C) O, in LG (left) and LL (right). Each quarter-pie chart, where areas are
scaled to magnitude, represent the proportional share of each process; MG, methanogenesis;
MT, methanotrophy; F, flux; R, respiration; GPP, gross primary production, for CH4, CO and
O>. Rates located on the left size are positive (input/production) and those on the right side are
negative (output/uptake). Inferior solid-color circles represent the scaled total mass of the
compound (M,.; mmole m?) and the circle arrows represent the scaled turnover time (6x). The
superior circle represents the homogeneity factor of dissolved gases distribution (h) and the
anisotropic factor (). Each season is identified by a color on the processes, mass, turnover, and
h circles as blue (dry cold), red (dry hot), and grey (wet).
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11.3 Anexo 3: Articulo publicado en Science of the Total Environment
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