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Figura 2. Modelo climatico de los principales fendmenos atmosféricos que controlan el clima
actual de México. a) Durante el invierno. b) durante el verano. Figura modificada de Metcalfe et
al. (2015, 2000) y Oster et al. (2019).

Figura 3. Localizaciéon de los registros paleoclimaticos de México de los tltimos 150 ka, asi como
registros de Norte y Sudamérica con los que se compararé el registro de Chalco: a) sitios del
continente americano, b) sitios de México, c) ubicacion del sitio de estudio (ntcleo CHAQ08) y
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asi como registros de Norte y Sudamérica con los que se comparara el registro de Chalco. Los
registros fuera de México se marcan con .

Figura 5. Informacién climética de la subcuenca de Chalco. Precipitacion media mensual y
temperatura media mensual. Datos obtenidos de la estacion meteoroldgica del Servicio
Meteoroldgico Nacional, México, 2023. Estacion Tlahuac — 9051.

Figura 6. Unidades estratigraficas de los nucleos del Lago de Chalco: a) estratigrafia de la
secuencia maestra nucleo CHAO8 (profundidad de 122.4 — 28 m, edad de 31 — 150 ka), figura
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americano con los que se comparo el presente trabajo.
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Resumen

La investigacion realizada en esta tesis contribuye al estudio de las variaciones climaticas ocurridas
durante los Gltimos 150 mil afios en el centro de México. A través del uso de diatomeas tanto
modernas como fosiles como indicadores (proxy), fue posible estudiar su distribucion ecologica
actual y utilizar estos datos para inferir de manera indirecta cambios en el pasado, principalmente
de temperatura y evaporacion. El trabajo de investigacion se desarrollo en tres etapas, divido en
cinco articulos cientificos (Capitulos 11-V1):

1. Andlisis de las diatomeas fosiles del registro de Chalco por grupos ecoldgicos generales. Esta
etapa permitio conocer de forma general el cambio de las asociaciones de diatomeas y a partir
de un enfoque multiproxy inferir las variaciones climaticas pasadas. Los estudios previos de
las diatomeas en el sitio de estudio constituyeron una linea base en el conocimiento de las
afinidades ecoldgicas de algunas de las especies, destacando tres aspectos: i) correlacién de la
mineralogia magnética con las asociaciones de diatomeas (Capitulo I1). ii) Se desarrollé la
hip6tesis de refugio glacial en el centro de México para la especie Stephanodiscus niagarae
Ehrenberg (Capitulo I11), a partir de analizar su distribucion y ecologia en el centro de México
y en el resto de Norteamérica durante el Pleistoceno tardio y en la actualidad. Dado que en la
actualidad se encuentra restringida en lagos de Estados Unidos y Canada, se concluy6 que la
presencia de S. niagarae en el centro de México es favorecida por bajas temperaturas y
ambientes ricos en nutrientes. i) Se realizd un trabajo taxondmico de dos especies de
Cyclotella y Stephanocyclus que fueron dominantes alternadamente en el registro de Chalco
(Capitulo 1V). Estas especies incluyen a Stephanocyclus meneghinianus (Kitzing)
Kulikovskiy, Genkal & Kociolek y S. quillensis Bailey, previamente reportadas en ambientes
modernos y registros fosiles de México, asi como dos nuevas especies: Cyclotella poyeka y C.
tlalocii Avendafio & Caballero. Ademas, se discutié su afinidad ecolégica, basada en reportes
modernos (para S. meneghinianus y S. quillensis) y en las asociaciones de diatomeas con las
cuales estaban presentes en los sedimentos (para S. quillensis, C. poyeka y C. tlalocii).

2. Estudio de la distribucion ecoldgica de las especies de diatomeas del centro de México. Se
analiz6 la diversidad y distribucion de las asociaciones de diatomeas modernas en 49 muestras

de sedimento superficial provenientes de 46 lagos de la Faja Volcanica Transmexicana



(FVTM) (Capitulo V). La FVTM como una zona altamente biodiversa permitié reflejar
distintos gradientes ambientales como: salinidad, temperatura, pH, concentracion de
nutrientes; confirmando el potencial de las diatomeas en las reconstrucciones
paleoambientales. Se resalta que la salinidad y la temperatura fueron las principales variables
ambientales que controlan la distribucion de las especies de diatomeas en la zona a nivel
regional y que un grupo de ocho especies son las que tienen la mayor cobertura geografica en
la zona. Es decir, dos de ellas con afinidades hacia ambientes salobres (Stephanocyclus
meneghinianus y Nitzschia frustulum (Kitzing) Grunow) y las demas con preferencia por
ambientes dulceacuicolas (Aulacoseira ambigua (Grunow) Simonsen, A. granulata
(Ehrenberg) Simonsen, A. granulata var. angustissima (Miller) Simonsen, Discostella
stelligera (Cleve & Grunow) Houk & Klee, Fragilaria crotonensis Kitton, Achnanthidium
minutissimum (Kitzing) Czarnecki.

. Analisis paleoclimético de los ultimos 150 mil afios en el Lago Chalco, centro de México
(Capitulo VI). Los datos de diatomeas fueron ordenados mediante un analisis de
correspondencia sin tendencia (DCA por sus siglas en inglés) para explorar los cambios
ecoldgicos de las asociaciones de diatomeas durante el penultimo y Gltimo méximo glacial
(Estadios Isotopicos (EI) 6 y 2), el Gltimo y presente interglacial (EI5e, EI1) asi como la Gltima
glaciacién. A partir del conocimiento de la ecologia de las diatomeas (etapa 2), asi como de
otros estudios previos, se observaron cambios en las asociaciones de diatomeas a escala orbital
y milenaria. Se concluy6 a escala orbital, que los conjuntos de agua dulce: Stephanodiscus spp.
— pequefias Fragilariaceae spp. — Cocconeis placentula involucraron cambios durante los
intervalos mas frios (final EI6, EI5d, EI2). Mientras que los taxones tolerantes a la
concentracion de sales son dominados por Cyclotella spp., en condiciones de mayor
evaporacion (El5e, El5c-a, El4, EI3, principios del EI1). Por otro lado, las fluctuaciones
climaticas a escala milenaria se identificaron como picos en agua dulce (principalmente por

pequefias Fragilariaecae spp.) 0 como picos en especies tolerantes a la concentracion de sales.



Abstract

This thesis contributes to central Mexico's climatic fluctuations research over the last 150 thousand
years. Using modern and fossil diatoms as a proxy, it was possible to study their current ecological
distribution and use this information to infer past changes in temperature and evaporation. This

study was developed in three stages, divided in five journal papers (Chapter 11-V1):

1. Analysis of the fossil diatoms by studying the general ecological groups of modern species at
Lake Chalco (Chapter Il). This stage allowed use to know the main change in diatom
assemblages. Based on the multiproxy approach, it was then possible to infer past climatic
changes. Previous studies in diatoms on the study site helped to establish a baseline of the
knowledge of the ecological affinities of the principal species, emphasizing three aspects: i)
Relation of the magnetic mineralogy with diatom assemblages. ii) Developing the hypothesis
of the glacial refugia in central Mexico for the freshwater diatom Stephanodiscus niagarae
Ehrenberg (Chapter I11), based on its distribution and ecology in central Mexico and the rest
of North America during the Late Pleistocene and the present. Due to this species is dominant
in lakes from the United States and Canada, it was concluded that Stephanodiscus niagarae in
central Mexico is favoured by cold temperatures and high nutrients. ii) A taxonomic study of
four species of Stephanocyclus and Cyclotella that were alternately dominant in the Chalco
record (Chapter 1V). The former species including Stephanocyclus meneghinianus (Kiitzing)
Kulikovskiy, Genkal & Kociolek and S. quillensis Bailey, have been previously reported in
modern and fossil records of Mexico, besides two new species: Cyclotella poyeka and C.
tlalocii Avendafio & Caballero. Moreover, the ecological affinities are based on the modern
distribution (for S. meneghinianus and S. quillensis) and the species’ ecology coincident with
the fossil assemblages (for S. quillensis, C. poyeka and C. tlalocii).

2. Studying the ecological distribution of the diatom species in central Mexico. Analysing the
diversity and distribution of modern diatom assemblages in 49 surface sediment samples of 46
lakes of the Trans-Mexican Volcanic Belt (TMVB) (Chapter V). The TMVB, a zone with high
biodiversity, allows different environmental gradients such as salinity, temperature, pH, and
trophic level, confirming the potential of diatoms in paleoenvironmental reconstructions. It is
highlighted that salinity and temperature were the main environmental variables controlling

the distribution of diatom species in this region on a regional scale. Also, a group of eight
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species had the most significant regional occupancy, two were associated with high salinity
conditions (Stephanocyclus meneghinianus y Nitzschia frustulum (Kutzing) Grunow) and the
rest with freshwater environments (Aulacoseira ambigua (Grunow) Simonsen, A. granulata
(Ehrenberg) Simonsen, A. granulata var. angustissima (Midller) Simonsen, Discostella
stelligera (Cleve & Grunow) Houk & Klee, Fragilaria crotonensis Kitton, Achnanthidium
minutissimum (Kutzing) Czarnecki).

Paleoclimatic analysis over the last 150 thousand years in Lake Chalco, central Mexico
(Chapter VI). A detrended correspondence analysis with the relative abundance of diatoms was
performed to estimate changes in ecological assemblages during the penultimate and last
glacial maximum (Marine Isotope Stage (MIS) 6 and 2), the last and present interglacial
(MI1S5e and MIS1) along with the last glaciation. Based on the diatom current ecological
information (step 2) and other bibliographic references, changes in the diatom assemblages
were observed to orbital and millennial scales. It was concluded that at the orbital scale
freshwater assemblages: Stephanodiscus spp. — small Fragilariaceae spp. — Cocconeis
placentula involved changes during cool intervals (late MIS6, MIS5d, MIS2) while salt-
tolerant taxa, dominated by Stephanocyclus and Cyclotella spp., in high evaporation periods
(MIS5e, MIS5c-a, MIS4, MIS3, early MIS1). On the other hand, millennial-scale climatic
fluctuations were identified as peaks in freshwater (mostly from the presence of small

Fragilariaceae spp.) or as peaks in salt-tolerant species.



Capitulo 1
1. Introduccién

1.1 Variabilidad climéatica del Cuaternario

El clima ha fluctuado a lo largo del tiempo en distintas escalas, en el orden de décadas hasta
millones de afios. A partir de los diferentes tipos de registros naturales ha sido posible conocer las
fluctuaciones climéticas pasadas y proponer perspectivas para entender los forzamientos asociados
con las respuestas del clima. Durante el Cuaternario (Gltimos 2.58 Ma) se han observado
oscilaciones ciclicas en las que se desarrollan extensos glaciares (glaciaciones), que culminan con
episodios calidos (interglaciales) en los cuales el nivel del mar aumenta como consecuencia de una
disminucion en la extension de los casquetes de hielo (Imbrie et al. 1984, Berger et al. 2016).

Las glaciaciones cuaternarias han tenido una periodicidad de aproximadamente 100 ka
durante los ultimos 800 ka (Lisiecki & Raymo 2005, Kohler et al. 2010). Estos ciclos estan
asociados con forzamientos continuos sobre la drbita de la Tierra, influenciados por la Luna, el
Sol y otros planetas, denominados ciclos de Milankovitch (variaciones orbitales). Estos ciclos
involucran cambios en tres parametros de la oOrbita terrestre, la excentricidad (cambio en la
elongacion de orbita de la Tierra), oblicuidad (cambio del angulo de inclinacién del eje terrestre
con respecto a la ecliptica) y precesion (cambio de la posicién del eje de rotacion de la Tierra, que
no siempre sefiala a un mismo punto estelar) (Milankovitch 1941, Imbrie et al. 1984). Estos tres
ciclos alteran la distribucion latitudinal y estacional de la insolacion sobre la superficie terrestre
(Davis & Brewer 2009, Berger et al. 2012). Los parametros orbitales no acttan por si solos, sino
que involucran mecanismos de retroalimentacion que provocan un ajuste de las interacciones
océano-atmdsfera (Hansen y Sato, 2012, Kohler et al. 2010).

Los ciclos glaciales se han identificado globalmente a partir del registro de is6topos de
oxigeno (*20, *°0) en largas secuencias marinas y ntcleos de hielo. Los cambios en la composicion
isotopica del oxigeno en los océanos reflejan un cambio en el volumen de hielo almacenado en los
continentes (Emiliani 1955, Berger et al. 2016). Su funcionamiento consiste en la diferencia de la
relacion evaporacion/condensacion entre los dos isétopos, siendo el O quien tiene una mayor
facilidad de evaporarse, mientras que el 30 tiene una mayor facilidad de condensarse y precipitar
(Tiwari et al. 2015). Por ejemplo, durante una etapa fria como consecuencia de la disminucién de
la temperatura se forman glaciares de montafia y extensos casquetes de hielo, por lo que el nivel
del mar disminuye debido a que el agua se encuentra retenida en los continentes. La facilidad de
precipitar del istopo pesado (*¥0) ocasiona una diferencia en las proporciones entre los isotopos
del oxigeno (*30/**0) en el hielo (enriquecido en isotopo ligero) y el océano (enriquecido en el
isdtopo pesado). Por el contrario, durante una etapa calida al reestablecerse el ciclo del agua, la
concentracion del %0 aumenta en el océano.



Los cambios en la relacion O/*®O se definen mediante la notacion 880 (6 =
[(*f0/*0_ . /*0/*0,  )—1]x10%)y las variaciones en este parametro han permitido

identificar fases o estadios isotdpicos (EI) con condiciones contrastantes en el clima global. Los
estadios con numero par corresponden con eventos frios (glaciales), mientras que los nimeros
impares corresponden con eventos calidos (interglaciales) (Fig. 1a). La delimitacion temporal de
los EI depende de la resolucion temporal con que se logren apreciar las variaciones del 580, los
estadios se pueden subdividir en subestadios, variaciones climéaticas de menor intensidad y
duracion dentro del mismo estadio, que se identifican con letras en orden alfabético (Shackleton y
Opdyke 1973). Un ejemplo es el EI5, subdividido por Shackleton (1969) en cinco subestadios (5a-
5e) (Fig. 1). Ademas, los momentos en que se observa un maximo cambio en el 5'80 se conocen
como terminaciones (Fig. 1), los cuales marcan la transicidn de un periodo glacial a un interglacial.
Por ejemplo, la Terminacion | (T1) marca el final del E2 (18-11.7 ka), mientras que la Terminacion
Il ocurrio al final del EI6 (135 — 130 ka) (Raymo 1997, Stern & Lisiecki 2014, Lisiecki & Stern
2016, Barker & Knorr 2021).

Es importante distinguir la diferencia entre el término interglacial e interestadial, ya que
involucra un contexto climatico distinto. El interglacial representa a los episodios de clima célido
que reflejan un gran contraste respecto a la extension de los glaciares, donde la extension de hielo
en los hemisferios norte y sur es minima, como es el caso del El5e o Gltimo interglacial. Mientras
que los interestadios estan asociados a condiciones templadas a frias dentro de la glaciacion, donde
hay un exceso de hielo en el hemisferio norte fuera de Groenlandia. Los interestadios reflejan
avances secundarios (El4, subestadios 5d, 5b) o recesiones (EI3, subestadios 5c, 5a) dentro del
ciclo glacial (Berger et al. 2016). Considerando la distincion entre interestadial e interglacial, la
altima glaciacion engloba los subestadios 5d, 5c¢, 5b, 5a, asi como los estadios isotopicos 4, 3y 2
(EI5d-2) (Fischer et al. 1999, Lisiecki & Raymo 2005, Vazquez Riveiros et al. 2022).

Ademas de las variaciones a escala orbital, otro tipo de oscilaciones climéticas que se han
observado en la sefial del §'®0 de registros de hielo en Groenlandia (Fig. 1b) son los ciclos
Dansgaard-Oeschger (DO), enfriamientos y calentamientos rapidos en escalas de tiempo
milenarias (Dansgaard et al. 1984), esto es, de menor duracion que los ciclos glaciales. Asimismo
se han observado eventos de enfriamiento intensos entre los D/O que coinciden con capas de
detritos glaciales en secuencias marinas al norte del océano Atlantico identificados como eventos
Heinrich (HS) (Heinrich 1988) (Fig. 1b). Los eventos milenarios estdn asociados con una
inestabilidad de la circulacion oceénica y atmosférica en altas y bajas latitudes generando una
variabilidad climatica global tanto en registros marinos como terrestres (Harrison & Sanchez Gofii
2010, Sanchez Gofii & Harrison 2010).
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1.2 Planteamiento del problema

Los sedimentos de los lagos, como un tipo de registro natural continuo, permiten conocer las
fluctuaciones climaticas pasadas con un alcance temporal desde decenas a millones de afios. En
México, las secuencias incluyen desde la ultima glaciacion por ejemplo el lago de Pétzcuaro,
Michoacan de 48 ka AP (Bradbury 2000), Tecocomulco, Hidalgo de 50 ka (Caballero et al. 1999),
Zacapu, Michoacéan de 52 ka (Ortega et al. 2002), Babicora, Chihuahua de 65 ka (Metcalfe et al.
2002), Laguna Seca de San Felipe, Baja California de 70 ka (Ortega-Guerrero et al. 1999), Cuitzeo,
Michoacan de 120 ka (Israde-Alcantara et al. 2002, 2010), Xochimilco, Ciudad de México ca. 18
ka (Ortega-Guerrero et al., 2018). La mayoria de estos trabajos son cualitativos, y tratan de revelar
las condiciones del clima determinando de una manera general algunas de las variables climaticas,
sin embargo, solo se puede indicar si las condiciones eran calidas o frias, himedas o secas. En
cambio, los modelos numéricos como promedios ponderados, analogos modernos, modelos
lineares y aditivos generalizados, etcétera, se han usado para reconstruir distintas variables
ambientales (estado trofico, pH, salinidad, temperatura, precipitacion) del pasado dando un valor
numérico estimado con buena precision (Caballero-Rodriguez & Correa-Metrio 2017, Birks
2012).

A partir de utilizar a las diatomeas como paleoindicadores, con modelos numéricos basados en la
ecologia moderna de los organismos y las condiciones actuales de los sitios, se reconstruyeron de
forma semicuantitativa distintas variables ambientales del lago de Chalco (pH, salinidad) y su
entorno (temperatura, precipitacion) para lograr una mejor resolucion de las condiciones climaticas
a lo largo de los distintos cambios que se registraron durante los Gltimos ca.150 ka (los primeros
122.5 m de profundidad de la secuencia sedimentaria en Chalco). Como se ha mencionado en
secciones anteriores, ya se cuenta con una gran variedad de hallazgos paleocliméaticos de la
secuencia maestra CHAO8 (Ortega-Guerrero et al. 2017). El presente trabajo de tesis forma parte
de esta secuencia maestra. No obstante, ademas de los estudios previos, el registro de diatomeas
que se desarrollé en este trabajo permitid detallar las fluctuaciones climéticas a escala orbital y
escala milenaria. Ademas, el desarrollo de modelos matematicos proporcioné informacion de los
cambios en el nivel del lago y la salinidad, los cuales estan indirectamente asociados con variables
climaticas como la temperatura y el balance de evaporacion/precipitacion.



1.3 Objetivos y premisas de la investigacion

Objetivo general:

Este trabajo busca ofrecer informacion sobre la respuesta de las especies de diatomeas a las
variaciones climaticas contrastantes de los ciclos glaciales-interglaciales, analizando el recambio
ecologico de las diatomeas durante las fluctuaciones climaticas ocurridas en los ultimos ca. 150
ka, un intervalo que abarca desde el EI6 hasta el EI1.

Para alcanzar esta meta, la tesis se dividio en tres partes que obedecieron a los siguientes objetivos
particulares, ademas en algunas de las etapas se plantean premisas que ayudaron a establecer un
marco de referencia general para la presente investigacion. Los cinco articulos presentados en esta
tesis contribuyen para conseguir cada objetivo particular.

Primera parte: Establecer un marco paleoclimatico de la secuencia de Chalco a través de la
mineralogia magnética y de documentar la diversidad taxonémica de las diatomeas.

Objetivos particulares:

— Relacionar las principales asociaciones de diatomeas a parametros geoquimicos del registro de
Chalco, permitiendo una reconstruccién mas clara y objetiva de los cambios ambientales y
climéticos en la Cuenca de México. Este objetivo se cumplié en los Capitulo Il, articulo
Ortega-Guerrero et al. (2020).

— Documentar la diversidad taxondmica del registro de diatomeas de los Gltimos 150 ka del lago
de Chalco, identificando la existencia de taxones hoy extintos en la zona y la presencia de
comunidades no analogas. Este objetivo se cumpli6 en los capitulos 111y IV (Avendafio et al.
2021, 2022). Para lograr esta meta, se plantearon las siguientes premisas.

Premisas:

o Durante las glaciaciones del Cuaternario se han observado desplazamientos latitudinales de
diferentes especies de plantas, insectos y mamiferos del Pleistoceno que han migrado al sur
por medio de corredores biologicos (Jackson et al. 2000, Waltari et al. 2007, Ceballos et al.
2010, Pardi & Graham 2019) entre el sur de Estados Unidos hacia climas adecuados en el
centro de México. Reportes modernos de la especie Stephanodiscus niagarae sitlan su
distribucion al norte de Estados Unidos y sur de Canada, mientras que los registros
paleoambientales del Cuaternario tardio indican que esta especie tuvo una amplia
distribucion en lagos del centro de México (Valadez et al. 2005). Por lo que se sugiere que



el centro de México fue un refugio para Stephanodiscus niagarae durante los periodos
glaciales pasados.
Este supuesto se comprobd en el capitulo 111, a través del articulo Avendafio et al. (2021).

o Debido a los contrastantes cambios climaticos glaciales-interglaciales durante el
Cuaternario, se ha observado la existencia de climas no analogos a los modernos, por lo
tanto, también la presencia de comunidades no analogas (Graham 2005, Williams &
Jackson 2007, Keith et al. 2009). En diferentes registros se ha observado la evolucion de
diferentes especies de diatomeas (Khursevich et al. 2001, Pailles et al. 2020), por lo que en
el registro de Chalco se espera encontrar comunidades no analogas durante los momentos
de maés intensa variabilidad ambiental, como en el EI5.

Esta proposicion se comprobd en el capitulo 1V, a través del articulo Avendafio & Caballero
(2022).

Segunda parte: Analizar la distribucion ecolégica de las especies de diatomeas del centro de
México.

Obijetivo particular:

— Ampliar el conocimiento sobre la distribucion ecoldgica de las especies de diatomeas en lagos
modernos del centro de México, caracterizando a la distribucién de las especies a lo largo de
los principales gradientes ambientales. Se empleara la técnica de promedios ponderados para
establecer los éptimos de la distribucion de las especies de diatomeas respecto a las diferentes
variables ambientales (salinidad, pH, temperatura, nutrientes). Este objetivo particular se
cumpli6 en el capitulo V, articulo Avendafio et al. (2023a).

Tercera parte: Integrar con una vision multiproxy el registro fosil de diatomeas para obtener
una reconstruccion de la dinamica climética de los ultimos 150 ka en el lago de Chalco.

Obijetivo particular:

— Realizar una correlacion del registro de diatomeas de la secuencia CHAO8 (este estudio) con
los datos de diatomeas ya publicados del nicleo ChaB (Caballero & Ortega Guerrero 1998,
Caballero et al. 2019) (40-5 ka cal AP, EI3-EI1), permitiendo la comparacion de los dos
altimos interglaciales (El5e vs. EI1) y los dos Gltimos méaximos glaciales (UMG vs PMG).
Este objetivo se cumplié en el capitulo V, en el articulo Avendafio et al. (2023b). Para lograr
este objetivo particular, se plantearon las siguientes premisas.
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Premisas:

o En estudios previos del lago de Chalco (Caballero & Ortega Guerrero 1998, Ortega-
Guerrero et al. 2017, Avendario-Villeda et al. 2018, Caballero et al. 2019) se ha observado
que durante los episodios de enfriamiento del EI 2 y El 6 las condiciones del lago fueron
de agua dulce, mientras que durante el periodo de calentamiento a principios del El 1y EI
5 las condiciones del lago presentaron un nivel bajo y salobre, por lo que se espera que
condiciones similares se registren en el resto de la secuencia de Chalco, identificando como
eventos agua dulce a los periodos mas frios (por ejemplo el EI 4) y como eventos someros
y salobres durante los intervalos mas calidos (por ejemplo el EI 3).

o Existe una gran controversia en cuanto a la intensidad de los dos ultimos méaximos
glaciales. Masson-Delmonte et al. (2010) indican que hubo un mayor enfriamiento durante
EI2 comparado con el EI6 en registros de la Antértida, aunque estos autores también
sugieren que el cambio del nivel del mar en ambos periodos puede ser comparable. Por lo
que se espera que a partir de las asociaciones de diatomeas presentes durante los EI6 y EI2
permitan indicar si estos periodos glaciales son 0 no analogos.

o El daltimo interglacial (EI5e) se reconoce como el tltimo periodo mas calido que ha tenido
el planeta (Anderson et al. 2006, Masson-Delmotte et al. 2010), con estimaciones de
temperatura que sugieren entre 1 a 2° C mas que en la actualidad en los tropicos (Céardenes-
Sandi et al. 2019). Por lo que se espera que a partir de las asociaciones de diatomeas
presentes durante los EI5e y EI1 permitan indicar una diferencia climatica entre ambos
interglaciales.

Estas premisas se desarrollaron en el capitulo 1V, a través del articulo Avendafio &
Caballero (2022).
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A continuacion, se presenta una breve recopilacion de la historia ambiental del planeta durante los
altimos 150 ka. Ademas, se ofrece una descripcion del clima actual en México y un resumen de
diferentes trabajos paleocliméticos del pais que abarcan desde finales del EI6 a principios del EI1,
incluyendo al sitio de estudio.

1.4 Historia ambiental del planeta de los ltimos 150 ka.

Los ultimos 150 ka corresponden con los primeros seis estadios isotopicos, que incluyen los dos
ualtimos periodos frios que ha tenido el planeta: el penultimo maximo glacial (PMG = 140 ka, al
final del E16) y el Gltimo méaximo glacial (UMG =21 ka A. P., durante el EI2), asi como los Gltimos
dos periodos calidos: el ultimo interglacial (E15e = 130-116 ka) y el presente interglacial (11.7-0
ka) (Shackleton et al. 2003, Lisiecki & Stern 2016).

El EI5e es reconocido a nivel mundial como el periodo més célido de los ultimos 800 ka
(Anderson et al. 2006, Masson-Delmotte et al. 2010, Turney & Jones 2010). Durante este periodo
los casquetes de hielo de la Antartida y Groenlandia fueron minimos y el nivel del mar alcanz6 4
a 9 m por arriba del nivel actual (Blanchon et al. 2009, Dutton & Lambeck 2012, Aburto-Oropeza
et al. 2021). Ademaés, las estimaciones de temperatura también sugieren valores por arriba del
actual, siendo 2-5° C mayores al actual en latitudes altas y medias del hemisferio Norte (Anderson
et al. 2006) y 1-2° C en los trépicos (Cardenes-Sandi et al. 2019).

Sin embargo, hay una gran controversia en cuanto a la intensidad de los dos Ultimos
maximos glaciales. Masson-Delmonte et al. (2010) indican que hubo un mayor enfriamiento
durante EI2 comparado con el EI6 en registros de la Antértida, aunque estos autores también
sugieren que el cambio del nivel del mar en ambos periodos puede ser comparable. En el PMG,
las reconstrucciones del nivel del mar sugieren una disminucion de 92 m en latitudes medias
(Rabineau et al. 2006) y un descenso de 130 m en los trépicos (Chappell & Shackleton 1986).
Mientras que en el UMG, los cambios del nivel del mar sugieren una disminucién de 107 m en
latitudes medias (Rabineau et al. 2006) y un descenso 130-140 m en los tropicos (Lambeck &
Chappell 2001). A pesar de que el cambio en el nivel del mar puede ser comparable durante ambos
maximos glaciales, la evidencia geoldgica y las simulaciones de los casquetes de hielo sugieren
una diferente configuracion, lo cual pudo haber sido ocasionado por un diferente clima durante
ambos maximos glaciales (Svendsen et al. 2004, Obrochta et al. 2014, Colleoni et al. 2016).

La Ultima glaciacion se caracteriza globalmente por haber tenido dos maximas extensiones
de hielo durante el E14 y el EI2. Si bien el inicio del ultimo ciclo glacial (subestadios 5d-5a) tuvo
un gran avance, este no fue global ya que Gnicamente tuvo una expansion maxima en los glaciares
del hemisferio norte; como son los glaciares de Asia, norte de Europa y partes del oeste de EU
(Hughes et al. 2013). También en algunas areas los glaciares se expandieron durante el interestadial
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EI3, debido al incremento de la humedad. Este es el caso de Sudamérica, Tasmania y los Alpes
del sur de Nueva Zelanda (Hughes et al. 2013, Palacios et al. 2020). Los glaciares de Norteamérica,
incluyendo Meéxico, tuvieron su maximo avance hacia el final del UMG en el EI2, con
fluctuaciones regionales debido a las diferencias de precipitacion causadas por efectos de orogenia,
como es el caso de las montafas del centro de México (Caballero et al. 2010, Vazquez-Selem &
Heine 2011, Palacios et al. 2020). Dentro del Gltimo ciclo glacial, se han observado 26 eventos
DO de enfriamiento y calentamiento (Rasmussen et al. 2014) con una duracion aproximada de
500-4000 afios, mientras que se tienen registrados 10 HE, enfriamientos intensos con un periodo
de recurrencia de 7000 afios (Lisiecki & Stern 2016) (Rashid et al., 2003, Heimming 2004, Lisiecki
and Stern, 2016) (Fig. 1b).

1.5 Clima actual en México

En la zona norte del pais domina el clima seco con variaciones de temperatura desde calido hasta
semifrio, en la zona sur domina el clima célido a semicalido, himedo a subhumedo, mientras que
en la zona centro del pais domina el clima templado con variantes de semicalido hasta semifrio y
por su régimen de lluvias de himedo a subhimedo. Los climas frios se encuentran restringidos a
areas en el pais que tienen altitudes mayores a los 4,000 msnm.

Por su posicion geogréfica, el tropico de Cancer divide al pais en la zona subtropical para
la parte norte y la zona tropical para la parte sur. El clima del pais depende de los cambios en la
posicion de la Zona de Convergencia Intertropical (ZCIT) asi como de las celdas subtropicales de
alta presion (Bermuda-Azores) y los sistemas de baja presion del oeste de latitudes medias (Fig.
2).

Cuando la ZCIT se encuentra en su posicion mas al norte, en verano, domina un flujo de
humedad transportado por los vientos alisios (Fig. 2a). La intensificacion de los vientos alisios
proporciona un flujo de vapor de agua proveniente del Atlantico tropical hacia la cuenca del Caribe
que provee de humedad al Golfo de México durante los meses de mayo a septiembre, conocido
como la Corriente de chorro de bajo nivel del Caribe (Garcia-Martinez y Bollasina 2020, Cook &
Vizy. 2010). Este estado del tiempo se caracteriza por un periodo de sequia entre los meses de
julio y agosto que causa un ciclo bimodal de la precipitacion conocido como “canicula” o
“midsummer drought” (Magana et al. 1999). Mientras que en la zona noroeste de México hay un
transporte de masas de aire humedo desde el Pacifico tropical y Golfo de California hacia la Sierra
Madre Occidental provocando lluvias en los meses de julio, agosto y septiembre, este sistema
atmosferico es conocido como el monzon de Norteamerica (Fig. 2a) (Barlow et al. 1997, Gochis
et al. 2005).

Sin embargo, cuando la ZCIT se encuentra al sur (Fig. 2b), en invierno, hay un descenso
de la temperatura debido a las masas de aire polar en la zona centro y la vertiente del Golfo de
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México. Ademas, las celdas de alta presion dominan ocasionando condiciones secas, siendo los
frentes frios que vienen del norte la principal fuente de humedad (Fig. 2b). La corriente de chorro
de bajo nivel del Caribe durante los meses de octubre a abril abastece de lluvias principalmente a
América central ocasionando un periodo minimo de precipitacion al sureste del pais (Garcia-
Martinez y Bollasina 2020, Cook & Vizy 2010). Al noreste del pais el invierno es seco ya que en
el sistema monzodnico la precipitacion ocurre principalmente en el océano (Yim et al. 2014).
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Fig. 2 Modelo climatico de los principales fendmenos atmosféricos que controlan el clima actual
de México. a) Durante el verano b) durante el invierno. Figura modificada a partir de Metcalfe et
al. 2015, 2000 y Oster et al. 2019.

1.6 Revision de registros paleoclimaticos durante los tltimos 150 ka en México

En México se cuenta con diferentes tipos de registros naturales (Fig. 3) que permiten realizar
estudios paleoambientales como registros glaciares, paleosuelos, lacustres, marinos, analisis de
corales, etc., abarcando cada uno de los registros diferente temporalidad (Fig. 4). Para simplificar
la revision de los registros paleoclimaticos de México se agruparon por ventanas temporales a
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partir de los estadios isotépicos. En la Tabla 1 se enlistan los trabajos paleoclimaticos realizados a
partir de diferentes registros.
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Fig. 3 Localizacion de los registros paleoclimaticos de México de los ultimos 150 ka, asi como
registros de Norte y Sudamérica con los que se comparara el registro de Chalco: a) sitios del
continente americano, b) sitios de México, c) ubicacién del sitio de estudio (nGcleo CHAO08) y
extension maxima del area de los lagos del centro de México: (i) Zumpango, (ii) Xaltopan, (iii)
Texcoco, (iv) Xochimilco, (v) Chalco. El circulo rojo indica el sitio de estudio. Los nombres de
los sitios se encuentran en la Tabla 1y en la figura 4.
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Tabla 1. Temporalidad de los registros paleoclimaticos en México y otros registros del
continente americano con los que se comparo el presente trabajo.

Ubicacion

Tipo de registro

Temporalidad

Referencia

Jiménez-Moreno et al.

1. Lago Bear, EUA" Polen EI6-EI1 (225 -0 ka) (2007)

2. ggﬁ?g?nigeNst’;?e Fglaqug’ dzajlz Estratigrafia, Ortega-Guerrero et al.
. r e diatomeas, propiedades El4-EI1 (70 — 4 ka) (1999)
provincia del desierto de maanéticas Roy et al. (2010)

Sonora g y '
. . . Metcalfe et al. (2002)
3. Lago Babicora, Chihuahua Diatomeas El4-El (65 -0 ka) Roy et al. (2013)
Geoquimica, e isétopos
4. Golfo de México de oxigeno en EI8-EI1 (300 — 0 ka) Ziegler et al. (2008)
foraminiferos
5. Golfo de Baja California Sur Corales El5e (~136 — 115 ka) Mubhs et al. (2002)
Diatomeas
Mineralogia magnética, (Metcalfe 1992)
6. Lago de Zacapu, Michoacan susceptibilidad EI3-EI1 (52 -4.7¥Cka.)  (Ortega-Guerrero et al.
magnética, carbono 2002)
organico.
Diatomeas, mineralogia
magnética,
. ) . , susceptibilidad
7. Lago de Zirahuén, Michoacan magnética, geoquimica, El2-1(17-0ka) (Ortega-?gf(r);ero etal.
carbono orgénico,
polen.
8. Lago Patzcuaro, Michoacéan Diatomeas EI3-El1 (48 -0 ka) Bradbury (2000)
. . . . Israde-Alcéntara et al.
9. Lago de Cuitzeo, Michoacéan Diatomeas y polen EI5-EI1 (ca. 120? — 0 ka) (2002, 2010)
10 Mevado de Toluca, Estado de Paleosuelos EI3-EIL (42— 3.5 ka) Sedov et al. (2001)
11. Lago Chignahuapan, Cuenca Diatomeas, propiedades
alta del Lerma, Estado de " EI2-El1 (22 — 0.87 ka) Caballero et al. (2002)
o magnéticas
Meéxico
Diatomeas,
12. quhimilco, Cuenca de ’ estratigrafl’ai _ EI2—1(18 - 5 ka) (Ortega-Guerrero et al.
Mexico pardmetros magneticos, 2022)
geoquimica
13. Texcoco, Cuenca de México Diatomeas EI5-EI1 (~100 ka) Bradbury (1971)
14. Volcén Iztaccihuatl Registro glaciar ElI6-EIl Vazquez-(Sze(z)Ifg & Heine
15. (\j/eall\l/(leégfcg'eotlhuacan, Estado Paleosuelos EI3 -EI1 (24— 2.9 ka) Sollelngzgl’)ggi(i;) etal.
16. Lago Tecocomulco, Hidalgo, Estratigrafia,
al noreste de la Cuenca de diatomeas, propiedades EI3-EI1 (50-3 ka) Caballero et al. (1999)
México magnéticas, polen
17. Localidades de Tlalpan y EI3-Ell

Mamut, Tlaxcala

Paleosuelos

(38.2— 1.3 “C ka)

Sedov et al. (2009)
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Paleosuelos y

18. La Mancha, Palma Sola y S 7 Solleiro-Rebolledo et al.
Punta Delgada, Veracruz evoluuor;Sg:iEalsaje de EI5c-ElI1 (91 ka — 600 a) (2022)
19. Rio de San Pedro, Tabasco Manglares relictos EI5 (~130 — 120 ka) Aburto-((;(r)c;pit;za etal.
20. Xcaret, Peninsula de Yucatdn  Arrecife de coral fosiles EI5 (~ 121 ka) Blanchon et al. (2009)
21. Costa de Yucatan y la isla de Concreciones EI6 (164 " 134 ka) Valera-Fernandez et al.
Cozumel carbonatadas EI5, estadios 5e-c (2020b, 2020a)
pedogénicas (calcretas) (123 — 98 ka) ’
Cruz Silva (2018),
Polen Hodell et al. (2008)
22. Petén-ltza, Guatemala* , EI7T-EI1 (Correa-Metrio et al.
Ostracodos 2012)
Pérez et al. (2021)
Polen El5e (135 — 100 ka) Cérdenes-Sandi et al.
23. El Valle Caldera, Panama* diatome;as EI5, EI2 (137 — 85 ka and (2019)
30 — 15ka) Shadik et al. (2017)
24. Lago Fuquene, Colombia® Polen EI8-El1 (284 — 0 ka) Groot et al. (2011)
25. Lago Titicaca, Per(/Bolivia® Diatomeas EI9-EI1 (370 -0 ka) Fritz et al. (2007, 2012)

*El registro de polen del lago Petén-Itza en Guatemala se consider6 dentro de los registros para
México, ya que forma parte de la provincia biogeografica de la Peninsula de Yucatan (Ferrusquia-
Villafranca 1993), brindando informacién de las variaciones climaticas para el sureste de México.

Los registros fuera de México se marcan con *.
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Edad (ka)

O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

1. Lago Bear” |
2. Cuenca San Felipe = I i : :
3. Lago Babicora | — : : :
4. Golfo de México |
5. Golfo de Baja : : : : : :

California Sur : : : ; E——
6. Lago Zacapu I
7. Lago Zirahuen I :
8. Lago Patzcuaro -]
9. Cuitzeo —————
10. Nevado de Toluca i A
11. Lago Chignahuapan @ S
12. Lago Xochimilco I : :
13. Texcoco N - - - - - - e : :
14. Volcan Iztaccihuatl IS - -~~~ - oo- I
15. Valle de Teotihuacan : Bi==== m : ; :
16. Lago Tecocomulco EG—
17. Loc. Tlalpan y Mamut : i I

18.La Mancha,Palma Sola

Punta Delgada - || - L

19. Tabasco : : : :
20. Xcaret, Quintana Roo: : : : -
21. Costade Yucatany : : : .
la isla de Cozumel : : : : :
22. Petén Itza | e
23. El Valle Caldera’ | |
24. Lago Fuquene’ ______________________________________________________________________________________________|
25. LagoTiticaca’ ______________________________________________________________________________________________|
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Fig. 4 Temporalidad de diferentes registros paleoclimaticos de México de los ultimos 150 ka, asi
como registros de Norte y Sudamérica con los que se comparara el registro de Chalco. Los registros
fuera de México se marcan con .

Estadio Isotopico 6 (EI6, 191 — 130 ka)

El registro de polen del lago Petén-Itza sugiere una disminucion de la temperatura con variaciones
de humedad durante todo el EI6 (190-130 ka) en la peninsula de Yucatan. Hacia la parte final del
EI6 (160- 137 ka) la vegetacion indica una disminucion aun mayor de la temperatura, mientras
que la ausencia de microalgas apuntan hacia una estabilizacion de los niveles del lago (Cruz Silva
2018). Valera-Fernandez et al. (2020a, 2020b) observaron un incremento de la vegetacion tipo Ca
en calcretas de la costa de Yucatan y Cozumel, lo que sugiere condiciones de aridez durante el
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PMG. Los registros del sureste del pais que comprenden esta ventana de tiempo sefialan que hubo
un descenso de la temperatura, siendo mas intenso hacia la parte final del EI6. Ademas, se infiere
que en esta region hubo condiciones aridas.

Por otro lado, para el centro de Mexico las reconstrucciones de los avances glaciares
indican que el avance Nexcoalango en el volcan Iztaccihuatl es el mas antiguo, datado en 205-175
3Cl ka. El avance Nexcoalango pudo alcanzar una altitud (~3,000 m snm) y una extension de hielo
(> 200 km?) mucho mayor al EI2 (Vazquez-Selem & Heine 2011). Ademas, el registro lacustre
que abarca esta ventana de tiempo, indica que los sedimentos de Chalco al final del E16 (150 — 130
ka) presentan laminaciones que se diferencian del resto de la secuencia, infiriendo un gran cambio
climético asociado a condiciones de humedad, donde el lago pudo tener un nivel profundo (Ortega-
Guerrero et al. 2017, Avendario et al. 2018) mientras que en los alrededores del lago se sugieren
condiciones de vegetacidn abierta y bosques meséfilos (Lozano-Garcia et al. 2022). Ademas, los
niveles de carbon y Ti en los sedimentos sefialan climas himedos con episodios de sequias y pocos
incendios en la cuenca de México durante el PMG, mientras que hacia la parte final la humedad
disminuy0 y los incendios se incrementaron (Martinez-Abarca et al. 2021a).

En la zona centro del pais se observo un enfriamiento que ocasiono el crecimiento de
grandes glaciares en las montafias mas altas de la cuenca de México (Vazquez-Selem & Heine
2011). Asimismo, las condiciones debieron ser himedas para que permitieran la acumulacién de
hielo en los grandes volcanes, como el Iztaccihuatl y la presencia de un lago profundo en Chalco
(Avendafio et al. 2018). La disminucion de la temperatura ocasiond un desplazamiento de la ZCIT
al sur, esto propicié que las zonas de alta presién (Pacifico Norte y Bermuda) dominaran (Cheng
et al. 2019), disminuyendo la presencia de lluvias en el sureste del pais. La fuente de humedad en
la zona centro del pais pudo asociarse a frentes frios, asi como a los vientos del oeste. El
desplazamiento de la ZCIT al sur ocasiond que los vientos del oeste también migraran,
favoreciendo la entrada de humedad en la zona centro del pais.

Estadio Isotopico 5 (EI5, 130 — 71 ka)

Los registros paleoclimaticos para el EI5 se enfocan principalmente en el dltimo Interglacial (E15e
= 130-116 ka). En la zona sureste del pais, los registros del Golfo de México y la peninsula de
Yucatan indican que el nivel del mar durante el El5e fue de 4-6 m mayor al nivel actual y pudo
alcanzar hasta 9 m (Blanchon et al. 2009, Aburto-Oropeza et al. 2021). El registro de polen del
lago Petén-Itza sefiala al dltimo interglacial como un periodo de climas célido-humedos (Cruz
Silva 2018) para la peninsula de Yucatan. Ademds, la composicion isotopica de $*3C en calcretas
de la costa de Yucatan sugiere climas méas calidos donde la tasa de evaporacion supera la de
precipitacion (Valera-Fernandez et al. 2020b, 2020a). En la zona sureste del pais se infieren
condiciones humedas, lo cual se puede deber a los flujos de humedad provenientes del Caribe
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mexicano, asi como a la zona de baja presion originada por el desplazamiento de la zona de
convergencia intertropical (ZCIT) mas al norte que en la actualidad (Warken et al. 2019). Las
asociaciones de fosiles marinos en el registro del Golfo de Baja California Sur establecen que la
temperatura del océano fue mas célida que las condiciones actuales (Muhs et al. 2002). Los
registros del sureste y noroeste del pais sugieren que en el periodo interglacial hubo climas méas
calidos a los actuales. Para el centro del pais, los registros de Cuitzeo y Texcoco no presentan
fechamientos en la parte basal de las secuencias, por lo que la precision de la temporalidad es
incierta (Fig. 2). Sin embargo, a partir de la extrapolacion de la tasa de sedimentacion se asume
que ambos registros pueden abarcar el EI5, los registros de polen y diatomeas en el lago de Cuitzeo,
Michoacan indican condiciones calido-himedas (~120 ka) (Israde-Alcantara et al. 2002, 2010).
Bradbury (1971) sefiala que la parte basal de la secuencia de Texcoco puede alcanzar los ~ 100 ka
y destaca que en esta zona los climas fueron aridos y con un nivel del lago muy somero que pudo
llegar a la desecacion (Bradbury 1971). El registro de Chalco sugiere un gran cambio de las
condiciones climaticas comparado con el estadio isotdpico anterior. La presencia de componentes
calcareos como los ostracodos y Chara, asi como las titanomagnetitas indican condiciones secas y
de alta evaporacion durante el EI5e (Ortega-Guerrero et al. 2017). Los cambios en la vegetacion
establecen el desarrollo de grandes bosques en la cuenca de México entre 127 y 125 ka AP. En el
registro de polen de este lago se observan comunidades vegetales tropicales, lo que apunta a
condiciones mas calidas que las presentes (Lozano-Garcia et al. 2022).

Al comienzo de la tltima glaciacion, en el registro de Petén-Itza en la peninsula de Yucatan
se determina que a las comunidades vegetales fueron parecidas a las que proliferaron durante el
inicio del EI6 (Cruz Silva 2018), por lo que se intuye un enfriamiento de la temperatura en la zona
sureste del pais. A pesar de la falta de fechamientos en la secuencia de Texcoco y Cuitzeo, las
extrapolaciones de la tasa de sedimentacion e inferencias de la edad en ambos registros (Bradbury
1971, Israde-Alcantara et al. 2002, 2010) se observan cambios en las diatomeas y el polen
apuntando a climas frios, la vegetacién del registro de Cuitzeo sefiala el desarrollo de bosques
mesofilos asociados con climas templado-himedos (Israde-Alcantara et al. 2002, 2010). Lo que
concuerda con el registro de polen de Chalco, donde la vegetacion abierta vuelve a dominar
(Lozano-Garcia et al. 2022). Durante el inicio de la ultima glaciacién en México se observa un
ligero enfriamiento en la zona sureste del pais, asi como en los limitados registros del centro de
México (Texcoco, Cuitzeo y Chalco), de modo que este enfriamiento general en los diferentes
registros del pais se propone que podria ser el subestadio 5d, a pesar de la falta de precision de la
cronologia en los registros de Texcoco y Cuitzeo, lo anterior se puede confirmar por la presencia
de la vegetacion abierta en el registro de Chalco (Lozano-Garcia et al. 2022).

Sin embargo, después del enfriamiento general las condiciones fueron variables en los
registros paleoclimaticos del pais. Las comunidades vegetales de la peninsula de Yucatan sugieren
un ligero incremento de la temperatura, aunque este cambio no determind un remplazo completo
de las comunidades, mientras que hacia el final del EI5 el espectro polinico sefiala condiciones
frias y secas (Cruz Silva 2018). Al sureste del pais las condiciones de sequia pudieron deberse al
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desplazamiento al sur de la ZCIT. Al este del pais, los registros de paleosuelos en Veracruz indican
condiciones humedas asociadas a suelos arcillosos con alto grado de meteorizacion de los
minerales primarios durante los subestadios 5c-a (Solleiro-Rebolledo et al. 2022). En el centro de
Meéxico el registro de Cuitzeo establece que las condiciones himedas cambiaron a frias y secas,
excepto por los conjuntos de diatomeas y microalgas que apuntan a un aumento del nivel lacustre
ca. 88 ka (Israde-Alcéntara et al. 2002, 2010). Mientras que en el lago de Texcoco las condiciones
de humedad fueron variables con un cuerpo de agua principalmente salobre sugerido por la
presencia de varias especies del género Cyclotella - Stephanocyclus (Stephanocyclus quillensis, S.
meneghinianus, Cyclotella sp. cf. C. stylorum Brigthwell, C. striata) y por Nitzschia frustulum
(Bradbury 1971). El registro de polen y C/N de Chalco también indican condiciones variables
durante los subestadios 5c-a, con cambios entre vegetaciones tropicales (EI5c, a) y mesofilas
(E15d, b) (Lozano-Garcia et al. 2022), asi como una alta variabilidad en la productividad lacustre
y terrestre durante todo el EI5. Las variaciones de temperatura superficial en el Océano Pacifico
tropical, asi como en el mar del Caribe y las variaciones en la Circulacion meridional del Atlantico
pudieron ocasionar fluctuaciones en el transporte de las masas de humedad hacia la zona sureste,
este y noroeste del pais (Bereither et al. 2012).

Estadio Isotopico 4 (El4, 71-57 ka)

No se tiene registrado algin avance glaciar entre los eventos Nexcoalango (EI6) y Hueyatlaco-1
(UGM, durante el EI2) en el volcan Iztaccihuatl, por lo que Vazquez-Selem & Heine (2011)
indican que los flujos de lava del Iztaccihuatl durante ~120 y ~140 **Cl ka, asi como la gran
extension del avance glaciar Hueyatlaco-1 pudieron borrar la evidencia de glaciaciones posteriores
a Nexcoalango y anteriores al UMG en este volcan. Sin embargo, en La Malinche, el Ajusco y el
Nevado de Toluca pudo haber otros posibles avances entre el El4 y/o EI3, pero estos mismos
autores sefialan que no se cuenta con dataciones precisas.

Durante el El4, el registro de San Felipe, Baja California apunta a condiciones secas y la
ausencia de un cuerpo de agua entre 70-45 ka (Ortega-Guerrero et al. 1999), mientras que el
paleolago de Babicora, Chihuahua tuvo su maxima extension durante el EI4 (65-57 ka). Roy et al.
(2013) sefala que las mayores descargas pluviales al lago se dieron durante el EI4 (antes de 58
ka), siendo las plantas terrestres la principal entrada de materia organica al lago durante 71-53 ka.
En la zona norte del pais las condiciones fueron himedas, sin embargo, no se observan los mismos
climas en la zona noroeste (San Felipe, Baja California). En esta ventana de tiempo los registros
de San Felipe y Babicora presentan edades extrapoladas, por lo que podria haber sesgo al comparar
ambas secuencias. No obstante, Thompson & Anderson (2000) sugieren que la gran humedad en
el norte del pais se debi6 al desplazamiento al sur de la zona de alta presion del Pacifico norte,
facilitando la presencia de lluvias en la zona norte del pais.
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Sin embargo en el centro del pais, el registro de la vegetacion en Cuitzeo determina climas
secos asociados a un bajo nivel del lago (Israde-Alcantara et al. 2002, 2010). En el lago de Texcoco
también se observaron condiciones salobres asociadas a un cuerpo de agua somero (Bradbury
1971). Ademas, la vegetacion del registro de Chalco sugiere una reduccion de la humedad desde
el El5a (Lozano-Garcia et al. 2022). El registro de paleosuelos en Veracruz también reporta
condiciones secas asociadas al alto contenido de carbonatos pedogénicos con rizoconcreciones
gruesas (Solleiro et al. 2021). Mientras que al sureste de México, el registro de polen del Lago
Petén-1tza sefiala que las condiciones frias y secas se mantuvieron durante el E14 y hacia 60 ka las
condiciones de frio se intensificaron (Cruz Silva 2018). En la zona centro, este y sureste del pais
las condiciones fueron secas, con climas frios en el sureste del pais, estas condiciones se pudieron
deber al desplazamiento al sur de la ZCIT y a la reduccion del flujo de humedad de la Corriente
de chorro de bajo nivel del Caribe (Warken et al. 2019).

Estadio Isotopico 3 (EI3, 57-29 ka)

Durante el EI3, los registros paleoclimaticos apuntan a condiciones de humedad que permitieron
la existencia de grandes lagos en Baja California y Sonora a mitad del EI3 (45 ka) (Ortega-
Guerrero et al. 1999, Metcalfe et al. 2002). Para la parte noroeste las condiciones fueron hiumedas
favoreciendo la presencia de lagos profundos. Roy et al. (2013) sugieren la presencia de tormentas
invernales relacionadas a los vientos del oeste, mientras que en verano a lluvias provenientes del
sureste asociadas al monzon norteamericano. Los momentos de mayor precipitacion en el verano
coinciden con los eventos milenarios Dansgaard-Oescher (DO), mientras que los momentos de
aridez ocurrieron por una disminucion del monzén. En el centro de México los registros de
Cuitzeo, Patzcuaro y Cantabria (cerca del lago de Zacapu) indican que las condiciones fueron
humedas durante el EI3 (Bradbury 2000, Israde-Alcantara et al. 2002, 2010, Ortega et al. 2002).
El lago de Patzcuaro alcanz6 su maxima profundidad al final del EI3 y principios del UMG
(Bradbury 2000). El registro de Cuitzeo sefiala que durante el EI3 las condiciones de temperatura
y humedad aumentaron ligeramente, favoreciendo un lago mas profundo (Israde-Alcantara et al.
2002, 2010). El Lago de Tecocomulco también sugiere condiciones de agua dulce asociadas a un
cuerpo de agua profundo y las comunidades vegetales establecen climas frios y himedos entre 50
— 42 ka cal AP, pero las condiciones del lago flucttan reduciendo su nivel y la vegetacion indica
climas ligeramente calidos entre 42 — 37 ka cal AP (Caballero et al. 1999). Los registros de
paleosuelos de Tlaxcala, el valle de Teotihuacan y Toluca indican condiciones himedas, en
Tlaxcala se infiere que los ecosistemas de humedades estaban méas extendidos que en la actualidad
(Sedov et al., 2009), en el valle de Teotihuacan los suelos se formaron en paisajes boscosos estables
y humedos que hacia el final del EI3 apuntan a climas estacionales (Solleiro-Rebolledo et al. 2011)
y en Toluca se observaron fluctuaciones humedas-secas debido a las asociaciones de minerales
arcillosos y la composicion de isétopos estables de carbono en humus (Sedov et al. 2003).
Mientras que en Texcoco el lago mantuvo un nivel somero y condiciones salobres (Bradbury
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1971). De la misma forma, en los sedimentos del lago de Chalco dominaron los componentes
calcareos con coquinas de ostracodos (Ortega-Guerrero et al. 2017), mientras que los valores de
C/N indicaron una mezcla entre la vegetacion terrestre y lacustre (Torres-Rodriguez et al. 2018,
Martinez-Abarca et al. 2021a). La bioturbacion en los sedimentos sugiere un bajo nivel del lago,
que en ocasiones llegd a tener una exposicion subaérea (Ortega-Guerrero et al. 2017). El analisis
detallado de las diatomeas y las funciones de transferencia estan disponibles para los primeros 26
m de la secuencia del Lago de Chalco (40 ka cal AP) (Caballero et al. 2019), lo que permitio la
identificacion de fluctuaciones a escala de tiempo orbital y milenaria (HS3-0). El registro de
carbdn en el lago de Chalco determind que durante el subestadio 5a y el final del EI3 tuvieron la
mayor actividad de incendios en los alrededores (Torres-Rodriguez et al. 2015, 2022, Martinez-
Abarca et al. 2021a). Al este del pais, el registro de Veracruz presenta paleosuelos ricos en
carbonatos indicando climas secos (Solleiro-Rebolledo et al. 2022). Por otro lado al sureste del
pais, en el registro de Petén-Itz& se infieren rapidos cambios durante el final del EI3 (48 — 23 ka
cal AP) (Hodell et al. 2008), la presencia de capas de yeso indican climas &ridos asociados a los
eventos milenarios Heinrich, mientras que las variaciones de humedad coinciden con la presencia
de eventos milenarios DO (Hodell et al. 2008, Pérez et al. 2021). Hodell et al. (2008) asocian los
periodos de sequia en el sureste del pais con el desplazamiento al sur de la ZCIT, asi como al
debilitamiento de la circulacion meridional del Atlantico, ocasionando una reduccion del flujo de
humedad de la Corriente de chorro de bajo nivel del Caribe.

Estadio Isotopico 2 (EI2, 29-11 ka)

Durante el EI2 en la parte norte del pais, el registro de Babicora sugiere que el nivel del lago se
mantuvo somero durante el UMG (Roy et al. 2013). El registro de San Felipe también apunta a
condiciones de humedad entre 34 — 19 ka cal AP (Ortega-Guerrero et al. 1999). Para la zona
noroeste la precipitacion de verano asociada al monzén norteamericano se redujo durante el Gltimo
méaximo glacial e incremento durante la deglaciacion (Roy et al. 2013). En el centro de México,
el registro de Cuitzeo sefiala que el nivel de agua tuvo muchas fluctuaciones, con dos pulsos de
humedad muy marcados entre ca. 33 — 31 ka cal AP y ca. 20 — 12 ka cal AP. (Israde-Alcéntara et
al. 2002, 2010). Por otro lado en el lago de Péatzcuaro, la temperatura disminuyd pero las
condiciones de humedad se mantuvieron durante el UMG (Bradbury 2000). En el registro de
Zacapu se observaron condiciones de baja humedad que indican la ausencia de un cuerpo de agua
durante el E12 (Metcalfe 1992). En el registro de la cuenca alta del Lerma establece un cambio de
un ambiente palustre a uno fluvial ~31 ka cal AP; mientras que en el lago de Chignahuapan esta
asociado a condiciones de agua dulce con un incremento de su nivel entre 26 — 24 ka cal AP y una
disminucion alrededor de 22.5 ka cal AP (Caballero et al. 2002). En el lago de Texcoco las
condiciones salobres asociadas a un lago somero se mantuvieron durante todo el E12 (Badbury
1971). En el registro de Chalco si se observo un cambio en las asociaciones de diatomeas de un
lago somero con un pH alcalino y altas concentraciones de sales durante el EI3 a un lago de agua
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dulce en el E12 (Caballero et al. 2019). El registro de Veracruz sugiere un suelo poco desarrollado
con abundantes carbonatos pedogénicos, indicando climas secos (Solleiro-Rebolledo et al. 2022).
Sin embargo, los registros de paleosuelos en Tlaxcala, Teotihuacan y el Nevado de Toluca apuntan
a condiciones humedas, en Tlaxcala se observo alta meteorizacion e iluviacion arcillosa sefialando
un periodo de humedad estable, comparada con el EI3 (Sedov et al. 2009), los paleosuelos del
valle de Teotihuacén observan condiciones ambientales principalmente secas con altos intervalos
de humedad evidenciados por procesos gleyicos y actividad fluvial entre ca. 24 ka incluido el
UMG (Solleiro-Rebolledo et al. 2011), mientras que en las zonas altas de la misma region se
formaron luvisoles indicativos de ecosistemas de bosque himedo (Solleiro-Rebolledo et al. 2006)
y en el Nevado de Toluca los paleosuelos presentan signos de pedogenesis himeda (Sedov et al.
2001). Bradbury (2000) sugiere que el desplazamiento al sur de la ZCIT propicié que los vientos
del oeste llevaran humedad a la zona centro-oeste de la FVTM.

Durante el UMG se registraron dos avances glaciares importantes en el volcan lIztaccihuatl,
el primer avances llamado Hueyatlaco-1 (21 — 17.5 36Cl ka) asociado a una disminucion de la
temperatura de 6 — 7.5° C (Lachniet & Vazquez-Selem 2005) y el segundo avance Hueyatlaco-2
(17 — 14.5 *°Cl ka). Durante el UMG también se registraron avances glaciares en los volcanes del
Nevado de Toluca, Ajusco, Tancitaro, Malinche, Cofre de Perote. Hacia el final del Gltimo ciclo
glacial la mayor parte de los glaciares retrocedieron hacia los 14 ka cal AP, mientras que los
glaciares del Cofre de Perote y Tancitaro retrocedieron hace unos 12 ka cal AP (Lachniet &
Vazquez-Selem 2005, Caballero et al. 2010, Vazquez-Selem & Heine 2011). Por lo tanto, las
reconstrucciones de los glaciares indican una mayor humedad al oriente y occidente del pais
comparado con la zona central (Caballero et al. 2010). Las reconstrucciones a partir de polen y
diatomeas en el centro de México sugieren una disminucién de la temperatura de 4 — 5° C durante
el UMG (Correa-Metrio et al. 2013, Caballero et al. 2019). Para la parte sureste del pais, en el
registro de Petén-Itz4 se observaron depdsitos de arcillas entre 23 — 18 ka cal AP asumiendo
condiciones de un lago profundo y climas relativamente himedos, durante este periodo también
se observo la presencia de comunidades vegetales no analogas a las modernas (Hodell et al. 2008,
Correa-Metrio et al. 2012). La Terminacion | (TI) sefiala un primer calentamiento de 3°C entre
~15.5-13.5 ka cal AP, el cual es seguido por un retorno a condiciones frias donde la temperatura
sugiere una disminucién de 2° C, mientras que un segundo calentamiento se observa entre 12 — 10
ka cal AP, hasta que las condiciones modernas se establecen (Cruz Silva 2018). Mientras que en
el sureste del pais se observan condiciones himedas asociadas a una menor estacionalidad e
inviernos humedos asociados a los frentes frios del norte (Hodell et al. 2008).

Estadio Isotopico 1, iunicamente del Holoceno temprano a medio (El1, 11 — 4.2 ka)

Para el norte del pais, el registro de Babicora indica condiciones aridas y un cuerpo de agua muy
somero a partir de 15 ka cal AP, ademas hubieron fluctuaciones de humedad con intervalos donde
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el lago se secd durante el Holoceno medio (Metcalfe et al. 2002). Mientras que en San Felipe, Baja
California se registré un aumento del escurrimiento de aguas superficiales a partir de 12 ka cal AP.
con un intervalo de aridez entre 7 — 6 ka cal AP, siendo hasta 4 ka cal AP. cuando se establecen
las actuales condiciones &ridas (Ortega-Guerrero et al. 1999). Por lo que, los periodos de humedad
de la zona noroeste del pais se asocian al monzon norteamericano (Metcalfe et al. 2015).

En el centro el pais, los registros de Cuitzeo, Patzcuaro, Tecocomulco, Texcoco y Chalco indican
de forma general una reduccion del nivel lacustre. En Cuitzeo el lago incrementd su salinidad hasta
que alcanz6 las condiciones actuales (Israde-Alcéantara et al. 2002, 2010), mientras que en
Patzcuaro el lago incremento su nivel de nutrientes debido al impacto humano (Bradbury 2000).

En Tecocomulco y Texcoco desde los 16 ka cal AP se observaron ambientes muy aridos hasta el
Holoceno medio, con ausencia de diatomeas entre 14.5 — 5 ka cal AP en Texcoco y entre 15 — 3.3
ka cal AP en Tecocomulco (Caballero et al. 1999). El registro del lago de Chalco indica, ademas
de una reduccion de su nivel, que la temperatura pudo aumentar entre 2.6 — 3° C en el Holoceno
temprano (Caballero et al. 2019). De manera que los bajos niveles lacustres en el centro y sureste
del pais sugieren que los vientos alisios y la ZCIT tenian un desplazamiento al sur. Se
incrementaron las condiciones de humedad al sureste del pais con el restablecimiento de la
Circulacion meridional del Atlantico (McManus et al. 2004).

1.7 Area de estudio

Descripcion geoldgica

La Cuenca de México (CM) ubicada en la zona centro-este de la Faja Volcanica Mexicana
(FVTM), con una superficie de aproximadamente 9600 km?, es una zona volcénica y tectonica
activa delimitada al norte por las sierras de Pachuca, Tepotzotlan, Guadalupe, Patlachique y
Tepozan, al este por la sierra Nevada (que incluye el Popocatepetl, 1ztaccihuatl, Tlaloc y Telapon),
al oeste por la sierra de Monte Alto y las Cruces, y al sur por la Sierra de Chichinautzin (Fig. 3c).
La formacién de la Sierra Chichinautzin, hace 1.2 Ma (Arce et al., 2013), obstruy6 el antiguo
drenaje de la CM dirigido al rio Balsas produciendo una cuenca endorreica, lo cual permitié la
acumulacién de agua captada por escorrentia y del subsuelo que formaron grandes cuerpos
lacustres: al norte Zumpango y Xaltocan, al este Texcoco, al sur Xochimilco y Chalco (Fig. 3c),
distintos autores sugieren que estos cuerpos de agua podian llegar a formar uno solo (Diaz-
Rodriguez, 2006; Rodriguez-Castillo y Gonzéalez-Moran, 1989).

El lago de Chalco (19° 30" N, 99° 00' O) se extendia en un area aproximada de 240 km? a
unos 2,200 m snm (Ortega-Guerrero et al., 2015). Esta delimitado al este por la sierra Nevada, al
norte por la sierra de Santa Catarina y al sur por la sierra Chichinautzin; antiguamente limitaba al
oeste por la isla de Tlahuac, separandolo del lago de Xochimilco (Caballero, 1997). Los rios
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Amecameca y Tlalmanalco eran las principales fuentes de agua que abastecian al lago, los cuales
se originaban en los volcanes Popocatépetl e Iztaccihuatl. Recientemente el lago de Chalco se ha
reducido a unas areas pantanosas al oeste y sur del volcan de Xico que tienen una extension de 5
km? en forma de C invertida (Ortiz Zamora y Ortega-Guerrero 2007); los alrededores del lago son

utilizados para la agricultura (Ortega-Guerrero et al., 2000), y gran parte de la planicie esta
urbanizada.

Clima actual en la subcuenca de Chalco

El clima en la subcuenca de Chalco es templado, sub-htimedo con lluvias en verano C(wo)(wz)(w).
La temperatura media anual es de 16.8°C con un rango de temperatura de 13.8 (enero) —

19.1(mayo) °C. La precipitacion anual es de 540 mm, mientras que la evaporacion anual es 1.440
mm (Fig. 6).
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Fig. 5 Informacién climéatica de la subcuenca de Chalco. Precipitacion media mensual y
temperatura media mensual. Datos obtenidos de la estacion meteoroldgica del Servicio
Meteoroldgico Nacional, México, 2023. Estacion Tlahuac — 9051.

Unidades estratigréaficas del registro de Chalco

El registro del lago de Chalco cuenta con una gran resolucion temporal que abarca varios ciclos
glaciales consecutivos (ca. 400 ka) (Lozano-Garcia et al. 2017, Brown et al. 2019, Martinez-
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Abarca et al. 2021b). Para los primeros 122.4 m se tiene una secuencia maestra (nucleo CHAO08)
(Fig. 5) que esta dividida en siete unidades litoestratigraficas principales (Ortega-Guerrero et al.
2017), donde se ha realizado el mayor parte de los estudios previos del Lago de Chalco. Para esta
secuencia se desarroll6 un modelo de edad formado por catorce fechamientos de **C de polen'y
ostracodos, asi como dos marcadores tefrocronoestratigréficos, un fechamiento a partir de
230Th/U extraido de un circon en una capa de tefra (Torres Rodriguez et al. 2015; Ortega-Guerrero
et al. 2017) y un punto de anclaje a 106 m de profundidad, el cual se interpreta como la transicion
del EI6-EI5, con base en los cambios importantes de los conjuntos de diatomeas y sedimentos
(Ortega-Guerrero et al., 2017; Avendafio et al., 2018). Las unidades litoestratigraficas de la
secuencia maestra corresponden con los primeros seis estadios isotopicos marinos. A continuacion,
se describen brevemente cada una de las unidades litoestratigraficas (Fig. 5).

La unidad 7 (122.4 — 106 m; 146.5 — 130 ka) estd compuesta por laminas finas claras/oscuras ricas
en diatomeas. Las laminas claras son ooze de diatomeas dominados por especies del género
Stephanodiscus, mientras que las ldminas oscuras son limo con menores componentes calcareos.
Las tasas de acumulacion de carbon son bajas. Hay 13 capas ricas en carbonatos a diferentes
profundidades de esta unidad.

La Unidad 6 (106 — 57.5 m; 130 — 70.3 ka) muestra tres cambios sedimentarios, la parte inferior
(106 — 103.2 m) consiste en limo calcareo con frecuentes ostracodos, diatomeas alcalofilas y
haldfilas y altas tasas de acumulacion de carbon en su base. La seccion media (103.2 — 93.3 m)
presenta Stephanodiscus spp. sedimentos laminados claros/oscuros ricos en diatomeas. Las tasas
de acumulacién de carbdn son altas a medias. La parte superior (93.3 — 57.5 m) esta formada por
sedimentos calcareos masivos con componentes biogénicos ricos en Chara sp., Phacotus, valvas
de ostracodos, diatomeas alcaléfilas y haléfilas; intervalos moteados sugieren que los sedimentos
tuvieron una exposicion subaérea. Las tasas de acumulacién de carbon vegetal son variables, pero
generalmente altas.

La Unidad 5 (57.5 - 41.1 m; 70.3 — 51 ka) tiene intervalos moteados masivos que se alternan con
limos laminados o estratificados con abundantes componentes biogénicos, los cuales incluyen
diatomeas alcalofilas y haléfilas. Las tasas de acumulacién de carbon son de medias a altas.

La Unidad 4 (41.1 — 28 m, 51 — 35 ka) es muy similar a la Unidad 5 pero con proporciones mas
altas de componentes biogénicos y calcareos que incluyen diatomeas alcalifilas, Chara sp.,
ostracodos y cristales de calcita, dolomita y yeso y en la parte superior las tasas mas altas de
acumulacion de carbon.

La Unidad 3 (CHAO8 < 28 m, Cha-B 26 — 11 m) se caracteriza por limos masivos a estratificados
arenosos a arcillosos orgéanicos y alcalifilos ricos en diatomeas. La Tefra Tlahuac (con una edad
de ~31.4 ka cal BP, Herrera Hernandez 2011) esta presente en esta unidad en ambas secuencias
(CHAO08 y Cha-B). Las tasas de acumulacion de carbon son de medias a bajas.
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La Unidad 2 (Cha-B 11 — 2,5 m) consiste en una alternancia masiva con limo arcilloso rico en
diatomeas de agua dulce débilmente laminado con tasas de acumulacion de carbén generalmente
bajas, pero con algunos picos ocasionales. Esta unidad contiene evidencia de intensa actividad
volcénica explosiva, que incluye la Pémez Tutti-Frutti (PTF) producida por una erupcion del
volcan Popocatépetl hace 17 ka cal BP (Arce et al. 2003) y la PGmez Toluca Superior (PTS)
producida por el volcan Nevado de Toluca hace 12.4 ka cal BP (Sosa-Ceballos et al. 2012).

La Unidad 1 (2,5 — 0,5 m) estd compuesta por granos de silicato macizos a débilmente
estratificados con concreciones calcareas, diatomeas alcaldfilas y haldfilas, ostracodos y
fragmentos de gasteropodos.
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Fig. 6. Unidades estratigraficas de los ntcleos del Lago de Chalco: a) estratigrafia de la secuencia
maestra nlcleo CHAO8 (profundidad de 122.4 — 28 m, edad de 31 — 150 ka), figura tomada de
Ortega-Guerrero et al. (2017). b) estratigrafia del nacleo Cha-B con las unidades originales (i)
reportadas por Caballero & Ortega (1998), asi como su correlacion con las unidades de la secuencia
maestra CHA08-CHAL1 VII (ii) reportadas por Ortega-Guerrero et al. (2017). Principales tefras:
PTS = Pomez Toluca Superior, PTF = POmez Tutti-Frutti, TT = Tefra Tlahuac.
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Capitulo 11

2. Control climatico en mineralogia magnética durante el EI6 tardio — EI13 temprano
en el Lago Chalco, centro de México.

(Articulo publicado, citar como: Ortega-Guerrero B., Avendafio D., Caballero M., Lozano-Garcia S., Brown E. T.,
Rodriguez A., Garcia B., Barceinas H., Soler A. M., & Albarrén, A. (2020). Climatic control on magnetic mineralogy
during the late MIS 6-Early MIS 3 in Lake Chalco, central Mexico. Quaternary Science Reviews, 230, 106163.
https://doi.org/10.1016/j.quascirev.2020.106163)

Este articulo surge como un trabajo que integra la informacion de indicadores bioldgicos (diatomeas)
y geoquimicos (minerales magnéticos y geoquimica de elementos mayores) para brindar una visién
general de los cambios climaticos ocurridos durante los Gltimos 150 mil afios. En este articulo
Unicamente se presentan los resultados de diatomeas de forma resumida, de acuerdo con la
abundancia relativa de cuatro grupos con distribucion ecolégica contrastante: (1) pequefias
Fragilariaceae y (2) Stephanodiscus spp., asociadas a condiciones de agua dulce, asi como la suma
de las especies (3) alcalifilas y (4) haldfilas. Los cuatro grupos se definieron a partir de las
preferencias ecoldgicas de las especies de diatomeas presentes en 40 lagos del centro de México
(Caballero et al., 2019).

Resumen:

Los sedimentos del lago de Chalco en el centro de México abarcan desde ca. 150 a 35 ka
proporcionando de evidencia de la variabilidad climética en los tropicos de América del Norte asociado
con el final del Estadio Isotopico 6, la transicién al ultimo Interglacial (EI5.5, ca. 130-115ka), y parte
del altimo glacial (E15.4 a principios del EI3, 115-35ka). En este articulo se aplicé un enfoque
multiproxy basado en el analisis de minerales magnéticos, asociaciones de diatomeas y geogquimica de
elementos mayores. La historia paleoambiental reconstruida identifica el final del EI6 mas frio y
himedo que el presente, con un alto nivel lacustre y un subsecuente cambio a climas secos al comienzo
del altimo Interglacial (ca. 130 ka). Se observaron grandes cambios de amplitud en la mayoria de los
parametros analizados desde ca. 130-74 ka que coinciden aproximadamente con MIS5 (130-71 ka). La
amplitud de estos cambios disminuye durante el EI4 (71-57 ka) y la primera parte del EI3 (57-35 ka).
Propusimos que las oscilaciones climaticas inferidas siguen las variaciones de insolacion durante el
EI6 y parte del EI5 (150-88 ka). La baja insolacion de verano y primavera inhibieron la evaporacion y
favorecieron los altos niveles del lago. Por el contrario, la insolacién maxima en primavera y verano
promovieron las condiciones secas y bajos niveles del lago. Se observé una relacion entre un Glacial
frio-humedo y un Interglacial calido-seco en los registros del Lago Titicaca (Bolivia) y el Lago Chalco,
lo que muestra una gran sensibilidad de los sitios tropicales de gran altitud a la variabilidad climatica.

Palabras clave: Pleistoceno, Interglacial(es), Paleolimnologia, Norteamérica, Propiedades magnéticas.
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Sediments from Lake Chalco in central Mexico spanning from ca. 150 to 35 ka ago provide evidence of
paleoclimatic variability in the North American tropics associated with the end of Marine Isotopic Stage
(MIS) 6, the transition to the last interglacial (MIS 5.5, ca. 130-115 ka ago), and part of the last glacial (MIS
5.4 to early MIS 3, 115 to 35 ka ago). We applied a multiproxy approach based on the analysis of mineral
magnetism, diatom assemblages and major elements geochemistry. The reconstructed paleoenvir-
onmental history identify the end of the globally cool MIS 6 as wetter than present, with high lake level,
and a subsequent change to drier climates at the onset of the last interglacial (ca. 130 ka). Large
amplitude changes in most of the analyzed parameters from ca. 130 to 74 ka are approximately coin-
cident with MIS 5 (130-71 ka). The amplitude of these changes decreases in MIS 4 (71-57 ka) and the
early part of MIS 3 (57-35 ka). We proposed that the inferred climatic oscillations follow insolation
variations during MIS 6 and part of MIS 5 (150-88 ka). Low summer and spring insolation and lower
seasonality inhibited evaporation and favored high lake levels. Conversely, maxima in spring and sum-
mer insolation promoted dry conditions and low lake levels. The major wet-cold glacial and dry-warm
interglacial relationship found in Lake Titicaca (Bolivia) and Lake Chalco records shows the sensitivity
of high altitude tropical sites to climatic variability.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

130-115 ka) are practically nonexistent so far in the North American
tropics. In Central America the only record is available from El Valle

Lacustrine sedimentary records worldwide have been analyzed
as archives of past climatic conditions; however, published records
beyond the last glacial maximum (>20 ka) are infrequent for the
tropics of North America (e.g. Caballero et al., 1999; Ortega et al.,
2002; Metcalfe et al, 2007; Israde-Alcantara et al., 2010;
Caballero et al., 2019). Climatic records of the past 85 ka have been
published from Lake Petén Itza (Guatemala) (Hodell et al., 2008;
Mays et al., 2017), and Lake Chalco (México) (Torres Rodriguez et al.,
2015, 2018). Longer records that comprise the last interglacial (ca.

* Corresponding author. Universidad Nacional Auténoma de México, Instituto de
Geofisica, Ciudad Universitaria circuito exterior s/n, 04150, Ciudad de México,
Mexico.

E-mail address: bortega@igeofisica.unam.mx (B. Ortega-Guerrero).
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(Panam4d) spanning the time period between 137-98 ka (Cardenes-
Sandi et al.,, 2019). In central Mexico the stratigraphical and sedi-
mentological characteristics of Lake Chalco provide some in-
ferences of paleoclimate and paleoenvironments beyond the last
interglacial (Ortega-Guerrero et al., 2017; Valero-Garcés et al.,
2019). From South America, long records include the sequence
from Lake Titicaca (Bolivia) which covers the last ca. 370 ka (Fritz
et al, 2007), and Lake Faquene (Colombia) for the last 280 ka
(Groot et al., 2011). More studies on long lacustrine sedimentary
sequences will advance our understanding of climatic variations
during the last interglacial/glacial cycle. Such knowledge is relevant
to establish correlations with similar events recorded at sites on the
opposite hemisphere and to test their synchronicity and
geographical extent. These kinds of records can also be used to
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characterize the climate dynamics in the tropics, and to evaluate
the response of ecosystems to similar climatic drivers, but under
contrasting conditions; for example, as during interglacials without
(Marine Isotopic Stage 5) and with (Marine Isotopic Stage 1) human
influence.

The use of independent proxies in the interpretation of these
records is recommended, in order to achieve a more comprehen-
sible model of past environmental changes driven by climatic
fluctuations. Therefore, a multiproxy approach is necessary,
including a combination of techniques such as stable isotopes,
elemental concentrations, biological proxies and rock magnetism
analyses. Studies on environmental magnetism investigate the
changes in the detrital magnetic mineral fraction and its trans-
formation into new secondary minerals (Maher, 2007). In volcanic
settings, Ti-magnetites are a common detrital fraction in lacustrine
sediments (e.g. Thouveny et al., 1994). Weathering and pedogenesis
processes can produce secondary minerals that can be delivered to
lakes as a detrital fraction (e.g. Chen et al., 2005; Maxbauer et al.,
2016a). Anoxic conditions may lead to the dissolution of Fe oxides
and their transformation into sulfurs (e.g. Nowaczyk, 2011; Borruel-
Abadia et al., 2015); and bacterial processes can produce secondary
minerals (e.g. Lascu and Plank, 2013). The aforementioned trans-
formations suffered by magnetic minerals depend to a great extent
on climatic and environmental controls (e.g. Evans and Heller,
2003), so they are potential indicators of past climatic conditions.
We present a continuous ~115 ka (150-35 ka BP) record of paleo-
environmental change inferred from rock magnetism, elemental
geochemistry and synthetic results of diatom analyses from a 93 m
long lacustrine sedimentary sequence collected in Lake Chalco
(central México), which constitutes a unique record of most of the
last interglacial/glacial cycle in the North American tropics. New
insights of past climatic and environmental changes between the
late MIS6 and early MIS 3 are provided through diagnostic mag-
netic parameters of the alteration of the primary mineralogy and
the changes between freshwater and saline diatom taxa. This study
differs from previous from Lake Chalco as it constitutes the longest
continuous published record of past climatic and environmental
conditions based on any proxy.

2. Geological setting and climate

Lake Chalco is an intervolcanic basin located at the central-
eastern sector of the Trans Mexican Volcanic Belt (TMVB), a
transversal continental arc that resulted from the subduction of the
Cocos Plate beneath the North American Plate (Ferrari et al., 2012)
(Fig. 1). The Chalco sub-basin occupies the southeastern part of the
Basin of Mexico (19° 15’ N, 98° 58’ W, 2230 m asl), at the southern
edge of Mexico City metropolitan area. Even if in past times there
was an extensive lake, it is now reduced to a shallow marsh (<3 m
depth), that occupies an area of <6 km?. The rocks in the catchment
are entirely composed of volcanic deposits, mostly ranging from
basalts to andesites in composition, which include scoria and ash
cones, shield volcanoes and associated lava flows, fisural lava flows,
domes, maars and stratovolcanoes, among them two of the highest
summits in Mexico, the Popocatépetl (5452 m asl) and Iztaccihuatl
(5238 m asl), built since 1.8 Ma to present (Macias et al., 2012; Arce
et al.,, 2013).

The climate is sub-tropical high altitude, with a mean precipi-
tation of 540 mmy/yr, concentrated during the summer months (late
June to September) due to the northern migration of the Inter-
tropical Convergence Zone (ITCZ) and the onset of hurricane sea-
son; occasional rainfall occurs during the winter caused by polar air
outbreaks. Maximum temperatures (27—30 °C) occur during late
spring and the lowest temperatures (4—7 °C) are observed during
winter.

3. Materials and methods
3.1. Drilling, facies description and core correlation

The drilling details, core correlation, lithostratigraphy of the
sequence and geochronology of the upper 122 m of the sedimen-
tary sequence have been published previously (Ortega-Guerrero
et al., 2017). Three cores were drilled in 2008 at different depths
at the depocentre zone of former Lake Chalco. The cores span a
composite section between 29 and 122.4 m depth: CHAO08-IV
(85—122 m), CHAO08-V (29-72 m), CHAO8-VI (70.8—85 and
106—122.4 m). The cores were drilled with a Shelby corer in 1.10 m
sections with inner PVC tubes 1 m long and 10 cm in diameter; the
remaining 10 cm were collected from the drilling shoe. Splitting of
cores and initial description were carried out at the LacCore facility
(University of Minnesota-Twin Cities). High-resolution color scans
were acquired from each section using a DMT CoreScan digital
linescan camera, and magnetic susceptibility was measured on split
halves at 0.5 and 1 cm resolution using a Bartington MS2E sensor.
The correlation of the cores was established from stratigraphic
features, tephra markers and the magnetic susceptibility profiles.

Nineteen sedimentary facies had been previously established
from component descriptions in smear slides and visual observa-
tions of the core faces for the entire sequence from the surficial
sediments to 122.4 m depth (Ortega-Guerrero et al., 2017). How-
ever, for the section analyzed in this work, only fourteen facies are
present and the rest occur only in the upper 29 m (Table 1). Based
on their facies association, seven lithostratigraphic units that reflect
the main stages of Lake Chalco evolution were defined for the entire
sequence, of which correspond from unit 4 to unit 7 in the analyzed
section in this work (Fig. 2).

The sedimentary facies defined were grouped into clastic, vol-
caniclastic, organic rich and chemical facies. The clastic facies are
the most abundant in the sequence (F5 to F12); they vary from
massive to faintly laminated silt with variable content of sand and
clay and are composed of siliciclastic minerals. Organic compo-
nents in these facies are commonly diatoms, ostracods, char-
ophytes, phytolites and charcoal; other components are sponge
spicules, testate amoebae, amorphous organic matter, unidentified
Arthropoda fragments and occasionally Phacotus. The organic rich
facies (F14, F15 and F17) are most commonly diatom oozes and
occur less abundant as ostracod hashes. Diatom oozes form beds
(<3 cm) and laminae; locally they form pairs of light/dark laminae.
Ostracod hashes have a variable content of sand-size fraction clasts.
The chemical facies (F18 and F19) are carbonate-rich silt beds or
laminae and micritic mud. Other minor chemical components are
crystals of struvite, vivianite, siderite, calcite and gypsum. Lithos-
tratigraphic units defined from facies association were described by
Ortega-Guerrero et al. (2017) and shown in Fig. 2.

3.2. Geochronology

In the upper 35 m of the master sequence, the age-depth model
was constructed from fourteen “C AMS dates obtained from pollen
and ostracod concentrates, and two tephrostratigraphic ages
markers (Ortega-Guerrero et al., 2017, Table 1 Supplementary Ma-
terial). For the deeper part of the section beyond the C limit,
chronology was established by dating zircons extracted from a
tephra layer at a depth of 63.5 m using 23°Th/U (Torres Rodriguez
et al.,, 2015), and including a tie-point at 106 m depth where a
major change in sedimentary components, structure and diatom
assemblage is considered to correspond to the transition from
marine isotopic stage (MIS) MIS 6 to MIS 5 (Ortega-Guerrero et al.,
2017; Avendano-Villeda et al., 2018). The age obtained in by 2>°Th/U
dating was 76.7 + 4.7 ka, whereas the age of the MIS6-MIS5 limit is



B. Ortega-Guerrero et al. / Quaternary Science Reviews 230 (2020) 106163 3

100°W

{Pacific
Ocean.

B

Fig. 1. Location map of Lake Chalco and drilling site. A) Extent of the Trans Mexican Volcanic Belt (TMVB) in central Mexico; red star: location of Basin of Mexico. B) Relief map
showing the southern part of Basin of Mexico (white contour). Major stratovolcanoes Popocatepetl (Popo, 5605 m asl) and Iztaccihuatl (Izta, 5460 m asl) of the Sierra Nevada and
location of Sierra Chichinautzin are shown. Gray shaded area correspond to the extent of Mexico City metropolitan area. The study area of figure C is outlined in black rectangle. C)
Relief map of Lake Chalco and drilling sites of cores CHA08-IV, V and VI (red star). D) Lake Chalco seen from the summit of Teuhtli volcano. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

130 + 3 ka, according to Lisiecki and Raymo (2005) and Lisiecki and
Stern (2016). The age model for the sequence, including the 4C
dates, the 23°Th/U age and the MIS 6-MIS 5 tie point was con-
structed on a P-sequence deposition model (Bronk-Ramsey, 2008)
generated in the online version of OxCal 4.2 (Bronk-Ramsey, 2009)
using the IntCal 13 calibration curve (Reimer et al., 2013). The age of
the analyzed section of the master sedimentary sequence in this
work (29—-122 m) was estimated between ca. 35.6 to 150 ka
(Ortega-Guerrero et al., 2017) (Fig. 3).

3.3. Geochemical and rock magnetism analyses

The elemental geochemical composition was analyzed using a
COX ITRAX X-Ray Fluorescence (FRX) core scanner at 1 cm resolu-
tion using a Mo-tube X-ray source set to 30 kV and a current of
20 mA, with an exposure time of 60 s. Although the XRF scanner
was capable of detecting 21 elements reliably above detection
limits (Al Si, P, S, Cl, Ar, K, Ca, Ti, V, Cr, Mn, Fe, Zn, Ga, As, Se, Rb, Sr,
Zr, W), only a set of elements and their ratios were used in this work
(Ca, Ti, Fe, Mn).

Cores were sampled in roughly 10 cm intervals, with minor
adjustments to obtain samples from all of sedimentary facies in
each core. The 840 samples acquired were placed in 8 cm’
diamagnetic plastic cubes and stored in a cold room until all
measurements were completed. Rock magnetic measurements
carried out on the full set of samples consisted of mass-specific
magnetic susceptibility (), the acquisition of anhysteretic

remanent magnetization (ARM), isothermal remanent magnetiza-
tion (IRM) and hysteresis parameters (saturation magnetization
[Ms], saturation remanent magnetization [Mr], coercivity [Bc] and
coercivity of remanence [Bcr]). Magnetic susceptibility was
measured at low (976 Hz) and high (hf, 15916 Hz) frequencies in a
MFK1-FA (AGICO) susceptometer. Frequency-dependent suscepti-
bility was calculated as kfd % = [(klf-khf)/kIf]*100. ARM and IRM
were measured in a JR6 spinner magnetometer. ARM was imparted
in a peak alternating field (AF) of 100 mT in the presence of a direct
current (DC) bias field of 50 uT. The ARM susceptibility (xarm) Was
obtained by normalizing the ARM by the DC biasing field. The
hysteresis parameters were measured using a Princeton Measure-
ments Corporation Micromag vibrating sample magnetometer
(VSM) at room temperatures in fields up to 1 T. Saturation IRM
(SIRM) was considered to be acquired in a 1 T field. IRM was
measured in backfields of 100 and 300 mT after the acquisition of
SIRM, and HIRM and Ss3qg ratios calculated, where HIRM = 0.5 *
(SIRM =+ ]RM_300 Il'lT)v and 5300 =- (IRM_300/SIRM).

In 46 selected samples from the representative magnetic
properties, backfield remanence curves in 100 steps were
measured in the VSM in order to identify the individual compo-
nents that contribute to the remanence by using the MAX UnMix
program (Maxbauer et al., 2016b). The temperature-dependence of
susceptibility (k-T) was measured for selected samples in a non-
controlled atmosphere from room temperature to a maximum of
700 °C using a MFK1-FA (AGICO) susceptometer.
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Table 1

Main sedimentological and mineralogical features, compositional parameters for the facies defined for Lake Chalco sedimentary sequence from 29 to 122.4 m depth (Ortega-

Guerrero et al., 2017).

Facies Sedimentological features

Depositional environment

Clastic
grayish brown laminae (1 cm) and beds (1—2 c¢cm). Abundant biogenic

components: diatoms (occasionally partly dissolved), charophyte particles,
ostracods and charcoal. Occasional clay size calcareous particles and calcite,

dolomite and gypsum crystals.

6. Very dark grayish brown to dark reddish brown sandy silt. Presence of
calcareous silt. Massive strata <15 cm thick, and beds 1—3 cm. Undulating

irregular contacts. Features of vertical movement of groundwater. Scarce

5. Olive brown sandy silt. Massive to faintly laminated and bedded. Very dark

Shallow lake, minor influence of lotic systems. Perimetral facies with variable
phases of vegetation growth.

Palustrine facies. Well drained environment, lixiviation. Subaereal exposure.
Slightly to moderately pedogenic processes.

biogenic components: ostracod, diatoms, herbaceous fragments and charcoal.

7. Dark grayish brown sandy silt. Discontinuous and wavy, parallel

Low lake levels. May represent distal deposits of detrital fluxes.

volcaniclastic rich sandy silt beds and silt sediments. Frequent ostracods and

calcareous silt. Minor amounts of diatoms.

8. Grayish brown silt to sandy silt. Decimetric (10—60 cm) massive beds, with Shallow lake with minor influence of lotic systems, and occasional ash fall.
intercalations of silt beds (2—20 cm). Sharp and irregular contacts. Sand particles

disseminated in beds <15 cm thick, and in irregular bands 1—2 c¢m thick.
Abundant biogenic components: ostracods, diatoms, spicules.

9. Very dark grayish brown clayey silt. Massive to faintly laminated. Minor

Shallow freshwater lake with minor influence of lotic systems

amounts of lithic sand. Presence of Staurosira spp. and Staurosirella spp. Sharp to

gradual contacts.

10. Dark olive brown to pale yellow clayey silt. Diffuse, wavy, parallel beds 4 Shallow alkaline lake.
—10 cm. Abundant clay size calcareous (calcite, dolomite) mud. Presence of Chara
and charcoal. Scarce to common ostracod fragments. In general minor amounts

of diatoms.

11. Dark olive gray clayey silt. Mottled and massive at naked eye. Centimetric to Shallow lake and occasional subaerial exposure.
decimetric wavy bedding. Presence of clay size calcareous minerals and biogenic

components: Chara (abundant), ostracods. Diatoms relatively less abundant

partly dissolved, charcoal, phytoliths, cysts.

12. Dark olive gray to light gray bedded and laminated diatom rich silt. Sets of Shallow alkaline-saline lake.
beds (2—6 cm) and laminae. Light strata are diatom ooze with scarce ostracods,
detrital crystals (silicates), and calcareous mud. Dark strata are diatom rich silt.

Parallel, slightly wavy strata.
Volcani-

13. Black to gray ash layers. 74 individual medium to very fine grained mafic to Pyroclastic fall deposits and volcaniclastic reworked material of unknown

clastic felsic ash layers. Massive to bedded. Frequent ostracods and variable content of sources. The basaltic to dacitic deposits are more likely form the near
diatoms. Thicknesses of 0.5—8 cm. Lower loaded contacts are common. Vivianite monogenetic ranges Chichinautzin and Santa Catarina. Dacitic to rhyolithic

occurs in some tephra layers.
Organic-
rich

14. Light olive brown to dark olive gray laminated diatomaceous silt and
diatom ooze. Sets of light/dark laminae. Light laminae are composed of diatom Variations of saline alkaline and less saline intervals.

deposits are more likely from distal stratovolcano sources.
Relatively deep (few meters), stratified, hardwater facies. Vivianite associated.

ooze dominated by Stephanodiscus niagarae, S. oregonicus, Cyclotella quillensis, C.
meneghiniana. Presence of spicules, charcoal, and minor amounts of vivianite and
gypsum. Biogenic components are covered by calcareous microcrystals. Dark

laminae are composed of calcareous algae, ostracode fragments, testate

amoebae, Phacotus, and presence of diatoms: Surirella peisonis, Ephitemia and

C. meneghiniana.

15. Grayish brown laminated diatom ooze and dark olive gray diatomaceous Relatively deep (few meters), stratified, cold to temperate fresh water lake.

silt. Sets of rhythmic light/dark laminae. Light laminae are diatom ooze

Anoxic conditions in the hypolimnion (Avendano-Villeda et al., 2018).

dominated by Stephanodiscus. niagarae and S. oregonicus. Dark laminae are silt
with minor calcareous components. Abundant diatoms: S. niagarae, Fragilaria
capuchina, Surirella peisonis. Presence of ostracodes and scarce Chara. Contacts

are planar, parallel.

17. Ostracod hash. Commonly with sand-size fraction clasts. Color variable
depending on the composition of the clast fraction. Beds 1—3 cm thick. Well

Shallow lake, dominant endogenic sedimentation. The well preserved
ostracod shells indicate low energy environment.

preserved ostracod valves. In the facies 11 Heterocypris spp. and Candona spp. are

abundant. Commonly associated to facies 3, 4, 6, 7, 9 and 10.

Chemical 18. Dark gray to pale yellow carbonate-rich silt. Bedded (2—15 cm thick) to

Shallower alkaline to saline lake, temperate.

laminated. Silt sized particles of autochthonous carbonate (calcite, dolomite,
ankerite). Frequent intercalations of diatom ooze laminae composed of Cyclotella

meneghiniana, Anomoeoneis costata and Campilodiscus clypeus, and cm-thick

sandy layers of ostracod hash.

19. Pale yellow micritic mud. Banded (2—5 cm thick). Calcite is dominant,

Relatively deep (few meters), stratified, temperate, alkaline lake. Anoxic

followed by siderite, dolomite, and minor amounts of clay minerals. Abundant conditions in the hypolimnion (Avendano-Villeda et al., 2018).
diatoms: S. niagarae, C. clypeus, S. oregonicus, A. costata, and frequent ostracods.

3.4. Diatoms

Sediment samples for diatom analyses were collected on
average every 30 cm, and cleaned using HCI, H0, and HNOs. Clean
material was mounted in permanent slides using Naphrax, and
diatom counts were undertaken at 1000x using an Olympus BX50
microscope. Here we present summary results on the relative
abundance of small Fragilariaceae and Stephanodiscus spp., which

are considered indicative of freshwater conditions, and the sum of
alkaliphilous and halophilous taxa; these categories were defined
according to the species ecological preferences defined by the
analysis of diatom species distribution along 40 lakes in central
Mexico (Caballero et al, 2019). Main halophilous taxa were
Anomoeoneis costata, A. sphaerophora and Camphylodiscus clypeus;
main alkaliphilous taxa were Cyclotella meneghiniana, N. amphibia
and Surirella peisonis. Stephanodiscus spp includes S. niagarae which
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Fig. 2. Lithostratigraphy of the master sequence of cores CHAO08 IV-V-VI from 29 to 122.4 m depth, showing the lithostratigraphic units 4—7 described in Ortega-Guerrero et al.

(2017).

besides being indicative of freshwater conditions is also considered
indicative of cooler conditions (Avendano-Villeda et al., 2018).

4. Results
4.1. Downcore profiles

The diatoms have a distinctive distribution along the record,
which mostly correlates with the lithostratigrphic units (Fig. 4).
Geochemical composition and magnetic properties are strongly
facies-dependent and most parameters and ratios show a good
correlation with the lithostratigraphic units. Therefore, the results
are described following the lithostratigraphic boundaries. The
geochemical elemental ratios used are: Ca/Ti as an indicator of
authigenic carbonates (e.g. Haberzettl et al., 2007); Mn/Fe as an
oxidation proxy (e.g. Oliva-Urcia and Moreno, 2019); and Fe/Ti is
used to identify iron diagenetic enrichment (e.g. Aufgebauer et al.,
2012) (Fig. 4.).

Concentration-dependent parameters of magnetic minerals are
shown in Fig. 5 and they include magnetic susceptibility (), xArm,
SIRM and HIRMsgg. Particle-size dependent parameters include
fine particle-size (SD) indicator ratio karm/IRMigp and ultrafine
superparamagnetic (SP) particle-size indicator «fd %; and
coercivity-dependent HIRM3qg and S3gq ratios and parameter Bcr.
They were plotted with a 5-point running average (black lines),

except for the karm/IRM1go ratio. The tephra layers were excluded
in the downcore magnetic profiles, in order to highlight the envi-
ronmental implications of the magnetic properties results.

Unit 7 (122.4—106 m depth).

The basal unit is dominantly composed of regularly laminated
sets of rhythmic light/dark fine laminae of facies 15. The diatom
assemblages are dominated by freshwater taxa (Stephanodiscus
niagarae and S. oregonicus), which in this unit reach their highest
concentration. At the lower part of the sequence, there is a 1.5 m
thick deposit of the carbonate-rich silt of facies 18. There are also 13
beds of micritic mud (F19). Peaks in Ca/Ti ratio correlate to these
micritic beds and the facies 18 sediments, but in general this ratio in
facies 15 sediments is rather low. This behavior is also observed in
the Mn/Fe ratio. Fe/Ti relation in this unit shows the highest values
in the whole sequence, and they are particularly high in the car-
bonate rich sediments of facies 18 and 19.

Concentration-dependent parameters %, Yarm, SIRM and
HIRM3q9 show a similar pattern. Variable but high values below
118 m depth are found in the basal sediments of facies 15 and in the
carbonate-rich sediments of facies 18 ( 0.04—0.2 10-% m>/kg, yarm
0.2—2 10-% m3/kg, SIRM 0.5—5 mAm?/kg and HIRMsqg 0.02—0.6
mAm?/kg). The lowest values are present where the micritic mud
beds of facies 19 are more frequent, while some maxima are
associated with volcaniclastic deposits. The karm/IRM1gp presents
its highest values below 118 m depth (~0.007 m/A), and remains
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Fig. 3. Chronology of the Lake Chalco sedimentary sequence. The P-sequence model
generated with calibrated '“C values (shaded area) and ages of the Upper Toluca
Pumice (UTP), Tutti Frutti Pumice (TFP), the 2*°Th/U age and the age boundary of MIS
6/MIS 5 (Table 1 Supplementary Material).

mostly constant upwards the record. The kfd% is very variable (as in
all the record), with average values 3—6%. The upper section of this

unit (above 118 m depth), presents some of the lowest
concentration-dependent parameters values in all the record; ¥ is
mostly lower than 0.08 10~ m3/kg, xarm ranges from 0.05 to 1.9
10~% m?/kg, SIRM varies from 0.3 to 4.7 mAm?/kg and HIRM3qgo
from 0.01 to 0.5 mAm?/kg. This unit presents some of the lowest
coercivity values of the entire record. HIRM3qq, S300 and Bcr present
similar variations, the higher coercivity is found in the sediments of
facies 18 (HIRM3qg ~ 0.5 mAm?/kg, Szo0 ~ 0.75, Ber ~ 120 mT), the
lowest in the sections with higher abundance of facies 19 sedi-
ments (HIRM3pp 0.001—0.08, S309 0.8—0.9, Bcr 52—80), while the
facies 15 sediments present intermediate values. The kfd% shows
large variations (1—-10%); it peaks where concentration is high (ca.
114 m depth), and in general is lower between 113 and 106 m depth
(average 1—6%).

Unit 6 (106—57.5 m depth).

A sharp change is recorded in most parameters at 106 m depth,
with the onset of sediments of facies 7. Calcareous biogenic com-
ponents (Chara sp., ostracods, calcareous particles and some Pha-
cotus loricas) are common in the entire unit. Higher Ca/Ti ratio is
also a common characteristic of this unit. Diatoms decrease their
concentration in relation to the previous unit, and are dominated
by alkaliphilous and halophilous species such as Cyclotella mene-
ghiniana or Campylodiscus clypeus, and large struvite crystals are
found, as well as occasional calcite and gypsum. This pattern is
interrupted at around 100 m depth, where the laminated sedi-
ments of facies 14 are dominated by freshwater Stephanodiscus spp.
diatom taxa and diatom concentration slightly increases. This
variation is also observed in the decrease of Ca/Ti ratio. Upwards,
there are several changes in facies association and calcareous clayey
silt massive sediments of facies 10 (up to 83.3 m depth), and facies
11 and 5 become dominant towards the top of the unit. Along the
unit, the sandy facies 6 are frequent. Sediments of facies 6, 7, 10, 11
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Fig. 4. Lithostratigraphy of master sequence of CHAO8 cores and geochemical data. Ca/Ti is an indicator of authigenic carbonate in the lake. Mn/Fe ratio is an oxidation indicator. Fe/
Ti is a proxy of diagenetic Fe enrichment. Freshwater diatom taxa (small Fragilariales and Stephanodiscus spp.), and alkaliphilous and halophilous taxa show nearly an opposite

distribution. Diatom concentration is expressed in 10° valves/gram of dry sediment.
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and 18 present relatively high Ca/Ti. Mn/Fe ratios are relatively high
in the lower part of this unit, in facies 7 and 18. Fe/Ti remains
relatively constant along this unit.

Most of the magnetic parameters show their highest amplitude
fluctuations along this unit. ¥, xarm, SIRM, kfd%, HIRM300 and S3go
have their highest values in the lower part of the unit, in facies 18
and 14, and in the sandy sediments of facies 6 and 11 (y 0.06—4.5,
%ARM 0.2—1.5, SIRM 1-20, kfd% 3—15%, HIRM3p0 0.1—1.8); and the
lowest in the facies 10, 12 and 5. The coercivity parameters also
show a strong correlation among them and with the sedimentary
facies. As in the case of the concentration parameters, the highest
coercivities are found in sediments of facies 18, and in the sandy
sediments of facies 11, 7 and 6 (S3p9 0.55—0.7, Bcr 70—160); while
the lowest coercivities are present in the facies 10, 12 and 5.

Unit 5 (57.5—41.1 m depth).

This unit is comprised mainly by the sediments of facies 5 and
11, and occasionally by the facies 9 and 6. Below 50.6 m depth the
sediments are mostly massive with mottled intervals, and above
this depth are bedded at centimetric to decimetric scale. Calcareous
organic and inorganic components are common. Diatoms are a
minor constituent, small Fragilariales, which have their highest
abundances in this unit, alternate with alkaliphilous and hal-
ophilous diatoms. Where facies 11 and 6 sediments are present, Ca/
Ti (~10—-50) and Mn/Fe (~0.01—0.02) are relatively higher. Fe/Ti
shows minor fluctuations between 30 and 50.

Magnetic mineral concentration proxies show their highest
values in the unit at its bottom, where the sandy sediments of facies
11 are more abundant (7 0.1-0.35, xarm 0.4—4, SIRM 1-8, HIRM3(¢
0.06—3). Concentration parameters values decrease upward, above
50 m depth, in facies 5 sediments (y ~ 0.04, yarm 0.08, SIRM ~ 0.3,
HIRM300 ~ 0.03). Several higher values are associated to clastic-rich
sediments of facies 5 around 45 m depth. Coercivity variations are
similar to those found in the concentration parameters. Coercivity
is higher in facies 11 sediments (HIRM3pg ~ 3, S300 ~ 0.78, Bcr ~ 120),
and diminishes in the upper part of the unit, except around 45 m
depth where concentration values increase. kfd% varies in average
4—8%.

Unit 4 (41.1—-29 m depth).

This unit is composed mainly by facies 5 and 11 and in lower
proportion by facies 6, 9 and 17. Sediments of facies 5 have higher
sand-size clastic content than in lower beds of the same facies.
Sediments are mostly massive, centimetric and decimetric beds are
visible at some intervals. In the lower section (41.1—-35.5 m depth)
the same alternation between the small Fragilariales and the
alkaliphilous and halophilous diatoms is observed. In the upper
part of this unit, the higher frequency of ostracod hash beds of
facies 17 is characteristic. Chara sp. is also a main biogenic car-
bonate producer present in this part. Diatoms are occasionally
partly dissolved and dominated by alkaliphilous and halophilous
species as Cyclotella meneghiniana, Nitzschia frustulum, Navicula
elkab and Chaetoceros spp. Ca/Ti ratio shows high values, mostly
3-10, with peaks (30) in facies 6 and 17. Mn/Fe and Fe/[Ti present
rather uniform values, similar to those of the lower part of unit 5.

Magnetic mineral concentration and coercivity are relatively
high along the unit (¢ ~ 0.06—0.25, ¢arm 0.2—2, and SIRM 0.7—6;
HIRM3gp 0.06—0.5, S300 0.78—0.88, Bcr 60—120). Slightly lower
concentration values are found in facies 9 sediments around 38 m
depth, in facies 5 sediments at ca. 33 m depth, and in the topmost
sediments of this unit. Coercivity fluctuations are also analogous to
the observed in concentration, it is lower in facies 9 and 5, and
relatively higher in the rest of the sediments. kfd% has no clear
relationship with the sedimentary facies, it varies between 4 and 7%
in average in most of this unit, and decreases at the top of the
sequence.

4.2. Magnetic properties of sedimentary facies

4.2.1. Temperature-dependence of susceptibility (k-T)

The thermomagnetic analyses show in all cases an increase in
magnetic susceptibility after heating. The cooling curves (Fig. 6,
blue lines), reflect the formation of new magnetic minerals during
the heating (Fig. 6, red lines). The first derivative of the heating and
cooling curves helps to identify the range of temperatures at which
the main inflection of these curves occurred. The subtle inflection
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found near 200 °C in several samples corresponds to the Curie
temperature (TC) of Ti-rich titanomagnetite (Fig. 6a). The TC range
from 400 to 500 °C correspond to Ti-poor titanomagnetite, and the
TC near 580 °C correspond to almost pure magnetite (Fig. 6b). The
samples containing Ti-magnetite/magnetite content show the most
reversible curves of all samples (Fig. 6a and b). In these samples, the
cooling curves indicate the persistence of these more thermally
stable mineral phases after heating.

Some samples exhibit an inflection around 300 °C in the heating
curves and a large increase in k in the cooling curves, which may be
due to the inversion of Ti-maghemite (Fig. 6b and d) (Ozdemir and
O'Reilly, 1982; Liu et al., 2005). Carbonate rich sediments have a
singular upward peak between 400 and 580 °C during warming
(Fig. 6¢), a behavior typical of the transformation of siderite into
magnetite (Housen et al., 1996; Isambert et al., 2003; Vazquez-
Castro et al., 2008). In this sample (Fig. 6¢), the 100-fold increase
in k after heating is remarkable.

All samples measured show a decrease in k during heating in
temperatures higher than 600 °C, which indicate the presence of
Ti-hematite or hematite. These mineral phases may correspond to
detrital minerals, or to the transformation of titanomaghemite into

(Ti)-hematite, which in turn is transformed into magnetite during
the cooling process.

4.2.2. Hysteresis properties

The Day diagram (Day et al., 1977; Dunlop, 2002a, 2002b),
represents the distribution of coercivity and magnetization pa-
rameters. However, as the diagram has been shown to be ambig-
uous for the definition of domain states (Roberts et al., 2018),
caution should be taken when using it as a guide to particle sizes.
However, the distribution in the diagram can provide information
about environmental processes (e.g. Rodelli et al., 2019). Samples
fall on the PSD region, some of them close to the SD + SP mixture
curve (Fig. 7a), but overall most of them plot away from the MD
region. Selected samples from representative sedimentary facies in
the Day diagram show the variability of hysteresis parameters
within certain facies (Fig. 7b); for instance, sediments of facies F5
and F6 plot along the main extremes of all sample population. In
general terms, the sediments with a higher content of sand-size
grains plot in the PSD region towards the MD area, whereas those
samples with finer-size particles plot close to the SD + SP mixing
lines. Samples from tephra layers are displayed to emphasize the
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range of coercivity and magnetization that relatively pristine grains
may present.

4.2.3. Decomposition of IRM demagnetization curves

IRM demagnetization measurements were conducted on a
collection of samples representative of the different sedimentary
facies. The decomposition of the IRM curves allows to quantify the
changes of the different fractions of magnetic mineralogy that
contribute to the magnetic remanence, and therefore estimate the
origin of the individual contributions and their variability over
time. After unmixing of the IRM (Maxbauer et al., 2016b), most
samples present 3 components, and a few are composed of 2 or 4
components (Fig. 1 Supplementary material, Table 2
Supplementary material). A very low coercivity component of a
mean coercivity (Bh) < 20 mT, with a dispersion parameter (DP)
from 0.11 to 0.70, and an observed contribution (OC) from 3 to 30%
of the total signal, is present in most samples. This is attributable to
pedogenic or detrital soft magnetite (Egli, 2004; Lascu and Plank,
2013). Components of intermediate coercivity have [1] Bh
20—30 mT (DP 0.26—0.67; OC 6-—23%), [2] 30—60 mT (DP
0.17—-0.53; OC 7-97%), and [3] 60—100 mT (DP 0.20—0.45; OC
6—87%), respectively. The intermediate coercivity component [1] is
typical of coarse detrital magnetite (Egli, 2003). The average DP
observed for the intermediate coercivity [2] and [3] components
are in general higher than values reported for low and high coer-
civity magnetofossils, 0.19 and 0.15, respectively (Egli, 2004), which
indicates that the higher DP components correspond to non-
biogenic or altered magnetite crystals. Components of relatively
higher coercivity have a Bh 100—125 mT (DP 0.35—-0.48; OC
54—91%), 125—200 mT (DP 0.20—0.41; OC 46—78%), and >200 mT
(DP 0.12—0.42; OC 1-7%). These higher Bh components can be
interpreted as the contribution of oxidized magnetites/maghemites
(van Velzen and Dekkers, 1999; Chen et al., 2005) or ultrafine he-
matite (Maxbauer et al., 2016c¢). Fig. 8 emphasizes the broad dis-
tribution of coercivities (Bh) and the large dispersion (DP) of
modelled components in all the sedimentary facies of Lake Chalco.
Only a constrained population of the mineral components have
coercivities and narrow DP distribution to be considered as low
coercivity magnetofossils, samples from facies 15 (118.19 and
121.47 m) and from facies 5 (54.84 and 66.5 m depth) (Table 2
Supplementary material). The relative percent contributions are

summarized and shown according to the stratigraphic position in
Fig. 5.

5. Discussion
5.1. Origin of magnetic minerals in cores CHAO8 sediments

The results of our rock magnetic study show that the remanence
is controlled mostly by low coercivity (Bh < 125 mT) ferromagnetic
minerals, held by detrital partially oxidized Ti-magnetite/
maghemite according to the k-T measurements. The detrital com-
ponents have large DP, which implies a large grain size range. The
range of coercivities found in the low coercivity (Bh < 125 mT)
fraction may be due to different degrees of partial oxidation of Ti-
magnetites. As (Ti)-magnetites are the most common detrital
magnetic mineral in the volcanic rocks that outcrop in the basin, it
is feasible that different degrees of partial oxidation of Ti-
magnetites (via maghemitization) increased the range of co-
ercivities of original minerals (e.g. van Velzen and Dekkers, 1999),
and consequently increased the Bh and DP. The oxidation occurs at
the borders of the grains inwards, while Fe?* is oxidized and
removed from the crystal (Maxbauer et al., 2016c¢). As the diffusion
of Fe?* progress, an oxidized (maghemitized) shell is formed
around an unoxidized (magnetite) core (Ge et al., 2014). The low-
temperature oxidation of (Ti) magnetite to (Ti) maghemite can
occur under oxic conditions in soils of the catchment area during
weathering or diagenetic processes (e.g. van Velzen and Dekkers,
1999; Chen et al., 2005). The effect of the oxidation may be large
in Ti-magnetites, increasing Mr/Ms and hardening the coercivity
(Roberts et al., 2018), and this could cause the shift in the position
for the most oxidized samples towards the top in the Day plot
(Fig. 7).

In addition to Ti-magnetites/maghemites, the component of
higher coercivity identified (Bh > 125 mT), suggests also the pres-
ence of hematite or goethite. The k-T measurements also suggest
the presence of hematite. In soils, goethite is favored in cool and
moist conditions that only rarely experience prolonged intervals of
aridity (e.g. Maxbauer et al., 2016¢). By contrast, hematite is more
abundant in subtropical or tropical soils with frequent episodes of
prolonged dryness (e.g. Cornell and Schwertmann, 2003). The
alteration of magnetite/maghemite or clay minerals, and the
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dehydratation of goethite to hematite, can result in the formation of
hematite (Maxbauer et al., 2016¢). Hematite tends to have broad
coercivity spectra that extends from low to high values, depending
on the grain size; fine-grained hematite (16—100 nm) have coer-
civity values of ~10—200 mT, while large hematite crystals
(0.1—2 mm) have even lower coercivity values of ~10—30 mT
(Ozdemir and Dunlop, 2014). Given the Bh values of the higher
coercivity components in Lake Chalco sediments (>125 mT), they
could reflect fine-grained hematite.

The relative abundance of the softest magnetic component
(Bh < 20 mT), which can be attributable to pedogenic or detrital
magnetite, was found in most of the analyzed samples. This soft
component has no apparent clear relationship with the sedimen-
tary facies or stratigraphic position, which make us think it can be
both of origins. The presence of ultrafine SP minerals is suggested
by kfd% > 6% in all units, in particular in unit 6 sediments (Fig. 5;
Table 2 Supplementary Material), but they may have several
possible origins and mineralogy. They can be either authigenic,
detrital pedogenic, or magmatic minerals included in the detrital
silicates, both magnetite or hematite. The formation of new min-
erals concerning redox processes is an aspect that is discussed later.
The interplay between the magnetic minerals and past climatic
fluctuations is discussed below.

5.2. Paleoenvironmental implications

The deposition of Unit 7 sediments occurred between ca. 146 to
130 ka (122.4—106 m depth), during the late part of Marine Isotopic
Stage 6 (MIS 6, 191-130 ka BP), in cooler than present conditions as
inferred from the presence of Stephanodiscus spp., a genus that
today has a very restricted distribution in Mexico, but that was
abundant in sedimentary sequences dating to the last glacial
maximum in several records from the region (Bradbury, 2000;
Metcalfe et al., 1991; Caballero et al., 2002; Valadez et al., 2005)
(Fig. 9). The diatoms indicate also a fresh and relatively deep lake
and thus relatively humid conditions (Avendano-Villeda et al,,
2018), a deep lake with anoxic bottom conditions was also favor-
able for the preservation of bands and laminae in the sediments.
Diatom productivity is at its highest during this period. In the

sediments below 118 m depth (ca. 146-141.5 ka, facies 15 and 18),
the locally high yarm, karm/IRM and kfd% values suggest the pres-
ence of SD and SP particles in some horizons, although it has been
documented that interacting SP or PSD particles behave as SD
(Muxworthy et al.,, 2003). In this section, the coercivity analysis
shows that ~60% of the coercivity has a mean Bh of ~107 mT (Fig. 5),
which is attributable to partially oxidized Ti-magnetite. However,
there is also a magnetically soft component that contributes ~20%
to the remanence, which may correspond to soft magnetosomes
(Bh ~33 mT, DP ~ 0.2) (Egli, 2004; Lascu and Plank, 2013). The high
values of ¢ and SIRM indicate higher ferrimagnetic (e.g. magnetite)
mineral content, and higher Fe/Ti ratios point to an iron diagenetic
enrichment, or lack of dissolution, which we suggest represents the
magnetosomes. In agreement with the preserved laminae, this
implies the existence of an oxic-anoxic interface, where the mag-
netotactic bacteria exist (Moskowitz et al., 2008). Therefore, the
magnetic properties indicate that, in the lowest section of the re-
cord, higher sedimentary input by runoff under wetter environ-
ments coexisted with lower oxygen concentrations at the water/
sediment interface, conditions that temporally favored the forma-
tion and preservation of magnetotactic bacteria. Together, these
processes resulted in the accumulation of detrital Ti-magnetite and
fine-grained non-interacting SD equidimensional magnetite in the
sediment (Egli, 2004; Lascu and Plank, 2013). At around 120 m
depth (ca. 144 ka) the lake records a temporary change in envi-
ronmental conditions. The facies 18 carbonate-rich sediments, the
lower diatom concentration dominated by alkaliphilous and hal-
ophilous species and the higher values of Ca/Ti and Mn/Fe, indicate
higher salinity, oxic bottom water conditions and thus suggest a
lowering in lake level. The magnetic mineral parameters are highly
variable in this section, but a moderate increase in coercivity is
observed. Later on, a return to the previous higher lake level and
anoxic bottom-water conditions is recorded.

In the upper part between 118 and 106 m depth (ca. 141.5-130
ka), where the laminae are best preserved, magnetic mineral con-
centration parameters decrease, large MD grains (low kagrm/IRM)
were found, and coercivity analysis point to the lack of magneto-
somes. This suggests a change in environmental conditions with
respect to the previous stage. Siderite was observed in the
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carbonate rich sediments of this section, where Fe/Ti has some of
the highest values in the record and Ca/Ti shows extreme peaks. k-T
measurements also pointed to the presence of siderite in the
warming curve, which showed a characteristic peak above 400 °C
as converted to magnetite (Housen et al., 1996; Vazquez-Castro
et al., 2008). Under anoxic-non-sulfidic conditions, magnetite is
unstable and may transform to siderite (FeCO3) (Berner, 1981). The
decrease in kagv/IRM ratio and the lower kfd% indicate a coarsening
of magnetic minerals. These characteristics suggest the preferential
dissolution of the finest Fe-oxide magnetic minerals under
reducing-non-sulfidic conditions and the re-precipitation of the
paramagnetic siderite. A deeper lake with periods of anoxic
reducing conditions in the bottom may have prevented the pres-
ervation of magnetosome crystals, if they were formed at all. As the
diatom assemblages in the micritic mud are mostly of freshwater
habitats (Avendano-Villeda et al., 2018), higher biological produc-
tivity must trigger an increase of pH and reduced the solubility of
carbonates (Kelts and Hsii, 1978), promoting the precipitation of
calcite and occasionally siderite in an anoxic bottom.

In this section, between 118 and 106 m depth, the most abun-
dant magnetic component (~46—70%) is consistently harder (Bh
126—144 mT, DP 0.3—0.4) than in the lower part. This relatively
hard phase may correspond to highly oxidized detrital Ti-
magnetite/maghemite, hematite or goethite. We cannot make a
definitive conclusion about the presence of goethite as our satu-
rating fields (1 T) were too low to magnetize this mineral (Rochette
et al.,, 2005). Hematite is less reactive in reducing environments
than Ti-magnetites (Franke et al., 2007; Garming et al., 2007),
whereas goethite is likely to have formed in the soils during the, in
general, moist and cool climates inferred from diatoms. Regardless
the composition of the Fe-oxides present, this implies that, in spite
the existence of recurring anoxic conditions inferred for this sec-
tion, the dissolution did not affect the totality of the Fe oxides and
coarser particles were preserved (Jelinowska et al., 1997). The end
of the MIS 6 (ca. 132-130 ka, 108.5—106 m depth) is characterized by
oscillations in the diatom concentration and species, showing
fluctuations between freshwater Fragilariales and halophilous and
alkaliphilous species, which suggest relatively short-term alterna-
tions between drier and moister climate.

A change in environmental conditions is clearly observed in
sedimentological, geochemical and magnetic characteristics and
the diatom record after ca. 130 ka (106 m depth), at the beginning of
the last interglacial (Fig. 9). Variations in magnetic parameters
(mainly concentration and coercivity) are coeval with the change in
facies deposition. The increase of the calcareous sedimentary
components is reflected in increased Ca/Ti and in the alkaliphilous
and halophilous diatoms. More oxic environment (>Mn/Fe)
allowed the preservation of Fe oxides, and the diatom concentra-
tion records the lowest values (Fig. 5). The low concentration of
diatoms may be a result to dilution by higher clastic components
input (silt and clay), and lower diatom productivity during drier
periods with higher lake salinity.

In units 6, 5 and 4, k-T measurements and unmixed demagne-
tization of IRM curves indicate that the magnetic mineralogy is
essentially the same, partially oxidized detrital Ti-magnetites are
the main magnetic carriers and a smaller fraction (<21%) that may
correspond to pedogenic magnetite (Bh < 20), and only the pro-
portion among the fractions of different coercivity varies. Higher
HIRM3q0 also point to higher production of magnetically harder
minerals (e.g maghemite, partially oxidized magnetite, hematite or
goethite), especially in Unit 6 sediments (Fig. 5). The frequency
dependence (kfd%, 2—5%, mean 5%) found in units 6, 5 and 4 in-
dicates the existence of ultrafine SP minerals, which may be asso-
ciated with the pedogenic component. Hematite may also be
present, but its origin is probably secondary as a result of low-

temperature oxidation of primary Ti-magnetite.

The changes in the concentration and in the coercivity spectra
are related to the variability in the magnetic mineralogy. The
carbonate-rich sediments tend to have higher coercivities and also
higher abundance of alkaliphilous and halophilous diatoms (Fig. 9).
The carbonate precipitation, the diatom species and the abundance
of calcareous components as ostracods and Chara, indicates a
saturated water column, a shallower lake, and in consequence en-
vironments with negative evaporation/precipitation balance. This
suggests that higher oxidation of Ti-magnetites occurred during
dry periods. The amplitude of fluctuations of rock magnetism pa-
rameters is higher in Unit 6, which is roughly coincident with MIS 5
(130-71 ka), but decrease in units 5 and 4, whose sediments were
accumulated approximately during MIS 4 (71-57 ka) and the early
part of MIS 3 (57-35 ka), respectively.

During the global warmer temperatures of MIS 5 occur the
highest amplitude variability of the analyzed proxies. The
maximum in coercivity parameters (e.g. Bcr) and alkaliphilous and
halophilous diatoms, along with calcareous sedimentary compo-
nents and higher carbonate content (>Ca/Ti), indicate that higher
evaporation and prolonged dry periods during warmer conditions
alternated with less dry and probably temperate environments
(Fig. 9). At the early MIS 5 (ca. 130-123 ka, 106-101 m depth), the
increases in sedimentary input (>7), in coercivity (Bcr), in the
geochemical ratios Ca/Ti and Mn/Fe, and the dominance of alka-
liphilous and halophilous diatoms, mark the onset of dry condi-
tions. This interval was followed by a return of a phase (ca. 123 to
118 ka, 101-97 m depth), after the peak of the last interglacial period
(5.5,123 ka), of conditions similar than those present during MIS 6,
as indicated by the diatom freshwater species and the lowering of
Ca/Ti. Later, during the MIS 5 (ca. 118 to 80 ka, 97-66 m depth),
Stephanodiscus spp. disappears, diatom concentration decreases
and alkaliphilous and halophilous diatom species become domi-
nant, with only the sporadic presence of small Fragilariales. During
this period, higher carbonate content (>Ca/Ti) and higher coercivity
is found, whose maximum are at around ca. 102 and 86 ka (84 and
71 m, respectively). Decreases in the carbonate content (<Ca/Ti)
occur when halophilous diatoms are dominant (as at ca. 116, 106, 93
and 84 ka). Together, all these characteristics indicate that dry
conditions prevailed during most of the MIS 5. Under this envi-
ronment the higher oxidation of Fe-bearing minerals occurred, and
Chalco was a shallow lake of alkaline-saline waters as result of high
evaporation, whose conditions were unfavorable for the flowering
and preservation of diatoms. The end of MIS 5 (80—71 ka, 66-61 m
depth) is characterized by swings between small Fragilariales
freshwater diatoms and alkaliphilous - halophilous diatom species.
The peaks of Fragilariales are coeval with lower Ca/Ti and coercivity,
which indicate a change towards less dry climatic conditions.

Through the globally colder MIS 4 (71-57 ka, 58.2—46.3 m
depth), freshwater and saline-alkaline diatoms oscillate as during
the end of MIS 5, although the Fragilariales show higher abundance
than during the previous stage; however, diatom concentration
remains low. Minimum [maximum] in carbonate content (Ca/Ti)
correlate to peaks of Fragilariales [alkaliphilous + halophilous] ca.
69, 65 and 59 ka [ca. 63 and 67.5 ka], which are nearly coincident
with decreases [increases] in Bcr. The characteristics of MIS 4
suggest that periods of higher evaporation, dry conditions and a
saline-alkaline environment in the lake alternated with reduced
evaporation, less dry conditions and freshwater lake periods, the
later probably associated to colder climate. Even though Fragilar-
iales diatoms point to a moderate amelioration of dry conditions,
the climate was mostly dry. This period (69—59 ka) has been
associated with high fire activity and drought frequency in the
Chalco basin (Torres Rodriguez et al., 2015, 2018).

Similar characteristics to those that occurred during MIS 4 are
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recorded during the analyzed period of MIS 3 (57—35 Kka,
46.3—29 m depth). At the early MIS 3 (ca. 55 to 51 ka, 44.5—41 m
depth) lower carbonate content (<Ca/Ti) coincide with higher
content of halophilous diatoms and low concentrations of Fragi-
lariales. After ca. 51 ka, variations between freshwater and alkaline-
saline lake alternate until ca. 39 ka, thereafter halophilous diatoms
become dominant. Peaks in drier conditions occur around ca. 55
and 38 ka. These drier conditions are also documented in the pollen
record of Lake Chalco (Torres-Rodriguez et al.,, 2018). Our data
suggest that even if dry conditions persisted in the globally cooler
MIS 4 and in the less cool early MIS 3, they were of lesser intensity
than in MIS 5.

In contrast to MIS 6, in which high values of magnetic suscep-
tibility (y) and magnetic concentration-dependent parameters are
associated with higher runoff under wetter conditions and the
preservation of magnetotactic bacteria, high % is coeval with
several of the inferred drier conditions during MIS 5-3 (except
around ca. 102, 90, 74 and 68 ka). In several paleoclimatic records, .
is interpreted as a proxy of increased rainfall (e.g. Hodell et al.,
2008). However, the Lake Chalco data show that mineral mag-
netic concentration is also associated to sedimentary input by
surficial runoff under drier conditions, probably associated with an
unprotected catchment surface or littoral by the lack of vegetation
cover and, hence, higher sediment availability.

Modern precipitation in central Mexico occurs substantially
during the summer, when tropical convective activity as in the
northward migration of Intertropical Convergence Zone, the east-
erly waves or tropical cyclones, constitutes the elements that result
in precipitation (Magana et al., 2003). The highest temperatures are
reached in spring, just before the summer rainy season starts. A
relative minimum in precipitation in the middle of the rainy season
is observed over southern Mexico, related to fluctuations in sea
surface temperature over tropical eastern Pacific, in turn modu-
lated by the effects of incoming insolation (Magana et al., 2003).
Previous studies have shown that Lake Chalco display a pattern of
orbital scale climatic variability that follows evaporation-insolation
and seasonality (highest summer and lowest winter insolation)
over the last ca. 40 ka (Lozano Garcia et al., 2015; Caballero et al.,
2019). In those studies, the highest carbonate content and salinity
are associated to maxima in summer insolation and seasonality. In
contrast, lower salinities and lowest temperatures during the last
glacial maximum (LGM) correspond with minima in spring and
summer insolation. In the longer record of Lake Chalco presented in
this work, these relationships are recognized for some intervals.
The cold and humid conditions recorded at the end of MIS 6 (except
during a short period around ca. 144 ka), correlate with low spring
insolation (Fig. 9). As discussed before, the freshwater diatom
species found in the micritic mud suggest that carbonate content is
related to a reduced the solubility of carbonates rather than a car-
bonate precipitation controlled by evaporative concentration.
Minima of spring and summer insolation and lower evaporation
(<Ca[Ti) are also observed at ca. 122-112 ka, and less clearly at ca.
100-88 ka. At the onset of MIS 5, maxima in spring and summer
insolation and seasonality correlate with higher Ca/Ti, and this
relationship is also observed between ca. 112-100 ka. For younger
times, as seasonality decreases, the relation between carbonate
content and insolation is not evident, which highlights that other
climatic forcing than orbital scale precession induced insolation
exerts higher control over climatic variability.

5.3. Regional patterns of climatic variability
In the pollen record of El Valle at the Central Panamanian low-

lands, warmer than present conditions have been inferred between
126-118 ka, peaking around MIS 5.5 (123 ka), which are coeval to a

decrease in precipitation with a propensity toward drought
(Cardenes-Sandi et al., 2019). The authors also found that during
the following 118-97 ka period precipitation was similar or slightly
wetter than modern. The Lake Chalco record shown here also
suggests very dry conditions at ca. 127 ka, which prevail during
most of the last interglacial, which is not consistent with the rela-
tively humid conditions in Panamanian lowlands. Further south in
the austral hemisphere, the Lake Titicaca records positive water
balance and high lake levels coincide with glacial extent in adjacent
Andes cordillera; conversely, a negative water balance and
extremely low lake levels correspond to global warm periods, with
the most saline (driest) periods occur during the last interglacial
(D’Agostino et al., 2002; Fritz et al., 2007). The cold and wet con-
ditions found in the Lake Titicaca record during global glacial stages
are similar to those found in Lake Chalco during late MIS 6. On
Iztaccihuatl volcano (at the southeastern part of the basin of
Mexico), the most extensive recorded glacial advance (Nexcolango)
occurred during MIS 6 at around 190 ka and reached ca. 3000 m
a.s.l. (Vazquez-Selem and Heine, 2011). This altitude is nearly
coincident with the upper limit of the Sierra Nevada piedmont. This
suggests that the MIS 6 is recorded in central Mexico as a particular
cold and humid glacial period, more intense than MIS 2. In the Lake
Petén Itzd sedimentary sequence in lowland Guatemala, moist
conditions are recorded from ca. 85 to 48 ka (Hodell et al., 2008),
which are contemporary to the drier/wetter oscillations found in
Lake Chalco during the late MIS 5, the MIS 4 and the early MIS 3. In
the Lake Peten Itza record, a shift towards drier conditions and the
onset of dry-wet alternations were found in sediments after ca. 48
ka, which, in Lake Chalco, coincide with the return to dry
conditions.

The major wet-cold/dry-warm changes found along the Titicaca
and Chalco lacustrine records imply a strong influence of the ec-
centricity. This cold/wet relationship is not found during the Last
Glacial Maximum (ca. 26.5—19 ka BP) in the Lake Chalco diatom
record, where the coldest phases are coincident with low precipi-
tation (Caballero et al., 2019), suggesting that the MIS 6 and the
LGM are not perfect analogues. Our data highlights the influence on
local and regional climate of shorter scale climatic variability
(orbital and millennial).

Within the uncertainties and limits of our time-scale model, the
150-32 ka Lake Chalco record, precession-induced insolation
apparently influenced the precipitation along the last glacial.

6. Conclusions

The multiproxy investigation in the sediments of Lake Chalco
presented here provides one of the longest records of the paleo-
climatic conditions in the North American tropics.

Our results indicate that coeval variations of magnetic proper-
ties with geochemical data and diatom assemblages reflect the
major climatic changes that occurred between ca. 35 and 150 ka BP,
since the transition from the glacial MIS 6 to the last interglacial
MIS 5.5, and through the last glacial (MIS 5.4 to the initial part of
MIS 3).

The mineral magnetic assemblage of lacustrine sediments is
controlled by relatively low coercivity (Bh < 125 mT) ferromagnetic
minerals, likely held by detrital partially oxidized Ti-magnetite/
maghemite. Weathering or diagenetic processes have altered in
different degrees the detrital low coercivity mineral population by
partial oxidation of Ti-magnetites (via maghemitization). The
nearly opposite distribution of freshwater diatom taxa (small Fra-
gilariales and Stephanodiscus spp.), and alkaliphilous and hal-
ophilous taxa enabled us to infer changes from deep to shallow lake
levels, the later also recognized by higher carbonate content.

Humid and cooler than present conditions occurred during the
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MIS 6 record, with deeper lake levels after ca. 141.5 ka. The main
environmental change is observed in all analyzed parameters after
ca. 130 ka, at the beginning of the last interglacial when lake level
dropped and climate became drier. A return to moister and cooler
conditions is recorded after the peak of the last interglacial period
(5.5, 123 ka). Large amplitude changes between 130-74 ka are
roughly coincident with the MIS 5. The higher magnetic concen-
tration and higher coercivity, along with larger carbonate content
and the predominance of alkaliphilous and halophilous diatoms
suggest that higher oxidation of Ti-magnetites occurred during dry
periods. The amplitude of these changes decreases in MIS 4 (71-57
ka) and the early part of MIS 3 (57-35 ka).

Within the limitations of our age model, we observe that the
variations in the analyzed parameters follow orbital-scale climatic
oscillations at the early part of our Lake Chalco record. Low summer
and spring insolation and lower seasonality inhibited evaporation
and favored high lake levels during the MIS 6. During the global
warmer MIS 5 correlation between maxima in spring and summer
insolation and drier conditions is found around ca. 130-122 and
112-100 ka.

The Lake Chalco data shown in this work also suggest very dry
conditions by ca. 127 ka, and their persistence during most of the
last glacial, which contrast with the relatively humid conditions in
Panamanian lowlands. The cold and wet conditions found in the
Lake Titicaca record during global glacial stages are similar to those
found in Lake Chalco during the glacial MIS 6.

This cold/wet relationship is not found during the Last Glacial
Maximum (ca. 26.5—19 ka BP) in the Lake Chalco diatom record,
where the coldest phases are coincident with drier conditions
(Caballero et al., 2019), suggesting that the MIS 6 and the LGM are
not perfect analogues.

These major wet-cold/dry-warm changes are related to the
global glacial/interglacial transition from MIS 6 to the last inter-
glacial MIS 5.5, which implies a strong influence of eccentricity.
However, in the last glacial between 144-88 ka, precession-induced
insolation changes controlled precipitation.
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Capitulo 111

3. Distribucion ecologica de Stephanodiscus niagarae Ehrenberg en el centro de
Meéxico y su modelo de nicho durante el ultimo méximo glacial en la zona Neartica.

(Articulo publicado, citar como: Avendafio D., Caballero M., & Véazquez, G. (2021). Ecological distribution of
Stephanodiscus niagarae Ehrenberg in central Mexico and niche modeling for its last glacial maximum habitat
suitability in the Nearctic realm. Journal of Paleolimnology, 66, 1-14. https://doi.org/10.1007/s10933-021-00178-w)

Este articulo tiene como objetivo conocer la distribucién ecoldgica en el centro de México de una especie en
particular, Stephanodiscus niagarae, la cual es una especie que domina en diferentes secciones del registro de
Chalco y después desaparece. Sin embargo, es una especie que actualmente es abundante en otras zonas de
Norteamérica. Al conocer su ecologia y distribucidn en Norteamérica surgio la idea de que esta especie migré
al sur durante los periodos frios (glaciales) por lo que puede utilizarse como un indicador de condiciones
glaciales en el centro de México. Esta es la idea que se plantea y discute a continuacion.

Resumen:

Stephanodiscus niagarae Ehrenberg actualmente esta restringida a regiones especificas del centro de México,
sin embargo, durante el Pleistoceno tardio tuvo una distribucién mas amplia en el pais. Este cambio en la
distribucion es similar a los observados por varios organismos que migran hacia el sur durante el frio clima
glacial, lo que respalda la hipétesis que el centro de México actud como refugio glacial para estas especies. Este
estudio tiene como objetivo apoyar esta hipétesis para S. niagarae asi como analizar su distribucion ecoldgica
en ambientes modernos del centro de México. Para ello, se estudiaron 18 muestras de 16 lagos localizados
alrededor de la ciudad de México, seleccionados entre 46 lagos a lo largo de la Faja VVolcanica Transmexicana.
Los conjuntos de diatomeas en sedimentos superficiales, asi como los parametros climaticos, hidroquimicos y
nutrientes de cada lago se analizaron mediante un andlisis de correspondencia canonica. Ademas, se cred un
modelo de nicho ecolégico (MNE) con datos de ocurrencia moderna (n = 47) y variables ambientales
(WorldClim) para producir mapas de distribucion potencial de S. niagarae durante el presente y el Gltimo
maximo glacial (UMG) en la zona Neartica. Stephanodiscus niagarae se observé Gnicamente en 4 sitios
(abundancia < 10 %) del centro de México, esta asociada a condiciones templadas subhiimedas en lagos de agua
dulce con una dominancia iénica: [Mg?*] - [Ca?*] - [HCO®*]y una alta turbidez: mesotréfico-hipertdfico (basados
en valores de Clorofila o), pero con tendencia a la limitacion de fosforo. En nuestros sitios de estudio, S. niagarae
mostrd bajas abundancias en conjuntos de diatomeas dominados por Aulacoseira spp. La temperatura (media
anual, media de los trimestres més frios y célidos) fue identificada por el MNE como la principal variable
ambiental que controla su distribucion, siendo su distribucién moderna al norte de Estados Unidos, sur de Canada
y restringida a las tierras altas del oeste y centro de México. Mientras que, el escenario del UMG (con un
enfriamiento de -5.5° C) identifico las tierras altas occidentales y centrales en México y sur de los Estados Unidos
como areas que respaldan el enfoque de que la Sierra Madre Occidental podria haber actuado como un corredor
migratorio que ofrece habitats adecuados para una migracion hacia el sur en el centro de México durante los
periodos frios (glaciales). En conclusion, la distribucion de S. niagarae en las montafias centrales y occidentales
de México esta controlada por los cambios de temperatura y su presencia puede estar asociada con periodos mas
frios (glaciales).

Palabras clave: Diatomeas, biogeografia, periodos glaciales, Stephanodiscus niagarae
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Abstract Stephanodiscus niagarae Ehrenberg is
currently restricted to specific regions of central
Mexico, however, during the late Pleistocene, it had
a wider distribution in the country. This change in
distribution is similar to those observed for several
organisms that migrated southwards during cold,
glacial climates, supporting the hypothesis that central
Mexico acted as glacial refugia for these species. This
study aims to support this hypothesis for S. niagarae as
well as to analyze its ecological distribution in modern
environments in central Mexico. For this purpose we
studied 18 samples from 16 lakes located around
Mexico City, selected among 46 lakes along the
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Trans-Mexican Volcanic Belt. Diatom assemblages in
superficial sediments, and climatic, hydrochemistry,
and nutrient parameters of each lake were analyzed by
means of canonical correspondence analyses. Addi-
tionally, we created an ecological niche model (ENM)
with modern occurrence data (n = 47) and environ-
mental variables (WorldClim) to produce potential
distribution maps of S. niagarae during the present
time and under the LGM conditions in the Nearctic
realm. S. niagarae was recorded only in 4 sites in
central Mexico (abundances < 10%) associated with
temperate, subhumid conditions in freshwater lakes
with [Mg”] — [Ca®*] — [HCO; ] ionic dominance
and high turbidity, mesotrophic to hypertrophic sys-
tems (based on chlorophyll a values), but with a
tendency to P-limitation. In our study sites S. niagarae
showed low abundances in diatom assemblages dom-
inated by Aulacoseira spp. Temperature (annual
mean, coldest and warmest quarters means) was
identified by ENM as the main environmental variable
controlling its distribution, with its highest modern
support in the USA, southern Canada, and a restricted
distribution in the highlands of western and central
Mexico. Whereas, the LGM scenario (— 5.5 °C)
identified the western and central highlands in Mexico
and southern USA as the highest probability distribu-
tion areas supporting the approach that the Sierra
Madre Occidental could have acted as a migration
corridor offering suitable habitats for a southward
migration into central Mexico during colder (glacial)
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periods. In conclusion, S. niagarae distribution in the
central and western mountains of Mexico is controlled
by temperature changes and its presence may be
associated with colder (glacial) periods.

Keywords Diatoms - Biogeography - Glacial
periods - Stephanodiscus niagarae

Introduction

Stephanodiscus niagarae Ehrenberg (1845) is a
diatom species that has been widely studied in North
America, in both modern environments and fossil
records (Theriot and Stoermer 1984a; Stoermer et al.
1989). In modern environments it is common in all the
Great Lakes and surrounding areas of Canada and the
USA (Theriot and Stoermer 1984b; Héakansson and
Kling 1989; Julius et al. 1998; Pla et al. 2005;
Lashaway and Carrick 2010; Reavie et al. 2014a) and
it has also been reported from sites in north-western
USA (Oregon, Washington, Montana and Wyoming)
(Edmondson et al. 2003; Bradbury et al. 2004; Theriot
et al. 2006). It is recognized as a good ecological
indicator by several authors that consider it a plank-
tonic diatom in freshwater bodies with circumneutral
pH (Theriot and Stoermer 1984a; Fritz et al. 1993;
Bradbury 2000). The presence of S. niagarae is also
associated with temperate to cold conditions in
modern (Stoermer and Ladewski 1976; Brugam
1983; Bradbury et al. 2004; Colman et al. 2004;
Reavie et al. 2014b) and paleolimnological studies
(Bradbury 1971, 2000). Reavie et al. (2014a, b)
observed that in the Great Lakes, particularly in lake
Erie, S. niagarae was most abundant during spring
associated with cool, high-nutrient, and turbid envi-
ronments. This diatom has been found in a wide range
of trophic conditions, even though it seems to have a
preference for eutrophic lakes (Rawson 1956; Theriot
and Stoermer 1984a), however, its abundance
decreases in areas with heavy industrial pollution
and habitat disturbance (Stoermer and Jang 1970;
Julius et al. 1998).

In contrast to its relatively wide modern distribution
in northern USA and Canada, living populations of
this species in Mexico have only been reported from
two sites in the central highlands of the Trans-Mexican
Volcanic Belt (TMVB) (Oliva-Martinez et al. 2005;
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Valadez et al. 2005). Nevertheless, this diatom was a
much more abundant taxon in the region during the
late Pleistocene (Davies et al. 2002) and its abundance
reduced greatly during the early Holocene (Valadez
et al. 2005). We have documented 9 sites (Fig. la,
ESMI1) where S. niagarae was abundant in late
Pleistocene to early Holocene sediments. In six of
them it was present in sediments dating to the last
glacial (~ 70-12 ka BP): Babicora (Metcalfe et al.
2002), Patzcuaro (Bradbury 2000), Zacapu (Metcalfe
1995), Cuitzeo (Israde-Alcantara et al.
2002, 2010b, 2018), Tecocomulco (Caballero et al.
1999) and Chalco (Caballero and Ortega Guerrero
1998; Caballero et al. 2019). And in three it was also
abundant in sediments dating to the previous glacia-
tion (> 120 ka BP): Cuitzeo (Israde-Alcantara et al.
2002), Texcoco (Bradbury 1971), and Chalco (Aven-
dafio et al. 2018).

This change in the geographic distribution of S.
niagarae between the late Pleistocene and present
seems to be related to the extensive changes in climate
and landscape conditions in North America during late
Pleistocene compared to the Holocene (present).
Certainly, there is wide evidence that some plants,
insects and vertebrate species migrated southwards
during cold glacial climates, when the continental ice
sheets extended over North America (Graham et al.
1996; Hewitt 2000; Jackson et al. 2000; Waltari et al.
2007; Pardi and Graham 2019). For example, evidence
of fossil Pleistocene mammals in Mexico suggest a
southern displacement from the USA along corridors
of suitable climates, with central Mexico acting as a
glacial refugia for mammals as well as for other
organisms (Ceballos et al. 2010; Pardi and Graham
2019). Even though such studies have seldom been
undertaken with small, aquatic organism such as
diatoms, here we propose that central Mexico was also
a refugia for S. niagarae during past glacial periods.
This is not the first time that the concept of glacial
refugia has been applied for diatoms, as for example
Spaulding et al. (1999, 2010) proposed that the
presence of endemic lineages of diatoms in Antarctica
responded to the continuous presence of ice-free
habitats that acted as refugia during the repeated
glacial cycles of the Cenozoic.

To support the refugia hypothesis, in this research
we used ecological niche models (ENMs) to generate
suitable habitat maps for S. niagarae under modern
climatic conditions and also during the cooler, last
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20°0'NN

19°0'N

Trans-mexican
volcanic belt

Fig. 1 Location maps. a Map of Mexico with the Trans-
Mexican Volcanic Belt (light gray shaded area) and the location
of the 9 fossil records of Stephanodiscus niagarae: 1. Babicora,
2. Chapala, 3. Zacapu, 4. Patzcuaro, 5. Cuitzeo, 6. Chignahua-
pan, 7. Texcoco, 8. Chalco, 9. Tecocomulco. b Research area
with the location of study sites around Mexico City (black lines
show state borders and blue line delimits the Basin of Mexico):

glacial maximum (LGM, 26-19 ka cal BP). We also
aimed to analyze the present distribution of S.
niagarae in central Mexico and its relationship with
environmental variables such as temperature, salinity,
ionic dominance and nutrient levels in lakes located
along the TMVB. This research could contribute to
future paleolimnologic and paleoclimatic reconstruc-
tions of Pleistocene glacial intervals in Mexico, when
this species was most abundant.

Study sites

Based on the high abundances (30%) reported for S.
niagarae in modern samples from the Santa Elena
canal (Oliva-Martinez et al. 2005; Valadez et al.
2005), we decided to resample this site to record the
environmental variables where this species lives today
in central Mexico. However, when we visited the site,
the canal was dry and could not be sampled, but we
realized that it drained a nearby dam (Danxhd) from
where we took water and surface sediment samples.
These samples confirmed the presence of S. niagarae
in the water column and sediments from Danxhd, and
we now believe that the S. niagarae population
previously reported for the Santa Elena canal might
ultimately have come from the nearby dam. This site

100°0'W

San Juanico (SJN), La Huaracha (HUA), Danxh6é (DXHO),
Zumpango (ZUM91 and ZUM18), La Luna (LUN), El Sol
(SOL), Zempoala (ZEM), Coatetelco (COA), Texcoco Artemia
(ART), Texcoco Jalapango (JTX), Texcoco Recreativo (TXR),
Texcoco Nabor Carrillo (NCTX), Chalco (CHA91 and CHA16),
Acuitlapilco (ACUI), Atlangatepec (ATL), and Tecocomulco
(TEC)

(Santa Elena-Danxho), located to the NW of Mexico
City, was the only one among 40 lakes in the TMVB
where relatively high abundances (> 10%) of S.
niagarae were identified (Davies et al. 2002; Cabal-
lero et al. 2019), therefore for this study we decided to
analyze in further detail the distribution of this species
in other lakes around Mexico City, in an area defined
by the following geographical coordinates: 18° 36/
20° 12/ N and 97° 53/-100° 18’ W (Fig. 1b). Within
the defined study region, 10 of the 40 lakes from the
Caballero et al. (2019) central Mexico modern diatoms
database were included, and we add in this work data
from 6 new sites and 2 sites that were resampled
(Zumpango and Chalco) between 2016 and 2018,
giving a total of 18 samples from 16 sites around
Mexico City where the presence and distribution of S.
niagarae was explored.

The study region is located in the central area of the
TMVB, where topography defines closed lacustrine
basins of tectonic and volcanic origin (Fig. la).
Altitude ranges from 980 to 4280 m asl, and it is
associated to a climatic gradient from warmer condi-
tions in the lowlands, with annual average tempera-
tures of ~ 24 °C, to high-altitude cold climates with
annual averages of ~ 4 °C. Precipitation ranges
from ~ 560 to ~ 1200 mm and it is concentrated
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during a summer rainy season, even though occasional
rainfall also occurs during the winter (SMN 2019).

Materials and methods

Sampling and analytical methods for all sites followed
those described in Sigala et al. (2017). In brief,
geographical location (latitude, longitude, altitude)
was determined using a handheld navigator (GAR-
MIN GPSMAP 62 stc) and confirmed in Google Earth.
Mean annual temperature (MAT, °C), precipitation
(MAP, mm yearfl) and evaporation (MAE, mm
year ') for all sites were taken from the closest
meteorological stations (SMN 2019). Water depth
(m) was measured in the field with a portable depth
sounder (Speedtech instruments). Field measurements
included Secchi disk depth (m) and depth profiles for
temperature (°C), oxygen concentration (mg L™ "), pH,
and electric conductivity (EC, uS cm_l) determined
using a multiparametric probe (Hydrolab Quanta G).

For water chemistry we took one sample at 0.5 m
depth at a centrical location site of each lake. Cation
samples were acidified in the field using concentrated
(55%) HNO; and all the samples were kept in
refrigeration until they were analyzed. Standardized
methods were used for the analysis of major ions
(APHA 1995, 1998; APHA et al. 2005; Armienta et al.
2008). Total alkalinity and ions concentration units
were meq L™' and to determine ionic dominance
concentrations were transformed to percentages.
Salinity was expressed as total dissolved solids
(TDS, mg L™1).

Nutrients determinations (APHA 1998) included
ammonium, nitrites, and nitrates, which were added to
express as dissolved inorganic nitrogen (DIN, uM), as
well as total phosphorus (TP, pM), soluble reactive
phosphorus (SRP, M) and silica (SiO,, pM). In the
field the ammonium and nitrates samples were acid-
ified using concentrated H,SO, (98%). The following
nutrient ratios were calculated: DIN:TP, DIN:SRP,
Si0,:DIN, and SiO,:SRP. For chlorophyll a (mg m~%)
samples were extracted using (90%) methanol and
measured using a spectrophotometer. Calculations
were done based on Holden equations (Meeks 1974).
Chlorophyll a and nutrients determinations were not
performed for 7 of the 18 samples (Acuitlapilco,
Chalco91, Coatetelco, Texcoco Artemia, Texcoco
Jalapango, Texcoco Recreativo, and Zumpango91)
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which defined a reduced nutrient subset of 11 lakes.
The information for each of the 16 studied lakes was
summarized in a format similar to that presented in
Sigala et al. (2017) and are presented as Electronic
Supplementary Material (ESM2).

Diatom analysis

For diatom analysis superficial sediment from each
site was collected with a Ekman dredge. 0.5 g of dry
sediment was treated with (10%) HCI to eliminate
carbonates and (30%) H,0, to digest organic matter. If
necessary, 5 ml of HNOj; was added to accelerate the
elimination of organic matter. Permanent slides were
prepared with 200 pl aliquots of final solution using
Naphrax (refraction index of 1.66) as mounting
medium. Each sample was analyzed using a light
microscope (Olympus BX50) at 1000 x. A minimum
of 100 to 400 valves was counted for each sample and
relative abundances were calculated as species per-
centages. Diatoms were identified based on Hakans-
son and Locker (1981); Theriot and Stoermer (1981);
Krammer and Lange-Bertalot (1986, 1988, 1991);
Gasse 1986; Krammer et al. (1991); Hakansson
(2002); Yu (2011). To confirm the taxonomy of some
species, including S. niagarae, valves were observed
using a scanning electron microscope (SEM JEOL
JCM-6000PLUS). A detailed description and illustra-
tions of S. niagarae in the lakes from central Mexico is
included in Electronic Supplementary Material
(ESM3).

Statistical analyses

Canonical correspondence analyses (CCAs) were
performed with each of the two data subsets, identified
as hydrochemistry (n = 18) and nutrients (n = 11).
The environmental variables used were selected to
avoid high correlation between them, correlation
between variables was tested by means of an
exploratory principal component analysis (not
shown). The hydrochemistry CCA was done using
temperature (MAT), precipitation (MAP), TDS, per-
centage of major ion concentrations ([CO;>~
+ HCO;™], [CI7], [Ca®"], [Mg?*] and [Na®
+ K*)), and pH. Caballero et al. (2019) found that
the two high altitude sites El Sol and La Luna
represented outliers along the temperature gradient in
the central Mexico data set, therefore we excluded
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these lakes from this analysis. The nutrient CCA was
performed using DIN, SRP and Secchi disk depth. All
variables (except pH) and diatom abundances were
transformed (log,o + 1) to stabilize their variance. All
of the analyses were carried out using the R software
(R Development Core Team 2009), especially the
“vegan” package (Oksanen et al. 2019).

Ecological niche modeling

Modern occurrences in the USA and Canada for S.
niagarae were documented through a bibliographic
review using online scientific literature databases. One
occurrence point for each lake was taken, except for
larger lakes with several sampling sites, when differ-
ent points were considered if they were at least 20 km
apart. Our final list of modern occurrences for S.
niagarae consisted of 47 sites, 43 for the USA and
Canada (ESM1) and four of our locations in central
Mexico (Acuitlapilco, Danxhé, La Huaracha and San
Juanico, ESM2). The nine late Pleistocene occur-
rences of S. niagarae in Mexico were also identified
through a bibliographic review (ESM1).

To characterize the ecological niche of S. niagarae
we used bioclimatic variables (2.5 arc minute spatial
resolution, ~ 5 km) from the WorldClim database
(version 1.4 data for 1960-1990, Hijmans et al. 2005).
These variables were used as environmental predic-
tors, and clipped to adjust to the Nearctic realm, which
extends from Canada to central Mexico. We calcu-
lated Pearsons’s correlation coefficients for all pairs of
bioclimatic variables to avoid collinearity between
them and 11 out of the 19 bioclimatic variables were
chosen (ESM1) by their low correlation (Irl< 0.25)
using the ‘NicheToolbox’ package (Osorio-Olvera
et al. 2020). The potential distributional area during
the LGM of S. niagarae was modeled using analogous
data layers from the Community Climate System
Model (CCSM4, Gent et al. 2011). These layers were
also clipped for the Nearctic realm.

The ENM was built using Maxent (Phillips et al.
2006) via the ‘kuenm’ package (Cobos et al. 2019).
For model calibration, we created candidate models by
combining the 11 selected bioclimatic variables into 9
sets of environmental predictors (ESM1) all sets
including annual mean temperature (BIO1). Model
calibrations were performed with 17 combinations of
regularization multipliers (0.1-1.0 at intervals of 0.1,
2-6 at intervals of 1, 8 and 10) and all possible

combinations of linear, quadratic and product feature
classes. We selected the best model according to the
‘kuenm’ criteria of statistical significance based on
low partial receiver operating characteristic (ROC)
values, predictive power calculated by low omission
rate at 5% and model complexity using Akaike
information criterion (AICc), delta AICc < 2 and
high AICc weights, in that order of priority (Cobos
et al. 2019). The final model was created with the best
selected parameter set using 10 replicate bootstrap
resamplings and final model transfers to the LGM
scenario using an extrapolation with clamping (ex-
trapolation which considers a constant response in
areas with different environments from those in the
calibration area) (Cobos et al. 2019) onto past-climate
CCSM4 for the Nearctic zone. The projected LGM
scenario was also validated using the distribution of S.
niagarae late Pleistocene sites in Mexico.

Results
Salinity and ionic dominance

The 18 samples included in this study ranged from
freshwater to mesosaline, and they had a wide range of
ionic dominances (Fig. 2). In the anion field (Fig. 2a)
most of the freshwater lakes (TDS < 500 mg L™") had
a [HCO5; ] + [CO32_] dominance, the subsaline
lakes (500-3000 mg L™") had a higher proportion of
sulfates and chlorides and those with the highest
salinities (TDS > 3000 mg L™, hyposaline to mesos-
aline) showed [Cl7] dominance. On the cation
diagram (Fig. 2b) there is also a clear gradient from
the freshwater lakes dominated by [Ca®"] — [Mg”"]
to the higher salinity lakes (hyposaline to mesosaline)
dominated by [Na*] + [K'].

Nutrients and trophic level

Trophic status of the lakes in this study was deter-
mined based on their chlorophyll a values (OECD
1982), and they ranged from ultra-oligotrophic (La
Luna) to hypertrophic (Chalcol6, La Huaracha, Tex-
coco Nabor Carillo, Zumpango18). Possible nutrient
limitation in these lakes was identified according to
their DIN and SRP concentrations compared to the
nutrient starvation limits of 0.1 pM for SRP and 7 uM
for DIN (Reynolds 1999), as well as whether their
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Fig. 2 Ternary diagram comparing major a anion and b cation percentages of 18 sampling sites in central Mexico. Abbreviations are
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DIN:SRP ratios were above or below the 16N:1P
Redfield ratio (Redfield 1958) or the 16Si:1P and
1Si: 1N ratios (Xu et al. 2008) (Fig. 3a). According to
these criteria, five sites have N:P ratios above the
16N:1P Redfield ratio (P limitation) but only four
(Danxho, La Huaracha, La Luna, and Zempoala) had
SRP concentrations below the starvation limits and
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Fig. 3 Nutrient concentrations comparisons of 11 lakes in
central Mexico. a Variation of DIN:SRP stoichiometric ratios,
diagonal line represents the Redfield (1958) N:P = 16:1 ratio,
shaded areas represent nutrient limiting values according to
Reynolds (1999) SRP < 0.1 uM y DIN < 7 uM. b Variation of
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could therefore be considered to be limited by this
element. On the other hand, one lake (El Sol) showed
concentrations below the starvation values for both
DIN and SRP and therefore was co-limited by both
nutrients. Regarding SiO,, only Texcoco Nabor Car-
rillo had Si:SRP ratios below the 16Si:1P ratio
suggesting silica limitation (Fig. 3b).
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Si:SRP and DIN:SRP stoichiometric ratio, diagonal line
represents Si:N = 1:1 ratio according to Redfield (1958).
Abbreviations correspond to Fig. 1. Trophic categories are
based on annual maximum chlorophyll values according to
OECD (1982)
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Distribution of Stephanodiscus niagarae in central
Mexico

Frustules of Stephanodiscus niagarae were identified
only in four of the 18 analyzed samples: La Huaracha,
San Juanico, Danxhd, and Acuitlapilco, even though
relative abundances were low (< 10%). In fact these
were the only lakes in which this species was present
in percentages above 1% in the full set of 46 lakes in
central Mexico (Caballero et al. 2019) for which we
have data (Fig. 4). Scarce valves of S. niagarae were
counted in two lakes (Burro and Teremendo), but they
only reached relative abundances of ~ 0.5%. In other
two lakes (Patzcuaro and Atotonilco) some fragments
of S. niagarae were also observed, but they were

considered to represent reworked material as older
lacustrine sediments outcrop within their basins
(Davies et al. 2002; Israde-Alcantara et al. 2010a).
The highest relative abundance was observed in La
Huaracha with 6.0% followed by Danxhé 5.3%, San
Juanico 4.1%; and the lowest was in Acuitlapilco with
1.1%. Total diatom abundance in these lakes ranged
from 2.0t0 70.6 x 10° valves g~ of dry sediment and
therefore the lake with the highest concentrations of S.
niagarae expressed as valves per gram of dry sediment
was Danxho (3.8 x 106), followed by La Huaracha
0.9 x 106), with low values in San Juanico
(0.08 x 10%), and Acuitlapilco (0.05 x 10°).

The diatom assemblages in these four lakes were
dominated by Aulacoseira spp., either A. ambigua
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Fig. 4 Relative abundances of Stephanodiscus niagarae in 46
lakes studied along the Trans-Mexican Volcanic Belt, central
Mexico (including new sites from this study and those from
Caballero et al. 2019) in relation with altitude, mean annual
temperature (MAT) and precipitation (MAP), total dissolved

solids (TDS), Secchi disk depth, Chlorophyll a (Chl a),
dissolved inorganic nitrogen (DIN), soluble reactive phosphorus
(SRP), and SiO,. Dashed lines show average values of the
variables for the lakes where Stephanodiscus niagarae was
present
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(Grunow) Simonsen (1979) in Huaracha and Danxhd
or A. granulata (Ehrenberg) Simonsen (1979) and its
variety A. granulata var. angustissima (O.Miiller)
Simonsen (1979) in San Juanico and Acuitlapilco.
Other diatom species that were abundant in these sites
were Cyclostephanos dubius (Hustedt) Round in
Theriot et al. (1988) in Huaracha, Aulacoseira alpi-
gena (Grunow) Krammer (1991) in San Juanico,
Asterionella formosa Hassall (1850) and Fragilaria
crotonensis Kitton (1869) in Danxhé, and Cyclotella
meneghiniana Kiitzing (1844) in Acuitlapilco.

The four lakes where S. niagarae was present were
preferentially located at altitudes around 2500 m asl
(Fig. 4), associated to cool and humid conditions
(MAT ~ 15°C, MAP ~ 800 mm year'). They
were freshwater lakes (with TDS < 500 mg Lfl),
with turbid waters (Secchi disk depth < 1 m) and
mesotrophic to hypertrophic conditions according to
their chlorophyll a concentrations (Fig. 4). They
ranged from 0.40 to 1.69 mg L' in DIN, 0.01 to
0.05 mg L~ 'in SRP, and SiO, from 3.1 to 21.3 mg
L~' (Fig. 4).

The variance inflation factors (VIF) of all variables
in the CCA performed with the hydrochemistry data
set (Fig. 5a, b) were < 10 indicating low correlation
between predictors. The CCA1 (A = 0.78, p = 0.008
and proportion explained of 10%) correlated posi-
tively with TDS, [Na®™ + K*] %, MAT, [C1"] % and
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Fig. 5 Hydrochemistry canonical correspondence analysis
(CCAl vs. CCA2) of studied samples in central Mexico.
a Hydrochemistry CCA (n = 16) including mean annual
temperature (MAT), mean annual precipitation (MAP), mean
annual evaporation (MAE), total dissolved solids (TDS),
percentage of major ion concentrations ([CO5%~ + HCO;™,
[CI7], [Ca®*], [Mg®*] and [Nat + K™]), and pH. b Diatom
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pH and negatively with precipitation, [Ca®>"] % and
[Mg>*] %. Whereas CCA2 (L =0.57, p=0.5 and
proportion explained of 10%) correlated positively
with carbonates. The sites in the hydrochemistry CCA
(Fig. 5a) follow a salinity gradient and its associated
change in dominant ions from [CO;*~ + HCO;™ -
— [Ca**] — [Mg®"] % to [CIT] — [Na® + K] %
dominated. The three lakes in which S. niagarae was
most abundant are located to the left-bottom sector of
the graph, at the low end of the [Na™ 4+ K*] %, TDS,
[CI7] % and MAT gradients. In the species biplot
(Fig. 5b) S. niagarae is also located to the left-bottom
sector of the graph and it clusters with other species
that were also present in the diatom assemblages of
these lakes, mainly Aulacoseira ambigua, A. alpigena,
and Cyclostephanos dubius, and more distantly Aste-
rionella formosa, Aulacoseira granulata, A. granulata
var. angustissima, and Fragilaria crotonensis.

The VIF of all variables in the CCA performed with
the nutrients subset (Fig. 6a, b) were < 3 indicating
low correlation between predictors. CCA1 (A = 0.87,
p = 0.001 and proportion explained of 16%) corre-
lated positively with DIN and negatively with Secchi
disk depth. CCA2 (A = 0.81, p = 0.007 and proportion
explained of 15%) corresponded negatively with SRP.
This nutrient CCA shows that the sites are distributed
along a trophic gradient (Fig. 6a) with the lower
trophic level and clearer water (higher Secchi disk
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species distribution in the hydrochemistry CCA. Abbreviations
correspond to Fig. 1. Squares represent sites where S. niagarae
is present. Location of S. niagarae is the red star and blue words.
The full names of the species and their codes are listed in
Electronic Supplementary Material 1 (ESM1). (Color
figure online)
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Fig. 6 Nutrient canonical correspondence analysis (CCAL vs.
CCA2) of studied samples in central Mexico. a Nutrient CCA
(n = 11) including Secchi disk, dissolved inorganic nitrogen
(DIN), soluble reactive phosphorus (SRP); b diatom species
distribution in the nutrient CCA. Abbreviations correspond to

depth) sites located to the left of the diagram. In the
species biplot (Fig. 6b) the diatom species clearly split
in three groups, to the left those most abundant in clear
(high Secchi disk depth) waters with low SRP and
DIN, to the bottom-right, those present in turbid
waters (low Secchi disk depth) with higher SRP and to
the top-right, those preferring turbid waters with
higher DIN values. S. niagarae is located in this last
group of diatoms and it clusters with the same species
as in the hydrochemistry CCA, mainly A. ambigua
and, C. dubius, more distantly Asterionella formosa,
Aulacoseira alpigena, A. granulata, A. granulata var.
angustissima, and Fragilaria crotonensis.

Ecological niche modeling

We created 1071 candidate models by combining the 9
sets of environmental predictors. The results of the
model evaluation showed the best model had in
general a good performance with a partial ROC of
0.00, an omission rate at 5% of 0.04, delta AICc of
0.94 and weight AICc of 0.55. The best candidate
model corresponded to environmental variables set 8
(ESM1), that included as environmental predictors
mean annual temperature (BIO1) and the mean
temperatures of the warmest and the coldest quarters
(BIO10 and BIOI11 respectively), and linear-product
as feature class.

The modern potential distribution map of S.
niagarae (Fig. 7a), showed a high probability of

2 ldy 1
(b) @ Fracro Aula%lb%ﬁsumd Q
= .Aulapl
-~ ° Astfor - ’Aulgl‘a
Aulang
Steno Pl h e Sl N
NavNTAe! "€ — eIPUDG i
o Aulniv B ‘\Q Comaglthogo CCAll
° Vi tNva’I‘B EH\}]@‘ s c‘afi%'
o~ Cavpse' Plnlav g‘ teﬁ’ 1ﬁ
S o t“?ﬁ Tt
Psebre Ntzamp
o _ )\
! 00 \,%‘
bfas \
Punm}%o K C\‘xlmen
rasub "\
A o \
R L,
© <5 % in at least one site < Thaduo
* > 5 % in at least one site g o 04
T T T T T T T
-8 -2 -1 0 1 2 3
CCAl

Fig. 1. Squares represent sites where S. niagarae is present.
Location of S. niagarae is the red star and blue words. The full
name of the species and their codes are listed in Electronic
Supplementary Material 1 (ESM1). (Color figure online)

distribution in southern Canada and northern USA,
with a more restricted probability of distribution along
the western mountains of Mexico (Sierra Madre
Occidental) and on the TMVB in central Mexico.
Whereas ENM transfer to the LGM scenario (Fig. 7b)
shows an expanded potential distribution in the
southern part of the USA and along the highlands of
western and central Mexico. For the LMG scenario,
the late Pleistocene fossil observations (Fig. 7b) were
located in the higher probability distribution areas,
indicating a good performance of the model.

Discussion

Ecological distribution of Stephanodiscus
niagarae in central Mexico

In this paper we examined the modern distribution of
Stephanodiscus niagarae in central Mexico and its
relationship with environmental variables. From a set
of 46 lakes in the TMVB (new sites in this work and
those in Caballero et al. 2019) it was only present with
abundances higher than 1% in 4 of them (La Huaracha,
San Juanico, Danxhé and Acuitlapilco). These lakes
were located in surrounding areas of Mexico City, at
altitudes of around 2500 m asl, with cool, humid
conditions (MAT ~ 15 °C, MAP ~ 800 mm
year '). We studied in more detail the distribution of
S. niagarae in 18 samples collected within a region
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1, ESM1) used for the calibration and evaluation of the model.
b Projected distribution under last glacial maximum (LGM)
conditions. Squares show fossil locations during last glacial
maximum (ESM1)
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around Mexico City, exploring its relationship with
hydrological variables and trophic conditions.

The hydrochemistry CCA ordination (Fig. 5a, b)
separates the three lakes where S. niagarae had its
highest abundances (La Huaracha, San Juanico and
Danxhd) because of their relatively low MAT, low
TDS, low [Na] + [K] % and [C]"] %, but relatively
high MAP as well as a [Mg>"] — [Ca®"] % domi-
nance. These results agree with Fritz et al.
(1993, 2001), who reports that S. niagarae is rare or
absent in lakes with salinity above 3000 mg L™". In
this CCA S. niagarae clusters with Aulacoseira
ambigua, A. alpigena, and Cyclostephanos dubius,
and more distantly with Asterionella formosa, Aula-
coseira granulata, A. granulata var. angustissima, and
Fragilaria crotonensis, all of which were abundant
diatom taxa in these three lakes.

The nutrient CCA ordination (Fig. 6) separates the
three lakes where S. niagarae had its highest abun-
dances (La Huaracha, San Juanico and Danxhd) by
their high turbidy (low Secchi disk depth), high DIN
but relatively low SRP values. Even though according
to their chlorophyll @ concentrations these lakes
ranged from mesotrophic (Danxhd) to hypertrophic
(La Huaracha), all of them had high N:P ratios and two
of them (La Huaracha and Danxhd) were identified as
P-limited by their low SRP concentrations. These
results are in agreement with Kilham et al. (1996), who
reports moderate to high N:P ratios (OECD 1982) in
Yellowstone lakes where S. niagarae is present. All
this suggests that S. niagarae has a preference for high
turbidity and relatively high productivity systems
(high chlorophyll a values), but with high N:P ratios
and a tendency to P limitation. Our results are also
consistent with Rawson (1956) and Stoermer and Jang
(1970), who consider S. niagarae as a eutrophic
species. The preference of S. niagarae for relatively
turbid waters can explain why this species was not
present in other relatively cool, high-altitude lakes like
Zempoala or El Sol, as these lakes had clear waters
(high Secchi disk depths) and therefore plotted to the
left of the nutrients CCA diagram. This conclusion
agrees with Reavie et al. (2014b) who associated it to
cold, high-nutrient and turbid environments in Lake
Erie.

Current and past potential distribution
of Stephanodiscus niagarae

The ENM developed identified that temperature
(annual mean, coldest and warmest quarters means)
was the most important environmental variable to
define habitat suitability for S. niagarae in areas like
northern USA and southern Canada (Fig. 7a), which
are effectively the areas where S. niagarae is presently
an abundant planktonic diatom (Theriot and Stoermer
1984a; Edlund et al. 2004). This ENM model showed
restricted habitat suitability for this species in specific
mountain regions of western (Sierra Madre Occiden-
tal) and central Mexico (TMVB) primarily because of
its temperate climate due to altitude, as indicated by
the preferential presence of S. niagarae in lakes
located at around 2500 m asl in central Mexico.

The projected LGM scenario for S. niagarae was
modeled with the CCSM4 projection which includes a
mean temperature decrease of — 5.5 °C (Brady et al.
2013). This decrease in temperature is in agreement
with pollen-based and diatom-based transfer functions
from Lake Chalco, which estimated a temperature
reduction during the LGM in central Mexico
between — 4 and — 5 °C (Correa-Metrio et al.
2013; Caballero et al. 2019). The LGM scenario of
S. niagarae identifies areas with highest potential in
southern EUA as well as the western and central
highlands in Mexico (Fig. 7b). This high probability
distribution in the highlands of Mexico is confirmed
by the distribution of lacustrine fossil records in north-
western and central Mexico with a high abundance of
S. niagarae (Fig. 7b).

Comparing the projected distributions under cur-
rent and LGM conditions for S. niagarae, there are
important latitudinal differences which imply an
expansion of habitat suitability for this species in
central Mexico during the LGM. The LGM scenario
suggest that the highlands along the Sierra Madre
Occidental could have acted as a migration corridor
offering suitable habitats for this species to disperse
into central Mexico, which is one of the migration
corridors suggested by Ceballos et al. (2010).

Stewart et al. (2009) reported that temperate taxa
could remain with a limited northern distribution
(northern refugia), but based on the latitudinal dis-
placements of S. niagarae during cold events, we
speculate that its fundamental niche expands south-
wards, whereas during warm periods (e.g. present day)
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its maximum extension is in USA and Canada, while
in Mexico is present with a scattered distribution at
low densities. This southern refugia pattern is consis-
tent with the responses of temperate taxa during
glacial periods, as for example the boreal and cool-
temperate conifers in eastern North America that had a
southern displacement during the LGM (Jackson et al.
2000).

Our findings highlight the importance of Stephan-
odiscus niagarae as indicator of cold periods in the
central and western mountains of Mexico. Potentially,
S. niagarae could contribute in paleolimnologic and
paleoclimatic reconstructions as a stratigraphic mar-
ker for previous glacial periods.
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Capitulo IV

4. Especies de Cyclotella (Bacillariophyceae) presentes en sedimentos que datan del
Estadio isotdpico 5 del Lago Chalco, centro de México, con especial referencia a
dos nuevas especies: Cyclotella poyeka and Cyclotella tlalocii.

(Articulo publicado, citar como: Avendafio, D., & Caballero, M. (2021). Cyclotella (Bacillariophyceae) species
present in sediments dating to Marine Isotope Stage 5 from Lake Chalco, central Mexico, with special reference to
two new species: Cyclotella poyeka and Cyclotella tlalocii. Diatom Research, 36(4), 323-344.
https://doi.org/10.1080/0269249X.2021.2010808)

Meses después de la publicacion del presente articulo se realiz un cambio taxonémico de tres especies de
Cyclotella (Kitzing) Brébisson al género Stephanocyclus Skabitschevsky, incluyendo a Cyclotella
meneghiniana, gue actualmente estd aceptada taxonémicamente como Stephanocyclus meneghinianus
(Kutzing) Kulikovskiy, Genkal & Kociolek, por lo que en esta publicacién aparece con su basionimo, sin
embargo, en el resto del texto se maneja el nombre aceptado. Ademas, en el articulo Avendafio et al. (2023)
(Capitulo V1) se hace la transferencia de Cyclotella quillensis al género Stephanocyclus.

En el registro de Chalco hay dos especies del género Cyclotella y dos especies del género Stephanocyclus
que dominan en diferentes intervalos de la secuencia. Este articulo surgié como un estudio taxondmico de
dos diatomeas que estaban identificadas inicialmente como “Cyclotella sp. cf. C. stylorum Brightwell . A
continuacién, se realizé una revision bibliografica de la taxonomia de S. meneghinianus y S. quillensis,
asi como la identificacion de dos nuevas especies: C. poyeka y C. tlalocii. Ademas, se discute la afinidad
ecoldgica de cada especie a partir de su distribucion moderna y/o de la distribucion moderna de las
especies con las que estan asociadas en el registro fosil.

Resumen:

El lago de Chalco es uno de los pocos lagos en México que tiene una secuencia sedimentaria larga y
continua que cubre el Pleistoceno superior (> 150 mil afios). El contenido de diatomeas de sus sedimentos
lacustres incluye una variedad de especies céntricas. En particular, los sedimentos que datan del Estadio
isotopico 5 (EI5) estaban alternativamente dominados por cuatro Cyclotella spp. y Stephanocyclus spp.: S.
meneghinianus, S. quillensis, y dos nuevas especies que se describen aqui: C. poyeka y C. tlalocii. Estas
dos nuevas especies de Cyclotella se parecen a C. stylorum Brightwell, debido a la presencia de camaras
marginales. Sin embargo, las nuevas especies del Lago Chalco se diferencian por la disposicién de las
camaras marginales y los fultoportulae marginales con tres poros satelitales. Cyclotella poyeka y C. tlalocii
difieren entre si por la proporcién relativa del area central al didmetro de la cara valvar, la distribucion de
las fultoportulae centrales y el patrdn de estrias. Se discuten las afinidades ecolégicas de las cuatro especies
de Cyclotella en los sedimentos del EI5 del Lago Chalco con base en su distribucion moderna (para C.
meneghinianus y S. quillensis) y sus conjuntos fésiles (para S. quillensis, C. tlalocii y C. poyeka), lo que
Ilevo a la conclusion de que C. tlalocii era una especie de agua dulce mientras que S. meneghinianus, S.
quillensis y C. poyeka prosperaron en condiciones salinas.

Palabras clave: diatomeas céntricas, alveolos complejos, camaras marginales, taxonomia de diatomeas,
Stephanodiscaceae, Pleistoceno, ecologia de diatomeas.
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Cyclotella (Bacillariophyceae) species present in sediments dating to Marine Isotope Stage 5
from Lake Chalco, central Mexico, with special reference to two new species: Cyclotella poyeka
and Cyclotella tlalocii

DIANA AVENDANO'* & MARGARITA CABALLERO?

1Posgmdo de Ciencias de la Tierra, Instituto de Geofisica, Universidad Nacional Autonoma de Meéxico, Ciudad de México, México,
2 Laboratorio de Paleolimnologia, Instituto de Geofisica, Universidad Nacional Autonoma de México, Ciudad de México, México

Lake Chalco is one of the few lakes in Mexico that has a long, continuous sedimentary sequence covering the Upper Pleistocene ( > 150
000 yrs). The diatom content of its lacustrine sediments includes a variety of centric species. In particular, the sediments dating to Marine
Isotope Stage 5 (MIS5) were alternately dominated by four Cyclotella spp: C. meneghiniana Kiitzing, C. quillensis Bailey, and two new
species which are described here: C. poyeka and C. tlalocii. These two new Cyclotella spp. resemble C. stylorum Brightwell, because of
the presence of marginal chambers. Nevertheless, the new species from Lake Chalco have a different structure of the marginal chambers
and marginal fultoportulae with three satellite pores. Cyclotella poyeka and C. tlalocii differ from each other by the relative proportion
of the central area to valve face diameter, the central fultoportula arrangement, and the striation pattern. Ecological affinities of the four
Cyclotella species in the MIS5 sediments from Lake Chalco are discussed based on their modern distribution (for C. meneghiniana and
C. quillensis) and their fossil assemblages (for C. quillensis, C. tlalocii and C. poyeka), leading to the conclusion that C. tlalocii was a
freshwater species while C. meneghiniana, C. quillensis, and C. poyeka thrived in saline conditions.

Keywords: centric diatoms, complex alveoli, marginal chambers, diatom taxonomy, Stephanodiscaceae, Pleistocene, diatom ecology

Introduction

Cyclotella (Kiitzing) Brébisson is a polyphyletic genus
(Alverson et al. 2007), traditionally defined (Cyclotella
sensu lato) as being a drum-shaped centric diatom with dif-
ferent patterns of ornamentation in the central and marginal
areas (Lowe 1975, McFarland & Collins 1978, Serieyssol
1981, Servant-Vildary 1986, Loginova 1990). This rela-
tively simple definition allowed for many unrelated taxa
to be grouped together, however with time its concept
has gradually narrowed, as species have been transferred
to other cyclotelloid genera such as Lindavia (F. Schiitt)
De Toni, & Forti, Tertiarius Hakansson, & Khursevich,
Discostella Houk, & Klee, Fascinorbis Stone, Edlund, &
A.J.Alverson, Pantocsekiella Kiss, & Acs, Cyclostephanos
Round or Pliocaenicus Round & Hakansson.

The current morphological criteria for Cyclotella
(sensu stricto) (Hakansson 2002, Alverson et al. 2011,
Khursevich & Kociolek 2012, Nakov et al. 2015) include a
drum-shaped centric diatom with: (i) a flat or tangentially
undulated central area, (ii) a striated marginal area, (iii) a
ring of marginal fultoportulae located on costae or recessed
costae, and (iv) one or several rimoportulae that interrupt
the ring of marginal fultoportulae. Externally the central

area can be either smooth, colliculate, or with apparently
radial striation, but the only perforations are the central
fultoportulae, which can range from none to several. The
marginal radiating striae vary from uni- to multiseriate
fascicles separated by interstriae. Internally, the central
and marginal fultoportulae are surrounded by two or three
satellite pores and marginal areolae are closed by cribra.
The marginal area is composed of alveoli, divided inter-
nally by costae that can be equal, defining simple alveoli, or
thicker (raised) and thinner (recessed or secondary) costae
defining complex alveoli, which may be expanded into
chambers. The marginal chamber is a space on the inside
of the valve encompassing more than one alveolus. Alve-
oli can be partially occluded internally by siliceous sheets
(membranes) extending from the central area (central lam-
ina or centripetal roofing) or the margin (marginal lamina
or centrifugal roofing). Under light microscopy (LM) these
silica sheets appear as one or two shadow rings crossing
the alveoli. Some species can have a ring of spines at the
valve face / mantle junction.

Cyclotella (s.s.) taxa are present in the geological
record from the middle Miocene, with important radia-
tions during the Late Miocene and Pliocene (Krebs et al.
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1987, Temniskova-Topalova et al. 1994, Khursevich &
Kociolek 2012). Currently, this genus has over 120 mod-
ern and fossil species (Khursevich & Kociolek 2012, Guiry
et al. 2020), which are common in freshwater, brack-
ish, or coastal marine environments (Prasad et al. 1990,
Riihland et al. 2015). It is a predominantly freshwater
genus known to have a wide tolerance for saline environ-
ments, with some species living in coastal marine waters
(Héakansson 2002, Prasad & Nienow 2006). In paleoenvi-
ronmental reconstructions Cyclotella spp. have frequently
been used to infer past changes in salinity related to cli-
matic variability (Tapia et al. 2003, Caballero et al. 2019).
Interestingly, Cyclotella taxa have been identified as dom-
inant in many lacustrine deposits dating from warmer
interglacial periods (Bradbury 1971, Rioual et al. 2001,
Pailles et al. 2018). This situation seems to be the case
in the record from Lake Chalco, central Mexico (Fig. 1),
where Cyclotella taxa (s.s.) are abundant in sediments
dating to the warmer Marine Isotopic Stages (MIS) 5,
4 and 3, while they are nearly absent in the sediments
dating to MIS6 and MIS2 glacial periods (Avendafio-
Villeda et al. 2018, Caballero et al. 2019, Ortega-Guerrero
et al. 2020).

In this paper, we report four Cyclotella species that are
present in the sediments from Lake Chalco dating to MIS5
(13071 kyr cal BP). These include Cyclotella menegh-
iniana Kiitzing and C. quillensis Bailey which have been
previously reported in modern environments and fossil
records from central Mexico (Bradbury 1971, Cantoral-
Uriza 1997, Caballero et al. 2019) as well as two new
species that are described herein.

Methods
Study area

Lake Chalco is located at the southeastern end of the Basin
of Mexico (Fig. 1b), in a region characterized by a temper-
ate, subhumid climate, with a mean temperature of 16.8°C
and average annual precipitation of 537 mm, concentrated
in the summer months. The remnant waterbody that per-
sists today has alkaline, subsaline, hypertrophic waters
(pH = 9.2 and, TDS = 1890 mg L', Chla ~ 160 mgm™,
Avendaio et al. 2021). Its modern diatom flora is domi-
nated by C. meneghiniana and Thalassiosira aff. duostra
Pienaar (Buendia-Flores et al. 2019).

Lake Chalco has a long lacustrine sedimentary
sequence and, for this study, diatom analyses were per-
formed on sediments from a composite master sequence
(CHAO0S8, 122.4m composite depth, 19.26°N, 98.97°W,
Fig. 1b) that spans the late MIS6 to the early MIS3 (ca.
150-35 kyr cal BP). Drilling details, lithostratigraphy, and
geochronology of this sequence have been published pre-
viously (Ortega-Guerrero et al. 2017, 2020) and diatom
assemblages from these sediments have been reported in

Avendafio-Villeda et al. (2018), Torres-Rodriguez et al.
(2018), and Ortega-Guerrero et al. (2020).

Diatom analysis

Sediments for diatom analysis were prepared by acid diges-
tion (HCI 10%) followed by gentle boiling (80°C) in a mix-
ture of concentrated (30%) H, O, and 10% NasP,07. When
organic matter concentration was high, 510 mL of H,SO4
were also added. Permanent microscope slides were pre-
pared with 200 pL aliquots of the final solution using
NaphraxTM (Brunel Microscopes Ltd) as a mounting
medium. Identification was carried out under LM (Olym-
pus BX50) at 1000 x . Selected samples were also exam-
ined with scanning electron microscopy (SEM). Cleaned
diatom samples were deposited on aluminium stubs, air-
dried and gold-coated in a Jeol JFC-1100 Fine Coat lon
Sputter with an ionization-time of 5 min (1.5kV, 6-7mA).
Stubs were examined with a JEOL JCM-6000PLUS SEM
operating at an accelerating voltage of 15kV under high
vacuum or with a JEOL JSM6360LV SEM at an accel-
erating voltage of 15-20kV under high vacuum. Diatom
identification and descriptive terminology followed spe-
cialized literature (Ross & Sims 1972, Anonymous 1975,
Rossetal. 1979, Krammer et al. 1991, Theriot & Serieyssol
1994, Hakansson 2002).

The archive halves of the CHAO8 master sequence are
stored in the LacCore facility, University of Minnesota,
in Minneapolis, USA; the working halves and treated
diatom samples are stored in the Laboratory of Pale-
olimnology, Institute of Geophysics, National University
of Mexico (UNAM), Mexico City, Mexico. The holo-
types for C. poyeka (slide MEXU AL5565 and sediment
MEXU ALS5566) and C. tlalocii (slide MEXU ALS5567
and sediment MEXU ALS5568) were deposited in the
National Herbarium of Mexico (MEXU), Institute of Biol-
ogy, UNAM, Mexico City, Mexico. Isotypes for both C.
poyeka (ENCB 26215) and C. tlalocii (ENCB 26216) were
deposited in the Herbarium of the National School of
Biological Sciences (ENCB), National Polytechnic Insti-
tute, Mexico City, Mexico. Additional isotype slides were
deposited in the Herbarium of the Institute of Ecology,
A.C. Mexico (XAL).

Results

Summary results of the main diatom assemblages in the
CHAOS sequence were published in Ortega-Guerrero et al.
(2020). In that work, diatoms were grouped into four eco-
logical assemblages, small Fragilariales, Stephanodiscus
Ehrenberg spp., alkaliphilous and halophilous taxa (Fig. 2).
These groups were based on species ecological preferences
according to their distribution along 40 lakes in central
Mexico (Caballero et al. 2019). Stephanodiscus spp. indi-
cate cooler, freshwater conditions (Caballero et al. 2019,
Avendafio et al. 2021) that were dominant during MIS6
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Fig. 1. Location maps. (a) Location map of Lake Chalco in central Mexico and of other sites mentioned in the text. (b) Location of the
CHAOS drilling site in Lake Chalco, and of the Reforma core in Lake Texcoco, both in the Basin of Mexico.
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Fig. 2. Chronology, Marine Isotopic Stages (MIS), stratigraphic units and lithostratigraphy of the CHA08 master sequence from Lake
Chalco, Basin of Mexico. The graph shows the Ca/Ti geochemical data (blue line represents the mean value), diatom abundance of the
four Cyclotella taxa in the sequence, of the four ecological diatom groupings (small Fragilariales, Stephanodiscus spp, alkaliphilous and
halophilous taxa) and diatom valve concentration in valves per gram of dry sediment (v/gds).

(Fig. 2), on the other hand, alkaliphilous and halophilous In the sediments from MISS the diatom assemblages are
taxa indicate alkaline-saline environments that were dom- alternately dominated by four Cyclotella species (Fig. 2):
inant during MIS5 to MIS3 warmer conditions (Fig. 2). C. meneghiniana, C. quillensis and two taxa that were
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initially identified as close to C. stylorum Brightwell, but
after detailed LM and SEM observations are here described
as new species: C. poyeka and C. tlalocii.

Taxonomic descriptions

Cyclotella meneghiniana Kiitzing (Figs 3—10)

The size range and all other morphological characteris-
tics of our specimens (Table 1) are within the published
ranges (Hakansson & Chepurnov 1999, Meyer et al. 2001,
Hakansson 2002). The central area is flat to tangentially
undulate, sometimes with radial grooves (Figs. 6—7). Inter-
nally, the central fultoportulae (1—4) have a short tubulus
surrounded by three satellite pores (Figs. 8-9). Depressed
interstriae alternate with raised striae composed of 68
rows of areolae that continue onto the mantle (Fig. 7). A
ring of spines is irregularly present at the valve face / man-
tle junction (Fig. 7). Internally the marginal fultoportulae
are situated on every first to third costa (Figs. 8-10) delim-
iting simple marginal alveoli, sometimes with a central
lamina (Figs. 3, 6). One rimoportula is present on a costa
(Fig. 9-10).

Stratigraphic range in Chalco: Upper Pleistocene to
Holocene. This species is part of the modern diatom flora at
Chalco (Buendia-Flores et al. 2019) and is also very abun-
dant in sediments dating to MIS3, MIS4, MISS5, and parts
of MIS6 in the CHAOS sequence (Fig. 2). The main strati-
graphic distribution of this species is from 131-35 kyr cal
BP (13030 m cd), with a short-lived increase during MIS6
from 146143 kyr cal BP (122-119 m cd) and a reappear-
ance in the Chalco record during the mid-Holocene.

Cyclotella quillensis L.W. Bailey (Figs 11-23)

The size of our specimens (45—72 um diameter) (Table 1)
is within the widest published range for the species (11—
70 um) (Hékansson 2002). The central area has a slight
tangential undulation (Figs 11-17) and can be smooth or
with radial groves (Edlund & Burge 2016) (Figs 12—14,
17). Numerous central fultoportulae (15-41) are present
in a loosely circular arrangement (Figs 18—19). Internally
central fultoportulae are surrounded by three satellite pores
(Fig. 20). Striae are uni- to bi-seriate, occasionally having
up to four rows of areolae towards the margin (Fig. 21);
striae lie in the depressions of the circumferential undu-
lations, alternating with raised interstriaec. Hakansson &
Kling (1994) report that C. quillensis has spines on the
interstriae, whereas Battarbee et al. (1984) and Hakans-
son (2002) indicate that spines are on the striae, so this
might be a variable characteristic. Our specimens have
a ring of spines on the striae at the valve face / mantle
junction (Fig. 21), just above the external openings of the
marginal fultoportulae. Marginal fultoportulae have three
satellite pores. In the literature, it is reported that every
costa has a fultoportula, except for the one with the rimo-
portula (Hakansson 2002), however, while several of our

Comparison of morphological features of Cyclotella meneghiniana, C. quillensis and C. alchichicana.

Table 1.

Cyclotella alchichicana®

Cyclotella meneghiniana>° Cyclotella quillensis®>3"

Cyclotella quillensis'

Cyclotella meneghiniana'

Features

11-70 35-63

5-45

45-72

1040

Valve diameter (um)
Valve undulation

Slightly tangential Flat to slightly tangential Strongly tangential Slightly tangential
Humps, hollows, ridges,

Radial grooves

Flat to tangential

Smooth with radial grooves

Smooth with radial

Humps and radial grooves

Character of the central area

and granules

2/3

grooves

4/5

radial grooves

1/2-2/3

4/5

1/2-2/3

Central area to diameter ratio
CFP number, arrangement,

7—19, irregular ring, 3 pores

1 to > 60, irregular ring,

1-4, nd, 3 pores

1541, irregular ring,

1-4, nd, 3 pores

3 pores

6—-10

3 pores

structure
Costae in 10 pm

Spines

810

6-10

810

p, spinules, granules

1:1, on costa, 3 pores 1:(0)1-2, on costa, 3 pores

1:1, on costa, 3 pores

1:1, on costa, 3 pores

1 stalked, on costa,

1:1, on costa, 3 pores

MFP:costa, position, structure
RP number, position, slit

1 stalked, on costa, radial 1 stalked, on costa, oblique

1 stalked, on costa, radial

1 stalked, on costa, radial

radial to oblique

orientation

I This study, 2Battarbee et al. (1984), 3Hakansson (2002), Oliva et al. (2006), *Houk et al. (2010), °Lowe & Kheiri (2015), ’Edlund & Burge (2016).

Notes: p: present, np: not present, nd: no data, CFP: central fultoportulae, MFP: marginal fultoportulae, RP: rimoportula.
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Figs. 3-6. LM micrographs of Cyclotella meneghiniana showing the different sizes of the valves. Scale bars = 10 um.

specimens have this arrangement (Fig. 22), others have
costae without marginal fultoportulae (Fig. 23). Marginal
alveoli are simple and partially occluded by a central lam-
ina that can be seen as a concentric marginal shadow line
under LM (Figs. 22-23). Internally, a single rimoportula is
situated on a costa, and consists of a stalked labium with a
slit opening that is parallel to slightly oblique to the costa
(Fig. 23).

Stratigraphic range in Chalco: Upper Pleistocene. This
species is very abundant in the CHAOS sediments during
part of MIS5 only, from 84—75 kyr cal BP (68—61 m cd). It
is totally absent in the rest of the sequence.

Cyclotella poyeka Avendafio & Caballero sp. nov.
(Figs 24-48)

Valves circular, 13—50 um in diameter (Table 2). Cen-
tral area with strong tangential undulation, and a smooth

valve face (Figs 24-35). Several central fultoportulae
(2-16) are predominantly positioned in an arc on the
uplift of the undulation, although other central fultopor-
tulac are loosely distributed over the rest of the valve
(Figs 36-39). Externally the fultoportulac have slightly
thickened openings and internally a short tubulus is sur-
rounded by three satellite pores (Fig. 39). The marginal
area consists of raised striae alternating with depressed
interstriac. The striac have four rows of areolae, up to
5-8 towards the margin (Figs 40—44). No spines or spin-
ulae are present at the valve face / mantle junction, but
siliceous granules can be found on the mantle. Internally,
the valve has complex alveoli or marginal chambers (3.5—
4 in 10 pm) defined by raised costae and containing one
(occasionally two) recessed costa. Therefore each cham-
ber has two (occasionally three) alveolus openings (Figs
3638, 39, 45-47) even though two adjacent raised costae
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Figs. 7-10. SEM micrographs of Cyclotella meneghiniana. Fig 7. External valve view with tangential undulation and radial grooves.
Figs 8-9. Internal valve views with central and marginal fultoportulae. Fig 10. Detail of the internal view of the marginal area with the
marginal fultoportulae and the rimoportula. Scale bars = 5 pm (Fig. 8); 2 um (Figs 7, 9—10).

can occasionally be present (Figs 3637, 48). The alve-
oli are partially occluded by a central lamina that can
be seen as a concentric marginal shadow line under the
LM (Figs 26-28, 30). The marginal fultoportulae have
slightly thickened external openings (arrows in Figs 42—
44), three satellite pores and are present on every recessed
costa (Figs 45—48). A single rimoportula is present, with
a stalked and often bent labium, obliquely orientated slit
opening (Figs 3638, 47—48). The rimoportula interrupts
the ring of marginal fultoportulae and lies between a
recessed and raised costa, or rarely between two fulto-
portulae on recessed costac (Figs 47-48). The external
rimoportula opening is circular to elliptical (asterisks in
Figs 42-43).

Holotype: MEXU slide AL5565 (holotype = Figs. 24-27)
and material AL5566 deposited in the National Herbar-
ium of Mexico (MEXU), Institute of Biology, National
Autonomous University of Mexico, Mexico City, Mex-
ico. Holotype from sample CHAO08-VI-9-40, 78.78 m cd
(estimated age of 95.7 kyr cal BP).

Isotype: ENCB slide 26215 (isotype = Figs. 28-30)
deposited in the Herbarium of the National School of Bio-
logical Sciences (ENCB), National Polytechnic Institute,
Mexico City, Mexico. Additional isotype slides deposited
in the Herbarium of the Institute of Ecology, A.C. Mexico
(XAL) from sample CHA08-VI-9-95, 79.33m cd (esti-
mated age of 96.4 kyr cal BP).
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Figs. 16-23. SEM micrographs of Cyclotella quillensis. Figs 16—17. External valve views, Fig. 17 is a corroded specimen. Figs 18—19.
Internal valve views with valve face fultoportulae in a circular arrangement. Fig. 20. Detail of internal valve view of the central fultopor-
tulae with three satellite pores. Fig. 21. Detail of external valve view of the marginal striation, with one to two areola rows and spinulae
at the valve face/mantle junction. Fig. 22. Detail of internal valve view of marginal fultoportulae. Fig. 23. Detail of internal valve view of
the rimoportula labium. Scale bars = 10 um (Figs 16—19); 5 um (Figs 21-22); 2 um (Figs 20, 23).
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Figs. 24-32. LM micrographs of Cyclotella poyeka showing size variation. Figs 24-27. Holotype (slide MEXU AL5565), focus through
various valvar planes. Figs 28-30. Isotype (slide ENCB 26215). Focus through various valvar planes. Fig. 31. Isotype (slide XAL). Focus
on marginal area. Scale bars = 10 pm.
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Figs. 33-38. SEM micrographs of Cyclotella poyeka, external and internal views of valves. Figs 33—35. External valve views with dif-
ferent tangential undulation. Figs 36-38. Internal valve view showing central fultoportulae forming an arc on the uplift of the undulation.
Scale bars = 10 um (Figs 36-38); 5 um (Figs 33-35).
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Figs. 39—48. SEM micrographs of Cyclotella poyeka, details of structure in external and internal views. Fig. 39. Detail of internal valve
view showing central fultoportulae with three satellite pores. Figs 40—41. Detail of external valve view showing striation. Figs 42—44.
Detail of external valve view showing fultoportulae opening (arrow) and elliptical opening of the rimoportula (asterisk). Figs 45-46.
Detail of internal valve view showing marginal chambers with one or two recessed costae with fultoportulae. Fultoportulae have three
satellite pores. Figs 47-48. Detail of internal valve view showing rimoportula and marginal fultoportulae on the recessed costae. Scale
bars = 2 um (Figs 3941, 48); 1 um (Figs 42-47).
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Figs. 49-56. LM micrographs of Cyclotella tlalocii showing size variation. Micrographs at different focus showing central lamina and
marginal chambers. Figs 49—52. Holotype (slide MEXU AL5567), focus through various valvar planes. Figs 53—54. Isotype (slide ENCB
26216), focus through various valvar planes. Fig. 55. Isotype (slide XAL). Focus on marginal area. Scale bars = 10 pm.
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Figs. 57-62. SEM micrographs of Cyclotella tlalocii, external and internal view of valves. Figs 57-59. External valve view with
tangential undulation. Figs 60—62. Internal valve view showing central fultoportulae in a circular arrangement and marginal chambers
with one or two recessed costae. Scale bars = 10 um.
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Figs. 63—74. SEM micrographs of Cyclotella tlalocii, details of structure in external and internal view. Fig. 63. Detail of external valve
view showing central area and fultoportula openings (arrows). Fig. 64. Detail of internal valve view showing central fultoportulae with
three satellite pores. Figs 65-69. Detail of external valve view showing marginal striation. Figs 67—68. Details of fultoportulae (arrows)
and rimoportula openings (asterisk). Figs 70—71. Internal valve view showing marginal chambers with fultoportulae on recessed costae.
Fultoportulae have three satellite pores. Figs 72—74. Detail of internal valve view showing fultoportula and rimoportulae on the recessed
costae. Rimoportulae have a radially orientated slits. Scale bars = 5 um (Figs 63—64); 2 um (Figs 65-66, 69—70, 72, 74); 1 pm (Figs
67-68, 71, 73).
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Figs. 75-77.  Cyclotella poyeka, C. cf. stylorum reported by Krebs et al. (1987) and C. petenensis. Fig. 75. LM micrograph of Cyclotella
poyeka (isotype) in sediments from Lake Chalco, Mexico (slide ENCB 26216). Fig. 76. LM micrograph of Cyclotella cf. stylorum in
Holocene sediments from Pyramid Lake, Nevada, USA, reproduced from fig. 4L in Krebs et al. (1987), Fig. 77. LM micrograph of C.
petenensis in Lake Petén-Itza, reproduced from fig. 1 of Pailles et al. (2018) with permission from Magnolia Press. Scale bars = 10 pm.

Type Locality: Lacustrine plain between the towns of
Tlahuac and Tulyehualco (19.26 °N, 98.97 °W, 2240 m
asl), municipality of Tlahuac, Mexico City, Mexico.

Etymology: The specific epithet poyeka derives from the
word poyek in the local Nahuatl language, meaning saline.

Stratigraphic range in Chalco: Upper Pleistocene. This
species is very abundant in the CHAOS sediments during
part of MIS5, from 98 to 94 kyr cal BP (80—76 m cd) but is
absent from the rest of the sequence.

Ecology and distribution: Saline conditions. Fossil, known
only from the type locality but potentially also present
in: (i) sediments dating to MISS in Lake Texcoco, Mex-
ico, identified as Cyclotella cf. stylorum (Bradbury 1971),
and in (ii) Holocene sediments from Pyramid Lake, USA,
identified as Cyclotella cf. stylorum (Krebs et al. 1987).

Cyclotella tlalocii Avendafio & Caballero sp. now.
(Figs 49-74)

Valves are circular, 25—70 pm in diameter. The central area
is slightly tangentially undulated (Figs 49—59) with several
central fultoportulae (4—13) arranged in a loosely circular
distribution around the central area (see arrows in Figs 60—
63). These fultoportulae have a slightly thickened external
opening and internally a short tubulus surrounded by three
satellite pores (Fig. 64). Internally the valve face is smooth
and the only perforations are evident in well-preserved
valves are of the central fultoportulae. Externally the valve
face is smooth, but may have several pores increasing in
density towards the transition with the marginal area (Figs
57-59, 63, 65). The marginal area is formed of a series
of larger pores with no clear interstriae, transitioning to
smaller pores with wider interstriae wider towards the mar-
gin of the valve. Interstriae reach their maximum width at
the valve face / mantle junction. At this point striae con-
tain four rows of areolae, 5—6 on the mantle, as interstriae

gradually narrow (Figs 65—69). The valve margin is rel-
atively flat, with slightly depressed interstriae. No spines
or spinulae are present at the valve face / mantle junction,
but granulae are sometimes present on the mantle (Figs
57, 59). Internally the valve has complex marginal alve-
oli or chambers (3.5—4 in 10 um) defined by raised costae,
and containing one (occasionally two) recessed costae
(Figs 70-74). Alveoli are partially occluded by a central
lamina (Figs 60-62) that is evident as a shadow or con-
centric marginal line under light microscopy (Figs 51-56).
The marginal fultoportulae have slightly thickened exter-
nal openings (arrows in Figs 67—68) and internally have
three satellite pores surrounding a central tube, positioned
on every recessed costa (Figs 70—73). A single rimoportula
is present interrupting the ring of marginal fultoportulae.
Internally the rimoportula has a stalked labium and the
slit is radial to the costa. The rimoportula is situated on
a slightly recessed costa, between a raised costa and a ful-
toportula on a recessed costa (Figs 60, 74), or more rarely
between two fultoportulae on recessed costae (Figs 72—73).
The external rimoportula opening is elliptical (asterisk in
Fig. 68).

Holotype: MEXU slide AL5567 (holotype = Figs. 49-52)
and material AL5568 deposited in the National Herbar-
ium of Mexico (MEXU), Institute of Biology, National
Autonomous University of Mexico, Mexico City, Mex-
ico. Holotype from sample CHAO08-IV-10-70, 96.66 m cd
(estimated age 117.4 kyr cal BP).

Isotype: ENCB slide 26216 (isotype = Figs. 53-54)
deposited in the Herbarium of the National School of Bio-
logical Sciences (ENCB), National Polytechnic Institute,
Mexico City, Mexico. Additional isotype slides deposited
in the Herbarium of the Institute of Ecology, A.C. Mex-
ico (XAL) from sample CHA08-1V-10-30, 96.26 m cd
(estimated age 116.9 kyr cal BP).
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Type Locality: Lacustrine plain between the towns of
Tlahuac and Tulyehualco (19.26 °N, 98.97 °W, 2240 m
asl), municipality of Tlahuac, Mexico City, Mexico.

Etymology: The specific epithet tlalocii derives from the
name of the Aztec god of rain (Tlaloc).

Stratigraphic range in Chalco: Upper Pleistocene. This
species is very abundant in the CHAOS sediments during
part of MISS5, from 118 to 112 kyr cal BP (97-92m cd),
absent from the rest of the sequence.

Ecology and distribution: Freshwater conditions. Fossil
known only from the type locality.

Discussion
Taxonomic comparisons

The Chalco specimens of C. quillensis corresponded to the
morphological criteria for the species. However, as men-
tioned above, some specimens did not have a marginal ful-
toportula on every costa. In central Mexico there is another
species of Cyclotella that is very close to C. quillensis;
Cyclotella alchichicana Oliva, Lugo, Alcocer & Cantoral.
This is an endemic species of the nearby hyposaline, Lake
Alchichica (Oliva et al. 2006). The main morphological
difference between this species and C. quillensis is the
arrangement of marginal fultoportulae, which are present
on every third costa (instead of on every costa as in C. quil-
lensis) (Table 1). In this way, some of the MIS5 specimens
from Chalco show morphological variability that seems to
be intermediate between C. quillensis and C. alchichicana.

The two new species from Chalco, C. poyeka and
C. tlalocii, can be easily differentiated from C. menegh-
iniana and C. quillensis by the presence of complex
marginal alveoli or chambers, visible under LM. These
new Cyclotella species have a very similar marginal cham-
ber structure, but they can be differentiated by three main
characteristics (Table 2): (i) the higher relative proportion
of the central area of the valve face in C. poyeka (3/4-4/5)
compared to C. tlalocii (1/2-2/3); (ii) the central fultopor-
tula arrangement, predominantly positioned in an arc on
the uplift of the undulation in C. poyeka, but distributed
in a circular pattern in C. tlalocii; (iii) the unique pattern
of striation in C. tlalocii, with interstriae that reach their a
maximum width at the valve face / mantle junction.

These new Cyclotella species from Chalco can also be
differentiated from other modern Cyclotella species with
marginal chambers, such as C. cubiculata Sar, Sunesen
& Lavigne, C. desikacharyi Prasad, C. striata (Kiitzing)
Grunow, and C. stylorum Brightwell, (Table 2). The central
area of C. cubiculata is colliculate and occupies almost half
the valve face, compared with C. poyeka and C. tlalocii
that have a smooth valve surface and a larger central area
(3/4-4/5 and 1/2-2/3 valve face, respectively) (Table 2).
The alveolus density is also different, C. cubiculata has 4-6
chambers in 10 um (Sar et al. 2010), while both Cyclotella

Comparison of morphological features between C. poyeka, and C. tlalocii and other Cyclotella species with marginal chambers.

Table 2.

Cyclotella desikacharyi® Cyclotella striata®>*% Cyclotella stylorum>°

Cyclotella tlalocii' Cyclotella cubiculata’

Cyclotella poyeka

Features

25-67

20-67

12-30
Strongly tangential,

23-63

25-70

13-50

Valve diameter (um)

Strongly tangential,

Slight to strongly

Slightly tangential, Strongly tangential,

Slight to strongly

Valve undulation, character

colliculate

~1/2

tangential, colliculate

2/3-3/4

slightly colliculate

~1/2
2-16, arc, (2) 3 pores

colliculate

~1/2
5-15, arc, 3 pores

smooth
1/2-2/3

tangential, smooth

3/4-4/5

of the central area
Central area to diameter ratio

CFP number, pattern,

6-12, arc, 3 pores

np or 1-3, nd, 3 pores

413, iregular ring, 3

2-16, arc, 3 pores

pores
9-10

structure
Costae in 10 um

Spines

810
np

8-10

15-19
np, granules p

11-13

np, granules p

7-8

p, granules

np, granules p

np, granules p

1:2(3), on recessed 1:2-4(5), on recessed 1:1, on recessed

1:2(3), on recessed 1:2(3), on recessed

1:2(3), on recessed

MFP: costa, position,

costa, 2 pores
2-3,34,1-1

costa, 3 pores

34,2313

costa, 3 pores

nd, 2-3,1-2

costa, 2 pores

4-6,2-3,12

costa, 3 pores

3.5-4,231-2

costa, 3 pores

3.5-4,231-2

chamber, RC:MC
RP number, position, slit

structure
MC in 10 pm, AO in each

1 stalked, on recessed

1 stalked, on recessed 1 stalked, on recessed 1 stalked, on raised 1 stalked, on costa,

1 stalked, on recessed

costa, radial

costa, tangential tangential

costa, oblique

costa, radial

costa, oblique

orientation

kansson (2002), >Prasad & Nienow (2006), *Houk et al. (2010), 7Sar et al. (2010).

kansson (1996), “Hal

Notes: p: present, np: not present, nd: no data, AO: alveolus opening, MC: marginal chamber, CFP: central fultoportulae, MFP: marginal fultoportulae, RC: raised costae, RP: rimoportula.
al

I'This study, *Lange & Syvertsen (1989), *H
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species from Chalco have 3.54 in 10 pm. Furthermore,
the marginal fultoportulae of C. cubiculata have two satel-
lite pores, those in C. poyeka and C. tlalocii have three.
In C. desikacharyi, the whole valve surface is covered
with rows of siliceous granules (Prasad & Nienow 2006),
which are absent in both of the new Chalco species (C.
poyeka and C. tlalocii). The striation of C. desikacharyi
is also finer (15—19 / 10 um) compared with the thicker
striae for C. poyeka and C. tlalocii (7—8 and 9—10 in 10 um,
respectively). Cyclotella striata has a colliculate central
area with few (1-3) central fultoportulae, which contrasts
with the numerous fultoportulae in both C. poyeka and
C. tlalocii (Table 2). In addition, C. striata has a ring
of marginal spinulae and marginal fultoportulae on every
third or fourth costae, whereas both new Cyclotella taxa
from Chalco lacked spinulae and the marginal fultoportu-
lae openings were on every recessed costae. Finally, the
specimens from Chalco show some similarities with C.
stylorum although there are also notable differences. Cham-
ber density in C. poyeka and C. tlalocii is higher (3.5-4
in 10 um) than in C. stylorum (2-3 in 10 pm), and cham-
ber structure is different with 3—4 alveolus openings (23
recessed costae) in C. stylorum (Lange & Syvertsen 1989)
compared to 23 alveolus openings (12 recessed costae)
in C. poyeka and C. tlalocii. Additionally, both Cyclotella
taxa from Chalco had marginal fultoportulac with three
satellite pores, whereas in C. stylorum they only have two.

With respect to the fossil record, Cyclotella species
with marginal chambers were reported from Lake Baikal
(Khursevich et al. 2001), however, these taxa were also
characterized by marginal fultoportulae with two satellite
pores (Khursevich et al. 2001), unlike those from Chalco
with three satellite pores. Additionally, fossil Cyclotella
species with marginal chambers have been reported from
the western United States (McLaughlin 1992, Kociolek &
Khursevich 2013). Three of these species (C. oregonica
Kociolek & Khursevich, C. jonesii McLaughlin, and C.
idahica Kociolek & Khursevich) had rhomboidal to ellip-
tical valve outlines, whereas C. poyeka and C. tlalocii
have circular valves. Another species, C. stoermeri Koci-
olek & Khursevich, has a central area with loculate areolae
and internally domed cribra, while in both new Cyclotella
species from Chalco the only perforations in the central
area of the valve were the fultoportulae.

Ecological affinities

Cyclotella meneghiniana is a cosmopolitan diatom rec-
ognized for its salinity tolerance, ranging from fresh to
brackish water (Tuchman et al. 1984, Fritz et al. 1993,
Hakansson & Chepurnov 1999, Hakansson 2002). This is
a planktonic or periphytic taxon that can live at a wide
range of water depths (Lowe 1974, Gaiser et al. 2011,
Montoya-Moreno et al. 2012, Altuner 2017). For exam-
ple, Phoondee et al. (2019) reports its occurrence from

0—12m depth in Thailand, whereas, Sigala et al. (2017)
observed it from 0.5-65 m depth in Mexican lakes. In the
lakes along the Trans-Mexican volcanic belt in central
Mexico, this species has its higher abundances in sub-
saline to hyposaline, alkaline (pH > 7.5) waters (Davies
et al. 2002, Sigala et al. 2017, Caballero et al. 2019,
Avendafio et al. 2021). It is the dominant taxon in the mod-
ern environments of Lake Chalco, currently characterized
by subsaline waters with [HCO3 ] > [SO4%>] > [Cl]-
[Nat + K*] > [Ca **] > [Mg 2*] ionic dominance, and
hypertrophic conditions (Buendia-Flores et al. 2019, Aven-
dafio et al. 2021). In the Lake Chalco fossil record, C.
meneghiniana is one of the most abundant taxa in the
MIS3, MIS4, and MISS5 sediments (Fig. 2), together with
other halophilous and alkaliphilous taxa that suggest the
presence of subsaline to hyposaline conditions. On the
other hand, it is almost absent from sediments dating to
the glacial conditions during MIS6 and MIS2 (Avendaio-
Villeda et al. 2018, Caballero et al. 2019) during which
Stephanodiscus spp. are abundant and indicate the presence
of cool, freshwater conditions in Chalco. These changes
in the abundance of C. meneghiniana are probably associ-
ated with this species having maximum growth rates under
warmer conditions (23-26°C) (Shafik et al. 1997, Mitro-
vic et al. 2010), but also to its better growth in subsaline
to hyposaline waters, environments favoured by higher
evaporation rates during warmer intervals (Caballero et al.
2019).

Cyclotella quillensis was described from the saline Quill
Lakes from Saskatchewan, Canada (Bailey 1922). It
has also been found in other saline lakes in Canada
(e.g., Medicine Lake, Battarbee et al. 1984) and the
USA (e.g., Alkaline, Pyramid, Devils Lake, Hanna &
Grant 1931, Kilham et al. 1996, Salm et al. 2009a,
2009b). For example, Battarbee et al. (1984) reported
it from mesosaline to hypersaline, alkaline lakes in
North Dakota (TDS > 7000mgL~!, pH > 8.2) with
[SO; ?7]>[CI']> [HCO;] and [Na* 4+ K*] > [Mg
2*] > [Ca **] ionic dominance. Fritz et al. (1991) asso-
ciated C. quillensis with dry climate periods, with an
increased salinity in the sedimentary record from Devils
Lake. According to Fritz et al. (1993), the salinity optimum
estimations for C. quillensis were higher (20.56 %o) than
for C. meneghiniana (3.38 %o).

It is not clear if Cyclotella quillensis is present in mod-
ern environments from central Mexico. Even though it
has been reported from hyposaline Lake Alchichica (Met-
calfe 1988, Oliva et al. 2001), these reports correspond
to specimens belonging to Cyclotella alchichicana (Oliva
et al. 2006). Cantoral-Uriza (1997) and Montejano et al.
2000 reported C. quillensis from calcareous springs in La
Huasteca, and Montejano et al. (2004) from the lower
Panuco River, but the presence of this taxon in lotic ecosys-
tems seems unusual, given that it thrives better in saline
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environments. In the fossil record, C. quillensis was pre-
viously reported in sediments from Lake Texcoco, also in
the Basin of Mexico (Fig. 1b). As in Lake Chalco, Brad-
bury (1971) observed this species peaking over a short
interval in sediments ( > 50 kyr cal BP) from western
Lake Texcoco (Reforma core), where the author used it
as an indicator for brackish conditions. We also consider
that the presence of C. quillensis in sediments dating to
around 80 kyr cal BP is an indication of increased lake
salinity and probably also a change in dominant ions,
from [HCO53~] to [CI"]-{SOy >7], that allowed this species
to displace C. meneghiniana. During the brief interval
when C. quillensis was dominant (80% of counts) the only
other species present were Anomoeoneis costata (Kiitzing)
Hustedt and A. sphaerophora Pfitzer, which are known to
thrive in high salinity environments (Bradbury 1971, Saros
& Fritz 2002). Even though the modern distribution of C.
quillensis is preferentially in saline lakes from USA and
Canada, our data show that in the past (~ 80 kyr cal BP)
it had a wider distribution in central Mexico. Considering
that some of the Chalco specimens show a morphological
transition to C. alchichicana (absence of marginal fulto-
portulae on some costae) we suggest that C. quillensis from
Chalco is the possible ancestor of the endemic species,
C. alchichicana.

Cyclotella tlalocii and C. poyeka were also dominant in
the Lake Chalco sediment record for short intervals during
MISS (~ 115 and ~96 kyr cal BP respectively). How-
ever, each species was part of a different diatom assem-
blage, showing distinct ecological preferences. Cyclotella
tlalocii is dominant in a stratigraphic interval dominated
by Stephanodiscus niagarae Ehrenberg (Fig. 2), displacing
the latter from the record. It is present in association with
other freshwater species that are tolerant of high nutrient
levels, such as Aulacoseira granulata (Ehrenberg) Simon-
sen, Pseudostaurosira brevistriata (Grunow) Williams &
Round, Discostella stelligera (Cleve & Grunow) Houk &
Klee and Cyclostephanos dubius (Hustedt) Round (Wang
et al. 2009, Saros et al. 2014, Bicudo et al. 2016). We
therefore conclude that C. tlalocii thrived in freshwater,
eutrophic environments. This is also supported by the low
Ca/Ti values (Fig. 2) that suggest low autogenic carbonate
deposition during the time that this species was abundant.
We propose that C. tlalocii is an endemic of Lake Chalco
that evolved during a time of rapid temperature change,
from a period of cooler conditions during which Stephan-
odiscus spp. were dominant, to warmer conditions when
Cyclotella spp. could take over as the dominant taxa. How-
ever when lake salinity increased this species was replaced
by C. meneghiniana and eventually became extinct.

On the other hand, C. poyeka was dominant over a
stratigraphic interval otherwise dominated by C. menegh-
iniana in association with halophilous species such as A.
costata, A. sphaerophora, Campylodiscus clypeus (Ehren-
berg) Ehrenberg ex Kiitzing, and Rhopalodia gibberula

(Ehrenberg) O.Miiller. All these species thrive in saline
environments, which supports the interpretation that C.
poyeka preferred these conditions. Also, a saline condition
agrees with high Ca/Ti (Fig. 2) values, a proxy for auto-
genic calcium carbonate precipitation. Cyclotella poyeka
very likely corresponds with what Bradbury (1971) iden-
tified as C. cf. stylorum in sediments from western Lake
Texcoco (Reforma core) that could also date to MIS5 (even
though the chronological control of this sequence is very
poor). There are no illustrations of the diatoms identi-
fied by Bradbury (1971) in the sediments from Texcoco
to confirm this, but C. poyeka (Fig. 75) closely resembles
the specimen illustrated under the same name (C. cf. sty-
lorum, Fig. 76) from Pyramid Lake by the same author
(Krebs et al. 1987). Pailles et al. (2018) suggested that C.
cf. stylorum from Texcoco (Bradbury 1971) could be con-
specific with C. petenensis Sylvestre, Pailles & Escobar,
a fossil taxon abundant in the Lake Petén-Itza sediments
dating from MIS3 to MIS2 (Pailles et al. 2018) (Fig. 1a).
However, we consider this very unlikely, given that C.
petenensis does not have complex alveoli (Fig. 77), and
would therefore be difficult to mistake as a taxon close to
C. stylorum. We suggest that it is more probable that this
unidentified species from the western part of Lake Texcoco
corresponds, or at least is close to C. poyeka, due to the
geographic proximity between both lakes (Chalco and Tex-
coco) (Fig. 1b) and their similar high salinity conditions.
If it is confirmed that C. poyeka and C. cf. stylorum from
Lake Texcoco and Pyramid Lake are the same species, then
the distribution of C. poyeka would extend to North Amer-
ica, and under this scenario it is likely that the specimens
from the Basin of Mexico were the source of those present
in Pyramid Lake. We propose that C. poyeka evolved in
Lake Chalco during MIS5 as a response to unstable cli-
matic conditions that favoured rapid changes in the salinity
and ionic dominance of the lake. Thus both new Cyclotella
species from Chalco seem to have evolved in response to
changing physical conditions (temperature for C. tlalocii,
salinity for C. poyeka) during successive climatic oscilla-
tions. A similar evolutionary scenario has been proposed
for the non-modern analogue diatom communities in Lake
Baikal spanning the last 5 Ma (Khursevich et al. 2001).
Some interpretations of the evolution of the genus
Cyclotella assume that salt tolerance originated indepen-
dently in two main lineages within the genus, defined
by the number of satellite pores on the marginal ful-
toportulae (Hékansson 2002). The first group comprises
species with two satellite pores (i.e., C. atomus Hustedt, C.
choctawhatcheeana Prasad, C.baltica (Grunow) Hékans-
son, C. litoralis Lange & Syvertsen, C. stylorum). The
second group comprises species with three satellite pores,
including C. meneghiniana, C. striata, C. desikacharyi, C.
quillensis, C. alchichicana as well as the two new species
from Chalco, C. poyeka and C. tlalocii. However phyloge-
netic studies suggest that C. meneghiniana, C. quillensis,
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C. cryptica Reimann, Lewin & Guillard and C. gamma
Sovereign form a closely related group (Alverson et al.
2007, 2011, Acs et al. 2016), while C. striata and C. sty-
lorum; form another closely related group, even though C.
striata has marginal fultoportulae with three satellite pores
and C. stylorum has only two.

It has also been suggested that the presence of a
central lamina and/or of marginal chambers are adapta-
tions within Cyclotella distinguishing salt-tolerant species
(Prasad et al. 1990, Prasad & Nienow 2006). Three groups
within the genus have been proposed. Group 1 includes
species with no central lamina or marginal chambers, such
as C. atomus and C. meneghiniana group. These are the
least salt-tolerant species. Group 2 includes species with
central laminae but lacking marginal chambers, such as
C. baltica, C. choctawhatcheeana, C. litoralis, C. scalden-
sis Muylaert & Sabbe, C. quillensis and C. alchichicana.
These species have a higher preference for saline-brackish
waters. Group 3 includes species with central laminae and
marginal chambers such as C. desikacharyi, C. striata, and
C. stylorum, and includes brackish to truly marine forms.
According to this classification, C. poyeka and C. tlalocii
would belong to the last group. While the inferred ecol-
ogy of C. poyeka would agree with this interpretation, it
conflicts with the inferred ecology of C. tlalocii, as this
was probably a freshwater species, despite having cen-
tral laminae and marginal chambers. This suggests that the
presence of these features is not necessarily associated with
a tolerance for saline environments.
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Capitulo V

5. Diversidad y distribucion de diatomeas lacustres a lo largo de la Faja Volcanica
Transmexicana.

(Articulo publicado, citar como: Avendafio, D., Caballero, M. & Vazquez G. (2023). Diversity and distribution of
lacustrine  diatoms along the Trans-Mexican Volcanic Belt.  Freshwater Biology, 68, 391 405.
https://doi.org/10.1111/fwb.14033)

Este articulo inicio como punto de partida para comprender la ecologia de las diatomeas de 49 muestras en 46
lagos que se localizan a lo largo de la Faja Volcanica Transmexicana, confirmando su potencial en las
reconstrucciones paleoambientales. En este articulo se resalta la estrecha afinidad que existe entre las especies
de diatomeas en relacidn las condiciones de salinidad y temperatura de los lagos y se explora la diversidad a
nivel regional.

Resumen:

La Faja volcanica Transmexicana es reconocida como una zona altamente biodiversa para la cual presentamos
un estudio de la diversidad de diatomeas y distribucion de especies en los lagos. Nuestro objetivo fue identificar
los taxones de diatomeas con la ocupacién regional mas alta, explorar la diversidad a nivel regional, identificar
las principales variables asociadas con la distribucion de las especies y presentar valores éptimos de promedios
ponderados para las variables que podrian proporcionar una referencia valiosa para futuras investigaciones
paleoambientales. Se utilizaron abundancias relativas de diatomeas en sedimentos superficiales de lagos para
estimar diferentes métricas de diversidad, asi como diversidades alfa, gamma y beta. Se identificaron grupos de
lagos con conjuntos de diatomeas similares mediante analisis de conglomerados, mientras que se utilizé el
analisis de correspondencia candnica (ACC) para evaluar la asociacion entre la composicion de diatomeas y las
variables climaticas, morfométricas, hidroquimicas y tréficas. Se estimaron valores Optimos de promedio
ponderados para salinidad y temperatura. De un total de 184 taxones de diatomeas, tres eran endémicas de uno
0 dos lagos y ocho tenian la mayor ocupacion regional, dos de ellos asociados a ambientes de alta salinidad
(Stephanocyclus meneghinianus, Nitzschia frustulum) y el resto a condiciones de agua dulce (Aulacoseira
ambigua, A. granulata, A. granulata var. angustissima, Discostella stelligera, Fragilaria crotonensis,
Achnanthidium minutissimum). Sorprendentemente, los taxones endémicos, asi como los taxones de alta
ocupacion regional, eran en su mayoria formas planténicas o epipélicas moviles con alto potencial de dispersion.
Nuestros resultados muestran 13 grupos de lagos con conjuntos de diatomeas similares, en estrecha concordancia
con la diversidad beta que predijo la presencia de 12 comunidades. Hubo un alto recambio de especies (BSIM =
0.97) y el ACC mostré que la principal variable ambiental que define estos grupos fue la salinidad, pero que la
temperatura, precipitacion, profundidad y el fosforo reactivo soluble también fueron significativos. Ademas, no
hubo evidencia de un patrén de diversidad altitudinal. Este es el primer estudio de la flora de diatomeas de los
lagos en el centro de México que analiza la diversidad y distribucion de especies a lo largo de gradientes
ambientales que incluyan variables climaticas, morfométricas, hidroquimicas y relacionadas con el estado
tréfico.

Palabras clave: Bacillariophyta, diversidad verdadera, riqueza de especies, lagos tropicales, ecologia de
diatomeas.
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Abstract

1. The Trans-Mexican Volcanic Belt is recognised as a highly biodiverse zone and

we present a study of diatom diversity and species distributions in its lakes. We
aimed to identify diatom taxa with the highest regional occupancy, explore di-
versity at a regional level, identify the main variables associated with species dis-
tributions, and present weighted average optima for variables that could provide

a valuable reference for future palaeoenvironmental research.

. We used the relative abundances of diatoms in surficial lake sediments to esti-

mate different diversity metrics and alpha, beta and gamma diversities. Groups
of lakes with similar diatom assemblages were identified by means of cluster
analysis whereas canonical correspondence analysis (CCA) was used to evalu-
ate the association between diatom composition and climatic, morphometric,
hydrochemical and trophic status related variables. Weighted average optima

were estimated for salinity and temperature.

. From a total of 184 diatom taxa, three were endemic to one or two lakes and

eight had the largest regional occupancy, two of which were associated with high
salinity environments (Stephanocyclus meneghinianus, Nitzschia frustulum) and
the rest with freshwater conditions (Aulacoseira ambigua, A. granulata, A. granu-
lata var. angustissima, Discostella stelligera, Fragilaria crotonensis, Achnanthidium
minutissimum). Surprisingly, endemic taxa as well as those with high regional
occupancy were mostly planktic or epipelic motile forms, with high dispersal
potential. Our results showed 13 clusters of lakes with similar diatom assem-
blages, in close agreement with beta diversity which predicted the presence of
12 communities. There was high species turnover (4, = 0.97) and CCA showed
not only that the main environmental variable defining these groups was salinity,
but also that temperature, precipitation, depth, and soluble reactive phospho-
rus were meaningful variables. There was no evidence of an altitude-diversity

pattern.

. This study emphasises the strong influence that climatic variables have on spe-

cies distribution when relatively broad geographical areas, with large climatic

gradients are analysed.
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1 | INTRODUCTION

Diatoms are unicellular, photosynthetic organisms, present in the
phytoplankton and phytobenthos of most aquatic ecosystems
(Battarbee et al., 2002; Julius & Theriot, 2010). Their ecological
distribution along environmental gradients such as pH, salinity or
trophic gradients has been studied in different regions of the world,
frequently to use them as a tool for water quality evaluation (De La
Rey et al., 2008; Lobo et al., 2016; Stenger-Kovacs et al., 2007) or
for the reconstruction of past environments (Fritz et al., 1993; Gasse
et al., 1995; Wilson et al., 1996). Furthermore, in recent decades
macroecological studies, which traditionally were undertaken with
larger organisms, have extended to include microorganisms such as
diatoms (Soininen & Teittinen, 2019).

Central Mexico represents an interesting area for the study
of diatom species diversity and distribution given that it rep-
resents a highly biodiverse region in a transition zone between the
Nearctic and the Neotropical realms (Figure 1a) (Morrone, 2020).
Furthermore, the Trans-Mexican Volcanic Belt (TMVB) in cen-
tral Mexico extends over a series of six globally or continentally
outstanding biodiverse aquatic ecoregions (Abell et al.,, 2008)
(Figure 1b). In lakes along the TMVB, Caballero et al. (2019), Davies
et al. (2002) and Metcalfe (1988) studied the diatom assemblages
preserved in surface sediment samples and demonstrated that
ionic concentration (measured either as electric conductivity, sa-
linity or alkalinity) was highly correlated with species distribution.
Furthermore, Caballero et al. (2019) showed that other variables
such as temperature and precipitation also were associated with
diatom species distributions, and successfully developed transfer
functions for salinity, temperature and precipitation, reconstruct-
ing these variables for the last 40,000years in Lake Chalco, central
Mexico. The role of trophic status and nutrient gradients has been
less explored in this region, but it also is likely to be an important
influence for diatom distribution (Hill, 2006). The relatively large
calibration dataset used for the development of the transfer func-
tions in Caballero et al. (2019) offers the opportunity to not only
document diatom distribution along ecological gradients, but also
to explore their biodiversity, an aspect that has not been studied
before in the region. This kind of analysis can help to address ques-
tions that have been posed in previous ecological studies of diatoms
in other regions of the world (Soininen & Teittinen, 2019), which
include: What is the role of climate factors such as temperature in
diatom species distribution? Is there niche conservation in diatoms?
Do diatoms exhibit an altitudinal diversity pattern? Is spatial diver-
sity dominated by turnover or nestedness? Is regional occupancy
by diatoms controlled by their dispersal potential? Is endemism
common amongst diatoms? Are endemic taxa mostly attached, low-
profile species of weak dispersal potential?

In this paper we present diatom abundance and diversity data
from a set of 49 surface sediment samples collected from 46 lakes
along the TMVB from which we aim to: (a) assess the diatom species
richness, diversity and dominance, as well as their alpha, beta and
gamma diversities, (b) evaluate whether there is a linear correlation
between species richness and altitude, (c) identify endemic taxa and
also the species with the highest regional occupancy (highest abun-
dance and frequency) in the area, (d) identify the main variables that
are associated with species distributions in the region, including cli-
matic, morphometric, hydrochemical and trophic status related vari-
ables, and (e) develop salinity and temperature distribution optima
for the most abundant taxa, as these values will provide a reference
for future palaeoenvironmental research in the area.

2 | METHODS
2.1 | Studyarea

The study sites are located along the six aquatic ecoregions that con-
verge in the TMBV (Figure 1b). Most of the lakes are in the higher
altitude, endorheic Lerma ecoregion, but they also spread over
the adjacent subtropical coastal basins, three of which drain to the
Pacific (Santiago, Ameca, and Balsas) and two to the Gulf of Mexico
(Panuco and Papaloapan). The climate of the region is closely associ-
ated with the intricate topography of the TMVAB, its steep altitudinal
gradients define climates that range from warm to cold and from dry
to humid, all sharing a summer rainy season related to the northerly
migration of the Intertropical Convergence Zone, the easterly trade
wind flow, and the onset of the Mexican Monsoon.

2.2 | Description of the dataset

The dataset analysed in this paper included climatic, morphomet-
ric, hydrochemical and trophic status related variables from lakes
distributed along the TMVB in central Mexico, which were stud-
ied as part of previous surveys (Avendafio et al., 2021; Caballero
et al., 2019; Sigala et al., 2017; Vazquez & Caballero, 2013). The in-
formation for the 46 lakes in the dataset was determined following
uniform methodologies for fieldwork and laboratory analyses which
are detailed in Sigala et al. (2017). Climatic data for all of the lakes
were obtained from the closest meteorological stations (full list in
Table S1) and included average annual temperature (AAT), precipi-
tation (AAP) and evaporation (AAE). Morphometric data for all of
the lakes included area, depth and relative depth (maximum depth
expressed as a percentage of diameter). Hydrochemical data for
all the lakes corresponded to single measurements at the time of

85UB0 1] SUOLUWIOD) AR 3[edtdce 8 Aq pauBACD 916 a1 WO ‘38N Jo SaINJ 10y AXeiq178UIIUO AB|IA UO (SUOIPUGD-PUB-SWLB) W00 A3 1A ATeIq U1 UO//SdI) SUORIPUOD PUB SWLB 1 8U) 39S *[2202/2T/2e] Uo AXeid78UlIUO AB1IM ‘001 I 8URIUR0D Ad EE0KT GMI/TTTT OT/I0p/W00 A3 1 AIRIq1 PUIIUO//SAIY WOJ) PaPeojumoq ‘0 Z72S9ET



DIANA ET AL.

Biology SAWYA| LEYJ—?’

Pacific Qcean

Legend

B Nearctic region Neotropical region
|| Mexican transition zone

D Trans-Mexican Volcanic Belt

® Sites

Aquatic Ecoregions in central Mexico
[l Santiago []Lerma

B Ameca B Panuco

[ ] Balsas

Sierra Madre
. del Sur

[] Papaloapan

[ ] Grijalva-Usumacinta

0 50100  200km

105°0'W

100°0'W

95°0'W

FIGURE 1 Location maps. (a) the Trans-Mexican Volcanic Belt (TMVB) in central Mexico as part of the transition zone between the
Nearctic and the Neotropical realms. (b) Location of the study sites along the six basins that converge in the TMVB, abbreviations and full

names as listed in Table S1.

sampling and included pH, electric conductivity, salinity expressed
as total dissolved solids (TDS), alkalinity, ionic dominance expressed
as ion relative abundances ([% Ca?*], [% Mg?*], [% Na*™+ % K*; [%
HCO, +% CO,*7, [% CI'], [% SO,*’]) and Secchi disk depth (Sigala
et al., 2017). Trophic status-related variables were determined only
for a subset of 42 lakes; these data included total phosphorus (TP),
soluble reactive phosphorus (SRP), dissolved inorganic nitrogen
(DIN: ammonium + nitrites + nitrates) and chlorophyll-a concentra-
tions (Chla).

The data set also included diatom taxa relative abundances (%)
based on diatom counts of a minimum of 100-300 valves from
49 surface sediment samples collected from the 46 study lakes
(three lakes were sampled twice in different years). Surface sedi-
ment samples were collected using an Ekman dredge from a cen-

tral area in each lake, retrieving only the top ~1 cm of sediment

(Sigala et al., 2017). For diatom analyses, 0.5 g dry sediment was
treated with (10%) hydrochloric acid (HCI) to eliminate carbonates
and (30%) hydrogen peroxide (H,0,) to eliminate organic matter (if
necessary, concentrated nitric acid [HNO,4] was used to accelerate
organic matter elimination). Permanent slides were prepared with
200-pl aliquots of final solution using Naphrax (Brunel Microscopes
Ltd). The species with the largest regional occupancy in the dataset
were identified using a frequency of occurrence versus mean rela-
tive abundance graph. Frequency of occurrence was determined as
the percentage of the sites where each species was present and the
mean abundance as the average of their relative abundances at the
sites where they were present (sites with zero abundance were not
considered). The Continental Algae Data Base (bdLACET; Novelo &
Tavera, 2021) was used to verify if diatom species had been reported

previously for Mexico.
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2.3 | Diatom diversity measurements

The sampling efficiency of the species diversity studied in each
lake was evaluated using rarefaction-extrapolation curves and
sample coverage tests with 50 bootstrap replicates to estimate
95% confidence intervals. These estimates were generated using
the “INEXT” package (v.2.0.20; Hsieh et al., 2016) in R (here and
elsewhere in the paper: v.3.6.0; R Development Core Team, 2009).
Three diversity metrics were used - species richness, Shannon
diversity and Simpson dominance - which are part of the true
diversities 9D (Chao et al., 2014; Hill, 1973; Jost, 2007). Species
richness is the number of taxa present in each sample (S) and is
equivalent to Hill's effective number of species of order g = 0
(°D = S). Shannon diversity was estimated by Hill's effective num-
ber of species of orderg=1 (D) which is based on Shannon index
(*D = exp H') and represents the number of evenly distributed spe-
cies in a sample. Simpson dominance was estimated by Hill's ef-
fective number of species of order g = 2 which is the reciprocal of
the Simpson index (*D = 1/D) and represents the number of domi-
nant species in a sample which can fluctuate between 1 (highest
dominance) and °D. In addition, alpha, gamma and beta diversities
were estimated (Jost, 2007); alpha diversity is the average species

richness in the samples (@ = °D whereas gamma diversity is

ave)
the species richness in the full daiaset (y = ODtot). Beta diversity
(B, = r/a) (Whittaker, 1960) shows how many times larger is the
total diversity compared to the average diversity per site and rep-
resents the number of different communities in the studied area.
Beta diversity reflects the biological complexity of the region, it
is lowest when one community dominates the landscape, so mini-
mal species turnover between sampling units is expected, and it
increases as the communities share a lower number of species
in the landscape (Jost, 2007), whether this is related to species
turnover (replacement) or nestedness (reduction in the number of
species). The turnover (f,,,) and nestedness (f,) components of
the beta diversity were estimated based on an absence/presence
matrix and Sgrensen dissimilarities, using the “betapart” package
(Baselga & Orme, 2012) in R (version 3.6.0, R Development Core
Team, 2009). Besides, to evaluate if species richness reduced with
altitude, a Pearson's linear correlation coefficient was estimated
between species richness (°D) and altitude using the program
PAST v.2.17 (Hammer et al., 2001).

2.4 | Diatom species distribution analyses

Groups of lakes with similar diatom compositions were identified
through a cluster analysis with the unweighted pair group method
with arithmetic mean (UPGMA) using the Pearson's correlation co-
efficient as distance measurement. A bubble plot was generated for
the lake groups and the 89 most abundant diatom taxa (>5% in at
least one sample). The cluster analysis was performed using “fac-
toextra” (v.1.0.7; Kassambara & Mundt, 2020) and “vegan” (v.2.5.5;
Oksanen et al., 2019) packages and the bubble plot was generated

using the “rioja” package (v.0.9.21; Juggins, 2019) in R (version 3.6.0,
R Development Core Team, 2009).

In order to explore the relation between diatom species distribu-
tion and environmental gradients a canonical correspondence anal-
ysis (CCA) was performed (ter Braak, 1986) for the subset of samples
for which all the variables are available. The variables (except for
pH) and relative diatom abundances were transformed (log,,+ 1) to
improve the linearity and homogeneity of variances, and the “down-
weight” function was used to reduce the influence of rare species.
A series of partial CCAs were run to explore the importance of each
variable at explaining diatom distribution. A Pearson's linear cor-
relation matrix (Table S2) was generated to identify groups of highly
related variables amongst which one was selected to reduce redun-
dancy, and in this way the following variables were chosen: lake area,
sample depth, AAT, AAP, AAE, TDS, pH, [% HCO, + % CO32’], [%
Mgz*], SRP, DIN, Chla and Secchi disk depth. In previous analyses
(Caballero et al., 2019; Sigala et al., 2017), two high-altitude sites (El
Sol and La Luna, 4,283 m above sea level [asl]), located in the crater
of the Nevado de Toluca volcano, were identified as outliers in the
temperature gradient and for this reason they were excluded from
the CCA. Besides, two lakes (Atotonilco and Sayula) showed very
low diatom counts (<100 valves), and also were excluded; therefore,
the CCA analysis was run using a subset of 38 samples. A Monte
Carlo permutation test (999) was used to determine the statistical
significance of the CCA. These analyses were performed using the
“vegan” package (v.2.5.5; Oksanen et al., 2019) in R (version 3.6.0, R
Development Core Team, 2009). Besides, to provide a reference for
future palaeoenvironmental reconstructions, the optima and distri-
bution ranges for salinity (TDS) and temperature (AAT) were calcu-
lated for the 89 most abundant taxa by means of weighted averaging
regression and calibration (Birks et al., 1990) using the “optimos.
prime” package (v.0.1.2; Sathicq et al., 2020) in R (version 3.6.0, R
Development Core Team, 2009).

Finally, a graphical representation of the ecological environment
of the TMVB was generated by using the temperature (Biol) and
precipitation (Bio12) variables from the Worldclim project (www.
worldclim.com; Hijmans et al., 2005) extracting 100,000 random
points for the whole of Mexico of which 4,500 correspond to the
TMVB (including the “Los Tuxtlas” region in the Papaloapan basin)
using the “raster” package (v.3.4.5, Hijmans et al., 2020) in R (ver-
sion 3.6.0, R Development Core Team, 2009). The studied sites were
overlaid on this graph to show their representativeness of the eco-

logical envelope that characterises the TMVB.

3 | RESULTS

3.1 | Characteristics and environmental gradients
in the studied lakes

Most of the lakes (22) belonged to the Lerma ecoregion, six to the
Papaloapan, five to each of the Panuco, Ameca and Balsas basins,
and three to the Santiago basin (Figure 1b). The lakes had areas that
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ranged from 1.3 to 17,000ha and depths from less than 0.5 to 65m
(Figure 2a). Most of them, particularly the larger ones (>1,000ha),
were shallow (<10 m). Only 15 were deeper than 10 m and these
were mostly volcanic craters (Alberca de Tacambaro, Manantiales,
Quechulac, Chalchoapan, La Preciosa, Aljojuca, Majahual, Alchichica
and Santa Maria del Oro). The studied lakes covered a wide range of
altitudes and climatic conditions (Figure 2b), altitude and AAT ranged
from 4,283 masl and 3.9°C in the lakes El Sol and La Luna, in the crater
of the Nevado de Toluca volcano, to ~120m asl and 25.7°C in the sites
from “Los Tuxtlas” in the Papaloapan basin (Colorada, Chalchoapan,
Manantiales, Majahual, Mogo and Verde). Annual average pre-
cipitation also had a wide range of variability from <400mmyr?
in Alchichica, La Preciosa and Quechulac, to ~2,500mmyr'1 in the
“Los Tuxtlas” lakes. The hydrochemistry of the lakes was very di-
verse (Figure 2c; Table S1). For example pH ranged from 6.3 to 9.6,
salinity (TDS) from 20 to 28,427 mgL* whereas ionic composition
ranged from [% HCO,]-[% Ca®*]~[% Mg®*]~[% Na'] in the fresh-
water lakes (TDS<500mgL™; categories defined in Figure 2c) to
[% CI'1=[% COSZ'] - [% Na*] dominance in the higher salinity sites
(TDS>3,000mgL™), following an evaporative concentration and car-

bonate precipitation pattern (Sigala et al., 2017). Only the lakes from

Freshwater Biology V.V LEYJ—5

the “Los Tuxtlas” (Colorada, Verde, Majahual, Mogo, Manantiales and
Chalchoapan), had low salinities but high [% CI7]; this can be explained
by their geographical proximity to the Gulf of Mexico.

The lakes also covered a wide range of nutrient concentrations,
with SRP ranging from <0.01 to 366 pm and DIN from <0.1 to 305 um
(Figure 2d; Table S1). In terms of their trophic status, based on their
Chla concentrations (categories defined in Figure 2d), they ranged
from ultra-oligotrophic (Chla = 0.3 mgm™) Lake La Luna to hyper-
trophic sites such as Texcoco-Nabor Carrillo (Chla = 67Omgm'3),
Chalco (265mg m), Zumpango (247 mg m=) or Alberca de
Teremendo (245 mgm's). Most of the lakes were either hypertro-
phic or eutrophic (55%) and only five lakes (12%) were oligotrophic
(El Sol, La Preciosa, Quechulac, Zirahuén) or ultra-oligotrophic (La
Luna). According to the limiting thresholds established for SRP and
DIN by Reynolds (1999) (Figure 2d), at the moment of sampling eight
lakes showed P-limitation (La Preciosa, Alberca de Tacambaro-2016,
Danxhd, La Huaracha, Zempoala, Alberca de Teremendo, Atezca,
and La Luna), seven had N-limitation (Alchichica, Manantiales,
Majahual, Alberca de Tacambaro, Juanacatlan, Piscina de Yuriria,
and Santa Maria del Oro), and two had P- and N-co-limitation (El Sol

and Zirahuén).
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FIGURE 2 Characteristics of the study lakes: (a) morphometric parameters (area, depth and relative depth), dotted lines represent
average values; (b) climatic parameters (average annual temperature vs. total annual precipitation), dotted lines represent average
values; (c) ionic dominance and salinity, salinity categories adapted from Fritz (2007); (d) soluble reactive phosphorus (SRP), dissolved
inorganic nitrogen (DIN) and chlorophyll-a concentrations in surface waters. Dotted lines denote nutrient starvation limits according to
Reynolds (1999) (SRP<0.1 pm, DIN <7 pm), diagonal line denotes the Redfield N16:P1 relationship and trophic categories are according to

OECD (1982).
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3.2 | Diatom species composition and distribution

A total of 184 diatom taxa were recorded (the full taxonomic and
alphabetical lists including abbreviations are in Tables S3 and S4),
of which 18 (10%) represent first reports for Mexico (Novelo &
Tavera, 2021). From the total, only 21 taxa (11.4%) were present
in >10 lakes (>20% of sites) and only eight (4% of total) also had
high mean relative abundances (>10%) (Figures 3 and 4). These eight
high occupancy taxa were distributed in the Coscinodiscophyceae:
Aulacoseira ambigua, Aulacoseira granulata, A. granulata var. angus-
tissima; Mediophyceae: Stephanocyclus meneghinianus (formerly
Cyclotella meneghiniana), Discostella stelligera; and Bacillariophyceae,
subclasses  Fragillariophycidae:  Fragilaria  crotonensis, and
Bacillariophycidae: Achnanthidium minutissimum and Nitzschia frus-
tulum. Besides, 17 taxa (9%) also had high mean relative abundances
(>10%), even though they were present in fewer sites (<20%),
whereas 146 taxa (79%) were considered as rare, as they were pre-
sent in lower abundances and in fewer sites (Figure 3).

Three of the taxa (1.6%) were identified as endemic: Cyclotella
alchichicana is endemic to Lake Alchichica (Oliva et al., 2006),
and the two species from the Nevado de Toluca high-altitude
lakes identified as Navicula NTA and Sellaphora (Navicula) NTB in
Caballero (1996), are endemic to these lakes (El Sol and La Luna),
as they have not been reported from any other sites. In addition
to these, 14 taxa (7.6%; listed in Tables S3 and S4) could not be
assigned to any described species, and they might represent new
and probably also endemic taxa for the region. The 14 unidenti-
fied taxa were rare, except for two Cyclostephanos spp. from Lake
Metztitlan.

3.3 | Diatom diversity

The rarefaction curves and the sample coverage tests showed that
the diatom counts performed gave a good representation of the
species inventory for the studied sites, with a minimum coverage
of 0.94 of the expected species richness (Figure S5). Diatom valves
were present in the sediments from all of the studied sites; however,
in two (Atotonilco and Sayula), valve counts were <100, and in an-
other two lakes (Patzcuaro and Texcoco-Artemia) counts were <200,
low valve counts were a consequence of a low diatom valve con-
centration in the sediments, most likely related to high erosion rates
around these lakes. In the rest of the lakes counts were >200 valves.

The gamma diversity (y) of the dataset is defined by the total species
richness (184 taxa), whereas the species richness per site ©°D) ranged
from 3 to 28 taxa, with an average (« diversity) of nearly 16 species
(a _ 15.6); the lakes with the highest species richness D> 25) were
Chalco, Atlangatepec, Zempoala and Tecocomulco, whereas those
with the lowest (°D<10) were Texcoco-Artemia, La Luna, Texcoco-
Nabor Carrillo and Danxhé (Figure 5). The average Shannon diver-
sity (*D) was of nearly six effective species per site (1Davg = 5.7, range
1.4-12.3), whereas the average Simpson diversity (°D) was of four
= 3.9, range 1.1-9.4) (Figure 5). The
sites with the highest Shannon and Simpson diversities were Burro,

dominant species per site (

Chalchoapan, Alchichica, Tecocomulco and Atlangatepec, whereas
those with the lowest were Juanacatlan, Texcoco-Artemia, Alberca de
Tacambaro, Santa Rosa and Colorada Ver. The beta diversity was of
nearly 12 effective assemblages in the area (4, = 11.8), with a high
turnover component (f,, = 0.97, fi;\ = 0.01). The species richness
(°D) showed no significative correlation with altitude (r = 0.05 p = 0.7).
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had mean abundances >10%. Species full
names, authorities and abbreviations are
presented in Tables S3 and S4.
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FIGURE 4 Plate showing the eight
high regional occupancy diatom taxa

in the lakes from central Mexico: (a, b)
Aulacoseira granulata; (c, d) A. ambigua; (e,
f) Fragilaria crotonensis; (g, h) A. granulata
var. angustissima; (i-k) Discostella stelligera;
(I-n) S. meneghinianus; (o-r) Achnanthidium
minutissimum; and (s-u) N. frustulum
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3.4 | Diatom species distribution

The cluster analysis divided the study sites into nine groups
(branching distance = 0.90) and a total of 13 subgroups (branch-
ing distance = 0.85) that had characteristic diatom assemblages
(Figure 6). Group 1included the two high-altitude sites El Sol and La
Luna where diatoms such as Encyonema perpusillum, Cavinula pseu-
doscutiformis, Psammothidium levanderi and Navicula (Sellaphora)
NTB were abundant. Four individual lakes formed groups 2 to
5: Alchichica, Tecocomulco, Mogo and Piscina de Yuriria. These
lakes separated from the rest of the sites because of their unu-
sual diatom assemblages; in two of these lakes some of their dia-
tom species were absent from other sites, for example Cyclotella
choctawhatcheeana and Cyclotella alchichicana were present only
in lake Alchichica (Group 2), whereas Craticula elkab was present
only in Piscina de Yuriria (Group 5). The other two lakes had unu-
sually high abundances of some species like Cocconeis placentula in
Lake Tecocomulco (Group 3) or Discostella pseudostelligera in Lake
Mogo (Group 4).

Biology SAWYA| LEYJ—7

Group 6a included the only two samples (Zirahuén and Alberca
de Tacambaro in 2016) where Pantocsekiella ocellata was abundant
and Group 6b included the low-altitude, high-temperature sites at
“Los Tuxlas” and Alberca de Tacdmbaro, where A. minutissimum was
abundant. Group 7 included lakes with low salinities (<200 mg LY
where Discostella stelligera (7a) and A. ambigua (7b) were abun-
dant, whereas Group 8 included the higher salinity sites (mostly
zSOOmgL‘l) in the dataset where the most common taxa were
N. frustulum (8a), S. meneghinianus and Nitzschia amphibia (8b). Group
9 included lakes with intermediate salinities (~200 to ~500mgL™)
where A. granulata, A. granulata var. angustissima (9a), F. crotonensis
or Asterionella formosa (9b) were abundant. These 13 lake groups
and their characteristic diatoms species were in general in good
agreement with those identified in the previous survey by Davies
et al. (2002).

In the CCA (Figure 7) the first two axes explained 14.0% of the
total variance and Monte Carlo permutation tests indicated that
they were highly significant (p <0.001). The variance inflation fac-
tors (VIF) of all variables were low (<6) indicating a low correlation
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FIGURE 5 Diatom true diversities (D) and (°D) from 49 surface
sediment samples from central Mexico. Dotted lines represent
average values. Green dots correspond to sites with the lowest
species richness °D<10) and orange dots to sites with the highest
species richness (°D > 25)

between them and the most important environmental variable (lon-
gest arrow) was TDS (Figure 7a). The partial CCAs showed that the
variables that had a higher significance in explaining diatom distribu-
tion in the dataset (p <0.001) were TDS, AAT, AAP, sampling depth
and SRP. Axis 1 (1 = 0.58, p<0.001, proportion explained = 7.9%)
correlated negatively with TDS and pH and positively with AAP and
[% HCO,; +% CO32'], whereas axis 2 (1 = 0.45, p<0.001, propor-
tion explained = 6.1%) correlated positively with sampling depth and
AAT and negatively with SRP, DIN, Chla and lake area. In the axis 1
versus axis 2 plot, the groups of sites formed in the cluster analy-
sis were easily identified (except for Group 1 as the lakes from the
Nevado de Toluca were excluded). The sites and species from Group
8 correlated with high salinity and high SRP as they plotted to the
bottom left of the diagram, whereas those from groups 2 and 5 cor-
related to high salinities but lower SRP levels and were located to the
top left of the diagram. Sites and species in groups 3, 9 and 7 were
associated to lower, intermediate salinities, and they were towards
the centre (groups 3 and 9) and right (Group 7) of axis 1. Species and

lakes in these groups were distributed along axis 2 according to in-
creasing DIN concentrations. Finally, the sites and species in groups
4 and 6, associated to low salinity, but also to high temperature and
high precipitation, plotted to the top right of the diagram.

The WA optima of the 89 most abundant taxa were estimated
for two of the most important environmental gradients identified
in the CCA (longest arrows), salinity (TDS) and temperature (AAT)
(Table Sé); these variables were selected because they also were of
relevance for palaeoenvironmental reconstructions. These estimates
will be a useful reference for future diatom based palaeoclimatic and
palaeolimnological studies, mostly when transfer functions are not
possible as a result of the high abundance of extinct taxa. The val-
ues for the 38 most abundant and frequent taxa are presented in
Figure 8. Amongst these, the species that had the highest optima in
the TDS gradient were from groups 2, 5 and 8. Those with the lowest
TDS optima were mostly from Group 1, but also from groups 6a, 7
and 9b. Along the temperature gradient, on the one hand the species
with the highest (warmer) optima were mostly from groups 4 and 6b,
and on the other, the species with the lowest (cooler) optima were
mostly from groups 1 and 9b.

The lakes that were selected for this study cover most of the
environmental variability within the ecological envelope of the
TMVB (Figure 9). Lakes in groups 6, 7 and 9 are representative of
temperate climates (12-23°C AAT), with a precipitation range from
~600 to 1,200mm year !, which can be considered typical of the
TMVB conditions. By contrast, the saline lakes in groups 2, 5 and 8
concentrated towards the lower precipitation extreme, whereas the
lakes from “Los Tuxtlas” (Group 6), on the wetter (AAP 22000 mm
vy and warmer (AAT ~25°C) conditions along this ecological space.
The high-altitude lakes in the Nevado de Toluca, El Sol and La Luna
(Group 1), clearly represent marginal conditions in this ecological

space, corresponding with the coldest climates (AAT < 10°C).

4 | DISCUSSION

In this work diatom diversity was explored from surface sediment
samples collected from lakes along the TMVB. These kinds of sam-
ples have several advantages and disadvantages for this kind of
analyses. On the one hand, they are not only low-cost and techni-
cally easy to collect, but also integrate diatoms across time and space
offering a good representation of planktic, periphytic and benthic
habits, allowing inclusion of taxa that might have a restricted tem-
poral distribution (Battarbee et al., 2002). On the other hand, tapho-
nomic factors could cause frustule fragmentation and dissolution
(Battarbee et al., 2005) and variable sedimentation rates between
the studied sites could bias species richness estimates as the time
window represented by each sample will be different (Smol, 1981).
However, the rarefaction curves suggest that our data were ad-
equate and recorded at least 94% of species richness. Our results
showed a diatom flora with a species richness of 184 taxa (y diver-
sity), which certainly represents a minimum for the region. This num-
ber constitutes about 16% of the overall diatom species richness in
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Mexico according to a survey by Novelo and Tavera (2011), in which into account that the present study only included lentic systems from
a total diatom species richness of 1,160 taxa was estimated for the a restricted region in Mexico (the TMVB), whereas the work from

country. This might seem a low representation, but it has to be taken Novelo and Tavera (2011) included all continental habitats across
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FIGURE 6 Cluster analysis and diatom species (>5%) distribution in 47 surface sediment samples from lakes in Central Mexico. In bold
are the eight most abundant and frequent taxa in the dataset and indented taxa represent rare species. Site full names and abbreviations are
listed in Table S1.
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FIGURE 7 Canonical correspondence
analysis (CCA, axis 1 vs. axis 2) for
morphometric, hydrochemical,
environmental and trophic state related
variables and diatom species relative
abundances from 38 samples in the
Trans-Mexican Volcanic Belt: (a) sites plot;
(b) species plot. G = groups as identified
in the cluster analysis in Figure 6. AAE,
annual average evaporation; AAP, annual

AI1 average precipitation; AAT, annual
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the country (e.g., rivers, sub-aereal environments, lagoons, lakes.). If
we compare our data to similar surveys based on surface sediment
samples from lakes in the region, the y diversity found in the present
work is similar. For example, Davies et al. (2002) reported 186 taxa
in a survey that included 53 surface sediment samples from 31 lakes
in central Mexico; Pérez et al. (2013) reported 282 diatom taxa for
a set of 63 lakes in Yucatan, Belize, and Guatemala, and Haberyan
et al. (1997) reported 140 taxa from 25 sites in Costa Rica.
Amongst the diatom taxa present in the region, our analyses
identified only three (1.6%) that were endemic, restricted to lakes
that clearly represented extremes in the climatic envelope of the
TMVB: the hyposaline lake Alchichica and the high-altitude, low
pH, and low-salinity lakes in the Nevado de Toluca. Contrary to
what was expected, these endemic taxa included one planktic form

G9

(C. alchichicana), and two epipelic, motile forms (Navicula NTA and
Sellaphora NTB), which are life forms considered to have a high dis-
persal potential (Benito, Fritz, Steinitz-Kannan, Tapia, et al., 2018),
allowing us to speculate that these endemic taxa were constrained
mostly by environmental filtering rather than by dispersal limitation.
Our analysis also identified eight taxa with a high regional occupancy
that can be considered representative of the lacustrine ecosystems
of the TMVB. Six had a planktonic habit, whereas one (N. frustulum)
was an epipelic, motile taxon, again life forms considered to have a
high dispersal potential, but in this case this agrees with their cosmo-
politan distributions. The habit of A. minutissimum is somewhat un-
clear; it is mostly considered a low-profile, benthic form, even though
our previous work suggests that it has some capacity to incorporate
into the planktic community as it was abundant in phytoplankton net
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FIGURE 8 Optima and tolerance for (a) salinity (TDS) and (b) temperature (AAT) for the 38 most frequent and abundant taxa in the
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with the largest regional occupancy.
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samples in the deep (>20m) lakes at “Los Tuxtlas” and in Alberca de
Tacambaro (Vazquez & Caballero, 2013). In any case this taxon also
seems to have a high dispersal potential as it is one of the most fre-
quently occurring diatoms in freshwater environments around the
world (Potapova & Hamilton, 2007). The distributions of these cos-
mopolitan taxa along the salinity gradient show at least some level
of niche conservation, as they have been reported in other regions of
the world, including North America, Africa and Australia, with gen-
erally similar affinities towards saline or freshwater environments
(Fritz et al., 1993; Gasse et al., 1995; Gell, 1997; Wilson et al., 1996).
In central Mexico, N. frustulum (Groups 8a) and S. meneghinianus (for-
merly C. meneghiniana, Group 8b) were most abundant in the higher
salinity environments along the TMVB, in accordance with findings
from other saline lake surveys around the world (Fritz et al., 1993;
Gasse et al., 1995; Gell, 1997; Reed, 1998; Wilson et al., 1996) where
these taxa also were characteristic of high salinity environments.
The WA optima showed that in central Mexico N. frustulum had a
higher salinity distribution (hyposaline) than S. meneghinianus (sub-
saline). Besides, S. meneghinianus was present in lakes with a higher
trophic status (eutrophic or hypertrophic) compared with N. frustu-
lum (mesotrophic to eutrophic). However, the remaining six taxa
were most abundant in the freshwater lakes along the TMVB, which
also was in general agreement with their distribution in other re-
gions of the world (Bicudo et al., 2016; Gasse et al., 1995; Potapova
& Hamilton, 2007; Saros et al., 2005; Wilson et al., 1996). In central
Mexico, A. granulata and A. granulata var. angustissima (Group 9a)
had their highest abundances in freshwater (WA optima=200mgL™?)
eutrophic lakes, whereas Achnanthidium mintussimum (Group 6) also

was associated to freshwater (WA optima<200mgL™) eutrophic
lakes, but in addition to warmer lake conditions. However, A. ambi-
gua (Group 7b) and D. stelligera (Group 7a) preferred eutrophic lakes
with a lower salinity (~100mgL™), whereas F. crotonensis (Group 9b)
showed an affinity for freshwater lakes (WA optima<200mgL™)
with a lower trophic level (mesotrophic). Our data also showed
that A. ambigua preferred slightly cooler conditions compared to
D. stelligera.

The studied lakes covered a wide range of climatic conditions
which are representative of the ecological envelope of the TMVB.
Most interestingly, they covered an altitudinal range of nearly
4,000m, which gave the opportunity to test whether diatom spe-
cies richness reduced with increasing altitude as reported in other
surveys (Benito, Fritz, Steinitz-Kannan, Vélez, & McGlue, 2018).
Our data did not support this hypothesis as there was no relation-
ship between richness and altitude. From our data it seems more
likely that other factors common to higher altitude lakes, such as
their lower pH or lower nutrient levels, might be determinant (Wang
et al,, 2011). For example, in our dataset, the two high-altitude lakes
in the Nevado de Toluca showed contrasting species richness: Lake
La Luna was effectively one of the lakes lower than average rich-
ness (6), but it was also the only ultraoligotrophic system and the
lake with the lowest pH (6.3) in the dataset, and by contrast, Lake El
Sol, a larger, oligotrophic lake, with higher pH (7.2), had an average
richness (14).

Our data also showed that there were 13 distinctive diatom meta-
communities controlled mostly by lake salinity (TDS), even though
temperature (AAT), precipitation (AAP), depth and phosphorus
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concentrations (SRP) also were relevant. Lake salinity, TP and lake
depth are variables that have been identified in studies worldwide as
important ecological controls for diatom distributions (Fritz, 2007;
Juggings et al., 2013; Laird & Cumming, 2008). Nevertheless, our re-
sults highlight the importance of climatic variables, such as tempera-
ture or precipitation, which have been less studied, but that seem to
be important controls of diatom species distribution when analysed
at relatively large geographical scales (Benito, Fritz, Steinitz-Kannan,
Tapia, et al., 2018; Caballero et al., 2019). Temperature, for example,
was found as one of the most important factors controlling diatom
species distributions in rivers in the United States, when analysed
at a nation level, as the differences in climatic conditions between
sites became more important than other environmental gradients
(Potapova & Charles, 2002).

The 13 distinctive metacommunities that characterised the la-
custrine environments in the TMVB were in very close agreement
with the beta diversity, which predicted 12 effective diatom assem-
blages. There was a high species replacement between these meta-
communities, reflected in the high Beta diversity turnover component
By, = 0.97) and also in the length of the CCA axes (>3 units). In the
ecological space of the TMVB it is clear that these associations ex-
tend across the temperature gradient, from the coldest (Group 1) to
the warmest (Group 6b) conditions, allowing for a complete species
turnover between them. For the rest of the groups, there is a gradual
transition along the climatic space and a partial species replacement.
This can be visualised, for example by subgroups 8a (higher salinity)
and 8b (lower salinity), where there is a gradual replacement between
N. frustulum, S. meneghinianus and N. amphibia as conditions transition
from higher to lower salinity. This also means that some species co-
occur in more than one group, representing a considerable overlap in
geographical distribution. Finally, we also found evidence that regional
occupancy was related to niche breath and habitat availability (Heino
& Soininen, 2006). The species that showed a low regional occupancy
were limited to rarer habitat conditions in the region as the case of
groups 1 to 5, 6a and 7a that were formed by one or two lakes with
the presence of diatom taxa with narrower niche breaths that did not

occur at other sites.

5 | CONCLUSIONS

The taxa in this study that showed a larger regional occupancy were
mostly cosmopolitan, planktic or epipelic, motile taxa with high dis-
persal potential. Their general ecological distribution along the salinity
gradient was similar to other regions of the world, pointing to some
level of niche conservation. There were few endemic taxa, which un-
expectedly were planktic or motile forms with high dispersal potential,
suggesting that they were constrained mostly by environmental filter-
ing rather than by dispersal limitations. There was no evidence of an
altitude-diversity pattern like that found in other freshwater diatom
studies. Instead, it seems more likely that factors such as lake size, sa-

linity, pH, or nutrients might be determinants of species diversity.

Freshwater Biology BV LEYH

This study encompassed the entire climatic envelope of the
TMVB region and highlighted the importance of climatic variables
in diatom species distribution when relatively broad geographical
areas with large climatic gradients (temperature or precipitation) are
analysed. The wide range of climatic conditions analysed reflected in
a high species turnover driven mainly by lake salinity (TDS) but also
related to temperature, precipitation, lake depth and phosphorus

concentrations.
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Capitulo VI

6. Respuesta de los conjuntos de diatomeas a la variabilidad climética a escala orbital
y milenaria desde el penultimo maximo glacial en el limite norte del Neotropico.

(Articulo publicado, citar como: Avendafio, D., Caballero, M., Ortega-Guerrero, B., & Lozano-Garcia, S. (2023).
Response of diatom assemblages to orbital-and millennial-scale climatic variability since the penultimate glacial
maximum in the northern limit of the Neotropics. Journal of Quaternary Science. 1-17.
https://doi.org/10.1002/jgs.3507)

Este articulo representa el nicleo del proyecto de investigacion. Aqui se describen los principales
grupos de diatomeas presentes a lo largo del registro de Chalco, que ayudaron a inferir las
condiciones climaticas a partir de promedios ponderados de salinidad y temperatura. En este trabajo
también se correlacionaron los datos de diatomeas del nicleo CHAO8 con los datos ya publicados del
nucleo ChaB (Caballero et al., 2019; Caballero y Ortega-Guerrero 1998) para formar un registro
continuo de los dltimos 150 mil afios.

Resumen:

El lago de Chalco, en el centro de México, tiene un largo registro de diatomeas que brinda una excelente
oportunidad para documentar las respuestas bidticas e hidroldgicas de este ecosistema a la variabilidad
climatica a escala orbital y milenaria durante los dltimos 150 ka. Se utiliz6 un andlisis de
correspondencia sin tendencia para evaluar el recambio ecoldgico y para identificar asociaciones de
especies de diatomeas a lo largo de la secuencia. A escala orbital, los conjuntos de agua dulce:
Stephanodiscus spp. — pequefias Fragilariaceae spp. — Cocconeis placentula involucraron cambios
durante los intervalos mas frios (final del Estadio isotopico (EI) EI6, EI5d, EI2), mientras que los
taxones tolerantes a la concentracion de sales dominados por especies de los generos Cyclotella y
Stephanocyclus, en condiciones de mayor evaporacion (El5e, EI5c-a, EI4, EI3, principios del EI1). Las
fluctuaciones climéaticas a escala milenaria también se identificaron como picos en agua dulce
(principalmente por pequefias Fragilariaecae spp.) o como picos en especies tolerantes a la
concentracion de sales. Comparativamente, el EI6 y EI15d fueron mas frios (-6 a -7° C) y mas himedos
que el EI2 (-4 a -5° C). Por el contrario, durante El5e y principios del EI1 (11.5 — 6 ka) tuvieron un
bajo nivel lacustre y condiciones salinas (+2 a +3° C). Ademas, el EI5 fue un periodo de intenso cambio
climatico asociado a un forzamiento orbital de amplia amplitud que favorecidé a una sucesion de
especies de Cyclotella y Stephanocyclus (S. meneghinianus, C. tlalocii, C. poyeka, S. quillensis). Por
el contrario, se infirieron cambios de temperatura mas pequefios (-1 a +1° C) durante los EI4 y EI3.

Palabras clave: Pleistoceno tardio, Paleoclima, Interglacial(es), Glacial(es), diatomeas.
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ABSTRACT: Lake Chalco, in Central Mexico, has a long diatom record which provides an excellent opportunity to
document the biotic and hydrological responses of this ecosystem to orbital- and millennial-scale climatic variability
during the last 150 ka. Detrended correspondence analysis was used to evaluate the ecological turnover and to
identify diatom species associations throughout the sequence. Millennial-scale climatic fluctuations were identified
as peaks in freshwater (mostly small Fragilariaceae spp.) or as peaks in salt-tolerant species. At orbital scales, species
turnover involved changes between freshwater assemblages dominated by Stephanodiscus spp. — small
Fragilariaceae spp. — Cocconeis placentula, present during low-evaporation, cool intervals [late Marine Isotope
Stage (MIS)6, MIS5d, MIS2] against salt-tolerant taxa, dominated by Stephanocyclus and Cyclotella spp., in higher
evaporation, higher salinity conditions (MIS5e, MIS5c—a, MIS4, MIS3, early MIS1). Comparatively, MIS6 and MIS5d
seem to have been cooler (~ —6 to -7 °C) and wetter than MIS2 (~ — 4 to -5 °C). In contrast, MIS5e and early MIST
(11.5-6 ka) had similar warmer, low lake level, saline conditions. In addition, MIS5 was a period of intense climatic
change associated with wide-amplitude orbital forcing that favored a Stephanocyclus-Cyclotella spp. ecological
succession (S. meneghinianus, C. tlalocii, C. poyeka, S. quillensis). In contrast, smaller temperature changes were

inferred during MIS4 and MIS3.
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Introduction

Quaternary glacial cycles have been recorded as fluctuations
in 8'®0 from planktonic foraminifera preserved in deep-sea
sediments around the world (Lisiecki & Raymo 2005). Marine
Isotope Stages (MISs) reflect shifts between glacial periods,
with extensive continental ice cover (even-numbered MiISs),
and warm interglacial episodes (odd-numbered MISs), with
smaller ice extent and high sea levels (Emiliani 1955,
Shackleton 1967, Berger et al. 2016). Furthermore, Quaternary
glaciations have also been tracked in the 3'O record from ice
cores recovered in Greenland and Antarctica (Grootes &
Stuiver 1997, Petit et al. 1999), where millennial-scale rapid
warm—cold climatic oscillations were identified (Hein-
rich 1988, Hemming 2004). In contrast, long, continuous
records from continental environments are relatively scarce,
particularly for the tropics. However, recent paleoclimate
research has highlighted the importance of terrestrial records
for tracking biotic responses to Quaternary glaciations, for
example ecosystem restructuring, species migrations, and
evolutionary processes such as diversification, speciation and
extinction (Blois & Hadly 2009, Keith et al. 2009, Blois &

“Correspondence: Diana Avendaiio, as above.
Email: da.avendano.v@ciencias.unam.mx

Williams 2016, Rull 2020). In addition, there is also evidence
pointing to the existence of non-modern analog climates
during past glacial cycles, based, for example, on the
identification of unusual species associations (non-modern
analogs) in terrestrial and aquatic ecosystems (Williams &
Jackson 2007, Gonzales et al. 2009, Correa-Metrio et al. 2012,
Haberyan & Horn 2022).

The interplay between climatic and biotic changes on
continental ecosystems during past glaciations can be tracked
in long lacustrine sequences where biologic and non-biologic
indicators are preserved along one or more full glacial/
interglacial cycles. A good example is the record from Lake
Titicaca (ca. 370 ka) in the Andean altiplano (Peru/Bolivia),
which showed a diatom species turnover between glacial
periods, when freshwater taxa were dominant, and peak
interglacial conditions, when benthic-saline species were
most abundant (Fritz et al. 2007, 2012). In the northern
hemisphere Neotropics there are, however, very few long
(>100 ka), continuous lacustrine sequences; they include the
records from Lake Faquene (last ca. 284 ka) in Colombia
(Groot et al. 2011), from Lake El Valle (only from 137 to 30 ka),
in Panama (Shadik et al. 2017, Cardenes-Sandi et al. 2015)
and from Lake Chalco (last ca. 150 ka and ca. 400 ka) in
Central Mexico (Ortega-Guerrero et al. 2020, Martinez-Abarca
et al. 2021b).

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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The record from Lake Chalco is particularly interesting
because Central Mexico represents the northern limit
of the Neotropics and the transition to the Nearctic realm.
Furthermore, during past glaciations, this region had an
important role as a corridor of suitable climates (refugia) for
the migration of species (Ceballos et al. 2010, Pardi &
Graham 2019, Avendano et al. 2021). The northern hemi-
sphere Neotropics were also centers of species diversification,
for example of neotropical birds and freshwater fishes, as well
as types of forests (Cracraft & Prum 1988, Albert et al. 2020,
Figueroa-Rangel et al. 2020).

The present study therefore constitutes an important con-
tribution to Neotropical paleoecology and paleoclimatology.
In this paper we present for the first time the detailed diatom
record for the last 150 ka from Lake Chalco, Central Mexico,
spanning from late MIS6 to early MIS1. This long diatom
record provides an excellent opportunity to document the
biotic and hydrological responses of this ecosystem to orbital-
and millennial-scale climatic variability during the full last
glaciation (MIS5d to MIS2) as well as to compare environ-
mental conditions between the two last glacial maxima (MIS6
and MIS2) and interglacials (MIS5e and MIS1).

Study site and geological setting

The Basin of Mexico (BM) is a hydrologically closed basin
located at the central-eastern sector of the Trans-Mexican
Volcanic Belt (TMVB) (Ferrari et al. 2012) (Figure 1a,b). Lake
Chalco is situated to the southeast of the BM (19°15’N, 98°58’
W, 2230 m asl) and is limited by the Sierra Nevada (including
the high stratovolcanoes Popocatépetl and Iztaccihuatl) to the
east, the Santa Catarina range to the north and the Sierra
Chichinautzin  monogenetic volcanic field to the south
90°0'W

130°0'W 50°0'W

110°0'W 70°0'W

10°0'N 30°0'N 50°0'N

10°0'S

19°40'N
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. i
99°0'W  98°40'W

T T
99°20'W 98°20'W

(Figure 1b,c). The catchment is dominated by volcanic
deposits of basaltic to dacitic composition (Arce et al. 2019).
The uplift of the Sierra Chichinautzin closed the drainage of
the BM around 1.2 Ma, allowing for the establishment of an
extensive lake system (Arce et al. 2013). The region is
characterized by a temperate (mean annual temperature of
16.8 °C) sub-humid climate with summer rains (annual
precipitation 540 mm/a) associated with the northerly position
of the Intertropical Convergence Zone, the influence of the
trade winds, and the onset of the Mesoamerican monsoon and
hurricane seasons (Amador et al. 2006). Occasional rainfalls
occur in winter related to the passage of frontal systems.
Currently Lake Chalco is a shallow marsh (<3 m depth;
Figure 1c), that covers an area of <6 km?, with alkaline,
subsaline and hypertrophic waters (pH = 9 and total dissolved
solids = 1097 mg/L) (Avendafio et al. 2021).

Methods
Drilling and core correlation

Several sediment sequences from ancient Lake Chalco have
been collected near the depocenter of the lake. In this paper,
we present the detailed diatom record of the CHAO8 sequence
from 17.5 to 122.4 m. Note, however, that in previous works
the CHAO08 sequence was integrated with the CHAT1-VII core,
which covers the uppermost 18 m to produce a master
sequence from which facies analysis, geochemical, magnetic
mineralogy, summary diatom groups and charcoal records
have been published previously (Torres-Rodriguez et al.
2015, 2018, 2022, Ortega-Guerrero et al. 2017, 2020,
Martinez-Abarca et al. 2021a). In this work, nevertheless, we
present the CHAO8 sequence and the previously published
diatom data from the 26-m-long Cha-B core (Caballero &

98°40'W

99:0'W 98‘;50'W

Legend Altitude (m asl)

—— Basin of Mexico boundary [ 11227-1720 [ 2890 - 3380

[ Area of the maximum lake extent [T20] 1720 - 2240 [H 3380 - 4510
Il Lake remnants of Lake Chalco [ 2240 - 2370 [__]4510- 5381
* Chalco drilling site (Cha-B core) [J2370-2571 [_]5381-5608
Y Chalco driling site (CHAO8 core) 12571289

Figure 1. Location maps. (a) Lake Chalco (1) in the Trans-Mexican Volcanic Belt; other sites mentioned in the text: (2) Bear Lake, USA (Jiménez-
Moreno et al. 2007); (3) sediment core MD02-2575, Gulf of Mexico (Ziegler et al. 2008); (4) Lake Petén-Itza, Guatemala (Hodell et al. 2008); (5) El

Valle caldera, Panama (Cardenes-Sandi et al. 2019, Shadik et al. 2017); (6) Lake Fiquene, Venezuela (Groot et al. 2011); (7) Lake Titicaca, Peru/

Bolivia (Fritz et al. 2007, 2012). (b) Part of the Basin of Mexico showing the distribution of lacustrine sediments. (c) Lake Chalco sub-basin showing
the distribution of lacustrine sediments (light blue), modern-day lake remnant (darker blue) and locations of the Cha-B and CHA08 sequences. [Color

figure can be viewed at wileyonlinelibrary.com]
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Ortega-Guerrero 1998, Caballero et al. 2019). The overlap
between the two sequences was based on the geochronology
of the sediments, the diatom stratigraphy and the Tlahuac
Tephra. The Cha-B and the CHAT11-VIl cores were drilled
using a modified Livingstone piston corer (more details in
Caballero & Ortega-Guerrero 1998 and in Ortega-Guerrero
et al. 2017), while the CHAO8 cores were drilled using a
Shelby corer with inner 1-m-long PVC tubes (more details in
Lozano-Garcia et al. 2015, Ortega-Guerrero et al. 2017).
Splitting and initial description of the CHAO8 cores was carried
out in the LacCore Facility of the University of Minnesota.

Diatom analysis

Samples for diatom analysis from the CHA08 sequence were
collected approximately every 20cm between 17.5 and
122.4m (546 samples). For this, 0.5g of dry sediment was
treated with (10%) HCI, (30%) H,O, and 5 mL of concentrated
HNO; at 80 °C. We prepared permanently mounted on slides
with 200-pL aliquots of the final solution that were air-dried
and mounted on a hot plate using Naphrax. Due to the large
number of samples, and in order to standardize the sampling
effort between them, diatom counts were carried out along a
maximum of four transects per sample, aiming to reach a
minimum diatom count of 100 valves per sample. However, in
several sections of the sequence diatom valves were scarce or
badly broken and only in about 50% of the samples were
minimum counts of over 100 valves achieved. To extend the
temporal coverage we decided to include in our diatom
analysis 60 samples where diatom counts were between
75 and 100 valves. Even though this is a small count number,
considering the high dominance of the diatom assemblages in
most of these samples, these counts were considered to be
adequate to track changes in the main taxa present in the
samples (Patterson and Fishbein, 1989). Therefore, diatom
analysis of the CHAO8 sequence was based on a total of 311
samples where diatom counts were above 75 valves. This set
of diatom-positive samples had an average spacing of 33 cm
and average diatom counts of 290 valves. Fossil diatom counts
were performed using a light microscope (Olympus BX50)
with a T000x oil immersion objective. Diatoms were identified
based on a specialized literature, including Krammer et al.
(1991), Krammer and Lange-Bertalot (1991, 1988, 1986),
Gasse (1986) and Spaulding et al. (2021). The total diatom
concentration was calculated with the aliquot settling method
(Schrader, 1974) and expressed as number of valves per gram
of dried sediment (v/gds).

Samples for diatom analysis from the Cha-B core, previously
reported by Caballero & Ortega-Guerrero (1998), were based
on 203 samples taken every 10 cm with a minimum of 400
valves counted. The Cha-B core covered the most-recent 40 ka
and the diatom data were successfully used to generate
salinity, temperature and precipitation transfer functions
(Caballero et al. 2019). This approach, however, was not
possible for the CHAO8 core because of the high abundance of
diatom taxa that were not present in the modern samples of the
training data set.

Statistical analysis

Diatom diagrams for species with >10% abundance in at least
one sample from both cores (Cha-B and CHA08) were plotted
using the ‘rioja’ (Juggins, 2019, version 0.9-21) package in R (R
Development Core Team, 2009, version 3.6.0). Diatom
zonation was based on a Constrained Incremental Sum of
Squares (CONISS) cluster analysis (Grimm 1987) also using the
‘rioja’ package.

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

A detrended correspondence analysis (DCA) was performed
to estimate the species compositional turnover in both
sequences (Cha-B and CHAO08). The relationships of the
DCA axes with environmental gradients was inferred based
on modern ecological information stemming mainly from the
Central Mexico diatom data set (Avendafo et al. 2021, 2022;
Caballero et al. 2019) but other bibliographic references were
also used (Gasse & Tekaia 1983, Blinn 1993, Fritz et al. 1993,
Gasse et al. 1995). The DCA Axis 1 scores were stratigraphi-
cally plotted to infer the environmental changes through time.
In addition, the rates of ecological change (RoC) were
calculated using the distance between contiguous samples
based on the first four DCA axes scores and dividing by time
(Correa-Metrio et al. 2014). This analysis was done in the
statistical package ‘paleoMAS’ (Correa-Metrio et al. 2015,
version 2.5-5).

Geochronology and sediment description

Throughout this work, calibrated '*C dates are expressed as ‘k
cal a 8P, while dates outside this range are expressed as ‘ka’.
The Cha-B (Caballero & Ortega-Guerrero 1998) and the
CHA08-CHAT1-VII (Ortega-Guerrero et al. 2017) sequences
have two independent age models. An updated age model for
Cha-B core was published by Caballero et al. (2019),
estimating an age interval from 5 to 40k cal a sp. The model
was constructed with eight calibrated dates from pollen,
charcoal, bulk sediment and tephrochronological markers
with the ‘Bacon’ package (Blaauw & Christeny 2011) in R (R
Development Core Team 2009) using the IntCal13 calibration
curve (Reimer et al. 2013). The tephrochronological age
markers used were the Upper Toluca Pumice (UTP) produced
by the Nevado de Toluca volcano around 12.4 k cal a sp (Arce
et al. 2003) the ‘Tutti Frutti” Pumice (TFP), produced by an
eruption from the Popocatépet| volcano around 17k cal a sp
(Sosa-Ceballos et al. 2012), and the Tlahuac Tephra dated at
~31.4k cal a sp (Herrera Hernandez 2011).

The age model for the CHA08-CHA11-VII master sequence
was published by Ortega-Guerrero et al. (2017), estimating a
basal age of 150 ka. The ages for the first 35 m were based on
14 'C dates and two tephrostratigraphic age markers (the UTP
and the TFT). The deeper part of the sequence is beyond the
range of '*C dating, so the chronology was established by one
239Th/U date of zircons from a tephra layer at 63.5 m (Torres-
Rodriguez et al. 2015) and a tie-point at 106 m, corresponding
to the transition from MIS6 to MIS5, dating to 130 + 3 ka
(Ortega-Guerrero et al. 2017, Avendano et al. 2018). This
model was constructed by a P-sequence deposition model
(Bronk-Ramsey 2008) using the online version of OxCal 4.2
(Bronk-Ramsey 2009) and the IntCal13 calibration curve
(Reimer et al. 2013). The diatom data from the CHAO08
sequence from 17.5 to 122.4m presented in this paper
correspond to an age interval of 32-150 ka. Therefore, the
full diatom data presented in this paper cover from 5 to 150 ka
and the 311 diatom-positive samples from the CHAO08
sequence had an average time interval of 391 years.

The CHA08-CHAT11-VII master sequence (Ortega-Guerrero
et al. 2017) was divided into seven lithostratigraphic units and
the Cha-B core stratigraphy correlates with the first three units
(Figure 2) (Ortega-Guerrero et al. 2017). Unit 3 represents the
overlap between the Cha-B and the CHAO8 cores (Figure 3). In
Table 1 we present a summary of their main sedimentary
characteristics and charcoal accumulation rates (Torres-
Rodriguez et al. 2015, 2022, Martinez-Abarca et al. 2021a).
The depth scales used for each sequence are independent from
each other (CHA08 from 17.5 to 122.4 m, and Cha-B from O to
26 m). For this reason, we used the depth of Units 7-3 based
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Figure 2. Diatom record of the Cha-B sequence (5-40k cal a sp) from Lake Chalco, central Mexico. The figure shows the original lithostratigraphic
units (i) reported in Caballero & Ortega-Guerrero (1998) and their correlation with the units of the CHA08-CHAT11-VII master sequence (ii) reported
in Ortega-Guerrero et al. (2017). Asterisks show the tephrostratigraphic age markers: UTP = Upper Toluca Pumice, TFP = ‘Tutti Frutti’ Pumice,
TT = Tldhuac Tephra. The shaded area represents the overlap between the CHA08 and the Cha-B sequences.
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Figure 3. Diatom record of the CHA08 sequence (31-150 ka) from Lake Chalco, central Mexico. The figure shows the stratigraphic units according
to Ortega-Guerrero et al. (2017). Asterisks show the tephrostratigraphic age markers: UTP = Upper Toluca Pumice, TFP = ‘Tutti Frutti’ Pumice,
TT = Tldhuac Tephra. Diatom groups are based on Figure 3 and described in Table 2. The shaded area represents the overlap between the CHA08
and the Cha-B sequences. Facies key as in Figure 2. [Color figure can be viewed at wileyonlinelibrary.com]

on the CHA08-CHA11-VII master sequence (Ortega-Guerrero while five sections of the core dating to MIS5c, MIS5a and
et al. 2017) (122.4-30 m, Figure 3) and for Units 3—1 based on MIS4 had the lowest diatom abundances (92.7-87.2,
the Cha-B core (Caballero & Ortega-Guerrero 1998) (26-0 m, 86.5-83.6, 70.6-69.4, 53.5-50.7 and 44.5-41.5 m) (Figure 3).
Figure 2). Some of these low diatom abundance sections also correlated

with mottled sediment intervals, which suggested very low
lake levels and occasional subaerial exposure. A total of 108
species in both sedimentary sequences were identified, 86

Results from CHAO08 and 41 from Cha-B, with 19 taxa common to
Diatom abundance of both sequences ranged from 0 to 3400 x both sequences. Six main diatom zones (DZs) were identified
10° v/gds (Figures 2 and 3), with maximum concentrations in with a total of 16 subzones (Figures 2 and 3). DZ6 to DZ3b
the sediments from the Cha-B core dating to the late MIS2 correspond to the CHAO8 sequence, while DZ3c to DZ1
glaciation (termination 1, 18-11.5k cal a 8p) (Figure 2). The correspond to the Cha-B sequence. Subzones DZ3b and DZ3c
diatom concentration in the CHA08 sediments was generally represent the overlap between the Cha-B and CHAO08
lower (<300 x 10°v/gds). Highest values were in the sequences. Note that the diatom zone numbers along the
sediments dating to the late MIS6 glaciation (150-130 ka) sequence match perfectly the MIS numbers to which they
© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1-17 (2023)
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Table 1. Main characteristics and charcoal accumulation rates in the sediment units of the Cha-B and CHAO08 sequences, from Lake Chalco,

Central Mexico.

Lithostratigraphy units

Sedimentological features

Charcoal accumulation rates

1

Massive to faintly bedded silicate grains with calcareous concretions,

Cha B alkaliphilous and halophilous diatoms, ostracod, and gastropod fragments.

2.5-0.5m

2 Massive alternating with faintly laminated clayey silt with freshwater diatoms.

Cha-B Includes the TFP and the UTP tephras.

11-2.5m

3 Massive to bedded sandy to clayey organic silts with alkaliphilous diatoms.

Cha-B 26-11m Includes the Tlahuac Tephra.

CHAO08 <28 m

4 Laminated or bedded silts with abundant biogenic components, which include

CHAO08 alkaliphilous and halophilous diatoms, Chara sp., ostracods, and calcite,

41.1-28m dolomite and gypsum crystals. Massive, mottled intervals show features of
occasional subaerial exposure between 44.5 and 36 m

5 Laminated or bedded silts with abundant biogenic components, which include

CHAO08 alkaliphilous and halophilous diatoms. Massive, mottled intervals show

57.5-41.1m features of occasional subaerial exposure between 53.5 and 50.7 m.

6 93.3-57.5 m — Massive, calcareous clayey silt with biogenic components
which include Chara sp., Phacotus, ostracod valves, alkaliphilous and
halophilous diatoms. Massive mottled intervals give evidence of occasional
subaerial exposure between 75.5 and 62.5 m.

CHAO08 103.2-93.3 m — Laminated diatom ooze (Stephanodiscus spp. clear laminae)
and silt with minor calcareous components (dark laminae).

106-57.5m 106-103.3 m — Calcareous dark grayish brown sandy silt with ostracodes, and
alkaliphilous—halophilous diatoms.

7 Laminated diatom ooze (Stephanodiscus spp., clear laminae) and silt with

CHAO08 minor calcareous components (dark laminae), with 13 layers (2-5 cm thick)

122.4-106 m

of pale yellow micritic mud formed by calcite, siderite, dolomite and minor

Low charcoal particles.

Medium to low.

Highest at the top of the unit

Medium to high

Variable to high

High to medium

High

Low

amounts of clays.

correspond according to the age models, facilitating sequence
interpretation and correlation with orbital-scale events. There-
fore in the discussion as well as in Figures 6-8, and in Table 2,
the MIS terminology is used, as it is interchangeable with the
diatom zones. Therefore, the MIS boundaries could be
different from those used in previous studies in Chalco
(Ortega-Guerrero et al. 2017, 2020, Martinez-Abarca et al.
2021a, Lozano-Garcia et al. 2022, Chavez-Lara et al. 2022a,
2022b).

Twenty-one diatom taxa were very abundant along the
Chalco record, reaching abundances of >50% in at least one
sample (Figures 2 and 3); these taxa are illustrated in Figures 4
and 5. One of these taxa has recently been transferred to
Stephanocyclus meneghinianus (Kitzing) Kulikovskiy, Genkal
et Kociolek (2022) (Figure 4i). This taxon, formerly identified as
Cyclotella meneghinana, is part of a group of four Cyclotelloid
diatoms present in the CHAO8 sequence and reported by
Avendano & Caballero (2022a). From detailed analysis of the
Cyclotelloid taxa in this publication we realize that the
recognition of the genus Stephanocyclus implies that another
of the Cyclotelloid species in the Chalco record should also be
transferred to this genus, as already recognized by Stoermer &
Julius (2003): Stephanocyclus quillensis comb. nov. (Basi-
nonm: Cyclotella quillensis L. W. Bailey, 1922: Diatoms from
the Quill Lakes, Saskatchewan, and from Airdrie, Alberta.
Contributions to Canadian Biology 11: 159, pl. I: Figure 1)
(Figure 4b). This taxon shares with other Stephanocyclus
species the presence of central fultoportulae with three satellite
pores, a robust rimoportula, mantle rimoportula present on
most ribs and open marginal alveoli (Battarbee et al. 1984,
Hakansson 2002, Avendafio et al. 2022a). The other two
Cyclotelloid taxa reported by Avendano et al. (2022a) have

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

complex marginal chambers (Figure 4c,d), and therefore
remain in Cyclotella.

Seven ecological diatom groups reflecting distinctive en-
vironmental conditions were identified based on the DCA
(Figure 6a). Along DCA Axis 1 (eigenvalue = 0.89, axis length
6.3) Stephanodiscus spp. are distributed towards the far left
(negative values), in contrast to Stephanocyclus quillensis that
is present towards the far right of the diagram (positive values).
Stephanodiscus spp. are freshwater taxa (Fritz et al. 1993,
Avendano et al. 2021) an ecological affinity that is also shared
by the other taxa with negative scores on Axis 1, which
include: Aulacoseira granulata, Cyclostephanos dubius, Coc-
coneis placentula and Fragilaria capucina (Fritz et al. 1993,
Wilson et al. 1996, Chaffin et al. 2012, Ramirez-Nava
et al. 2022). On the other hand, Stephanocyclus quillensis
thrives in high-salinity environments (7.2-102.8 g/L in Dakota
Lakes) (Battarbee et al. 1984, Fritz et al. 1993), and other taxa
with positive scores on Axis 1 also share an affinity for high-
salinity environments, such as Chaetoceros muelleri, Campy-
lodiscus clypeus, Anomoeoneis costata, Stephanocyclus me-
neghinianus and Nitzschia frustulum (Fritz et al. 1993,
Blinn 1993, Wilson et al. 1996, Saros & Fritz 2000). These
ecological affinities show that DCA Axis 1 reflects a salinity
gradient. In this way, the diatom groups that plot on the
negative side of DCA Axis 1 (Groups 1-3) represent freshwater
assemblages [total dissolved solids (TDS) < 500 mg/L) while
the groups on the positive side of DCA Axis 1 (Groups 4-7)
represent subsaline (TDS = 500-3000 mg/L), hyposaline (TDS
= 3000-20 000 mg/L) and mesosaline (TDS = 20 000-50
000 mg/L) environments (Figure 6a). The main factor that
controls salinity in tropical regions is variations in evaporation
(Hecky & Kilham 1973, Padisék & Naselli-Flores 2021).
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Table 2. Diatom assemblages present in the Lake Chalco stratigraphic sequence as identified in the DCA species plot. Ecological preferences are
based on specialized literature and in the central Mexico diatom data set (Avendafio et al. in review, Avendafio et al. 2021, Caballero et al. 2019).
Bold text indicates diatoms with abundance >50%.

Ecologi- Marine Isotopic
cal group Species Code Ecology Stages
1 Stephanodiscus oregonicus (Ralfs) Hakansson 1986 SteOre Freshwater planktonic taxa in 6
Stephanodiscus niagarae Ehrenberg 1845 SteNia cold (<15 °C), nutrient-rich 5d
(tN), deep waters.
2 Cyclotella tlalocii Avendaio & Caballero 2022 CylTla Freshwater planktonic taxa in 5d
Aulacoseira granulata (Ehrenberg) Simonsen 1979 AulGra cool (<20 °C) nutrient-rich
Cyclostephanos dubius (Hustedt) Round 1988 CycDub conditions.
Gomphonema parvulum (Kiitzing) Kutzing 1849 GomPar
Fragilaria capucina Desmaziéres 1830 FraCap
Aulacoseira granulata var. angustissima (O.Miiller) AulAng
Simonsen 1979
Epithemia adnata (Kutzing) Brébisson 1838 EpiAdn
Discostella stelligera (Cleve & Grunow) Houk & Klee 2004  DisSte
Encyonema muelleri (Hustedt) Mann 1990 EncMue
3 Cocconeis placentula Ehrenberg 1838 CocPla Freshwater facultative 2
Punctastriata mimetica Morales 2005 PunMim planktonic and benthic taxa
Amphora copulata (Kiitzing) Schoeman & Archibald 1986 AmpCop in cool (~8-17 °C), shallow,
Pseudostaurosira brevistriata (Grunow) Williams & PseBre waters.
Round 1988
Staurosira construens var. venter (Ehrenberg) StaCnv
Hamilton 1992
Stephanodiscus minutulus (Kitzing) Cleve & Moller 1882 SteMin
Navicula veneta Kitzing 1844 NavVen
Punctastriata lancettula (Schumann) Hamilton & Siver 2008 SirPnc
Eunotia spp EunSpp
Staurosira venter var. pumilla (Grunow) Kingston 2000 StaCpu
Aulacoseira sp1 Aulsp1
Nitzschia dissipata (Kttzing) Rabenhorst 1860 NtzDis
Stauroneis kriegeri Patrick 1945 StaKri
Pinnularia divergens Smith 1853 PinDiv
4 Stephanocyclus meneghinianus (Kiitzing) Kulikovskiy, CylMen Subsaline planktonic to 3
Genkal & Kociolek 2022 epiphytic taxa in nutrient- 4
Nitzschia frustulum (Kiitzing) Grunow 1880 NtzFru rich (TP), warm (16-20 °C)
Nitzschia amphibia Grunow 1862 NtzAmp environments.
Nitzschia liebethruthii Rabenhorst 1864 NtzLie
Rhopalodia gibberula (Ehrenberg) Otto Mdiller 1895 RhoGla
Staurosira construens Ehrenberg 1843 StaCon
Stephanodiscus astrea var. intermedia Fricke 1901 SteAst
Denticula elegans Kiitzing 1844 DentEle
Ulnaria ulna (Nitzsch) Compére 2001 UlnUIn
Navicula cryptotenella Lange-Bertalot 1985 NavCla
5 Craticula elkab (O.Miiller ex O.Midiller) Lange-Bertalot, CraElk Hyposaline facultatively 5¢, 5b-a
Kusber & Cocquyt 2007 planktonic and benthic taxa, 4
Chaetoceros muelleri Lemmermann 1898 ChaMue in nutrient-rich 3
Nitzschia palea (Kiitzing) Smith 1856 NtzPal environments. High pH (~9) 1
Anomoeoneis sphaerophora Pfitzer 1871 AnoCap and sodium carbonate to
Staurophora sp Mereschkowsky 1903 Stasp sodium chloride dominated
Tryblionella compressa (Bailey) Poulin 1990 TriCom lakes.
Nitzschia latens Hustedt 1949 NtzLat
Nitzschia fonticola (Grunow) Grunow 1881 NtzFon
Hippodonta hungarica (Grunow) Lange-Bertalot, Metzeltin HipHun
& Witkowski 1996
Craticula halophila (Grunow) Mann 1990 CraHal
6 Anomoeoneis costata (Kiitzing) Hustedt 1959 AnoCos Hyposaline benthic taxa. High 5e, 5¢c-a
Cyclotella poyeka Avendano & Caballero 2022 CylPoy pH (>8) in sodium 4
Campylodiscus clypeus (Ehrenberg) Ehrenberg ex CamCly carbonate to sodium 3
Kutzing 1844 chloride dominated, shallow 1
Halamphora veneta (Kiitzing) Levkov 2009 HmpVen lakes.
Surirella peisonis Pantocsek 1902 SurPei
Iconella tenera (W.Gregory) Ruck & Nakov 2016 IcoTen
Surirella striatula Turpin 1828 SurStr
7 Stephanocyclus quillensis com. nov. CylQui Hyposaline planktonic taxa 5a

characteristic of sodium
chloride dominated lakes.

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Figure 4. Plate showing 10 of the 21 high-abundance diatom taxa (>50% in at least one sample) in the record from Lake Chalco, central Mexico.
(a) Stephanodiscus niagarae, (b) Stephanocyclus quillensis, (c) Cyclotella poyeka, (d) Cyclotella tlalocii, () Anomoeoneis costata, (f) Cyclostephanos
dubius, (g) Chaetoceros muelleri, (h) Cocconeis placentula, (i) Stephanocyclus meneghinianus, (j) Stephanodiscus oregonicus.

Therefore, we consider that this is the main environmental
driver behind the salinity gradient represented by DCA Axis 1.
The DCA Axis 1 scores have a range of 4 standard deviations,
indicating that there is a complete species turnover along the
sedimentary sequence (Correa-Metrio et al. 2014) between the
freshwater taxa (Groups 1-3) and the subsaline (Group 4) to
hyposaline and mesosaline taxa (Groups 5-7). The DCA Axis 1
vs. DCA Axis 2 sample plot (Figure 6b) shows that species
turnover follows the diatom zonation, which as mentioned
before also represents the MISs, showing an ecological

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

transition from freshwater environments dominating during
the cooler, lower evaporation conditions in MIS6, MIS5d and
MIS2 (negative side of DCA Axis 1) to saline environments
during the higher evaporation, warmer conditions in MIS5e,
MIS5¢c, MIS5b, MIS5a, MIS4, MIS3 and MIST.

The transitions in the salinity of the lake with time are
evident when the DCA1 sample scores and the diatom groups
are plotted against the age of the sediments (Figure 7a—c). The
rate of change in the CHA08 sequence remains low except for
key moments, for example at the transition from MIS6 to
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Figure 5. Plate showing 11 of the 21 high-abundance diatom taxa
(>50% in at least one sample) in the record from Lake Chalco, central
Mexico. (a) Campylodiscus clypeus, (b) Punctastriata mimetica, (c)
Nitzschia palea, (d) Nitzschia frustulum, (e) Surirella peisonis, (f)
Halamphora veneta, (g) Fragilaria capucina, (h) Staurophora sp., (i)
Nitzschia amphibia, (j) Craticula elkab, (k) Aulacoseira granulata.

MIS5e, MIS5e to 5d, or MIS5c¢ to MIS5b (Figure 7d). Along the
Cha-B sequence values are higher at the end of MIS3, at the
transition between the last glacial maximum and termination |
(ca. 18k cal a p) and at ca. 5k cal a 8P (mid-Holocene). The
difference in the rates of change during MIS3 between the
CHAO8 (5 samples/m) and Cha-B (8 samples/m) cores is due to
the sample resolution, which was higher in the Cha-B
sequence.

Discussion
Ecological interpretation of the diatom groups

The detailed ecological preferences of the diatom groups
identified by the DCA are presented below and in Table 2. The
diatom group succession along the whole Chalco sequence is
presented in Figure 7.

Group 1: Stephanodiscus spp.

This assemblage is dominated by two planktonic taxa in the
genus Stephanodiscus, Stephanodiscus oregonicus and Ste-
phanodiscus niagarae. Avendano et al. (2021) proposed that
Central Mexico acted as glacial refugium for Stephanodiscus
niagarae, which in its modern distribution occurs mostly in
freshwater bodies with circumneutral pH and high nutrient
levels in northern USA and Canada, in contrastingly cooler
climatic conditions compared to Central Mexico (Theriot &
Stoermer 1984, Fritz et al. 1993, Reavie et al. 2014a). While
Stephanodiscus oregonicus is absent in the modern diatom
data set from Central México, Stephanodiscus niagarae was

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

present only in low-evaporation, cool environments at
altitudes above 2500 m asl, in freshwater with high nutrient
concentrations (particularly high nitrogen). The temperature
optimum for Stephanodiscus niagarae in Mexican lakes is ~15
to 14 °C (Avendano et al. 2021, Avendano et al. 2022b), while
the water temperature in Lake Erie, where Stephanodiscus
niagarae is abundant, ranges from 4 to 10 °C (Burns et al. 2005,
Lashaway & Carrick 2010, Reavie et al. 2014b, 2014a),
supporting the interpretation that this species prefers realtively
cool water conditions. This diatom assemblage is therefore
consistent with freshwater conditions, nitrogen-rich waters and
low-evaporation environments associated with relatively cool
temperatures during late MIS6, 150-130 ka (DZ6), and during
the first part of early MIS5d, 123-117 ka (DZ5d). Similar
conditions are also suggested by the presence of Stephano-
discus niagarae in the sediments from the last glacial
maximum during MIS2, 26-22k cal a sp (DZ2c).

Group 2: Aulacoseira granulata, Cyclostephanos dubius,
Cyclotella tlalocii and Fragilaria capucina

This group includes planktonic freshwater diatoms that thrive
in nutrient-rich systems (Bradshaw & Anderson 2003). Aula-
coseira granulata thrives in eutrophic environments (Bicudo
et al. 2016, Ramirez-Nava et al. 2022), while Cyclostephanos
dubius is a good indicator of phosphorous-rich waters
(Bradshaw & Anderson, 2003). The diatom species in this
assemblage reflect low-evaporation, freshwater environments
with high nutrients, a well-mixed water column and low light
availability during the latter part of MIS5d. However,
Aulacoseira granulata is also present in minor proportions in
the sediments dating to MIS6 (DZ6) and MIS2 (DZ2). Two short
intervals of Fragilaria capucina were present in sediments
dating to MIS6 (146 and 132 ka) which probably suggest short
periods of warming, as this species had a preference for the
warmer conditions in the Central Mexico training set
(Avendano et al. 2022b). Cyclotella tlalocii is a fossil taxon
exclusive to Lake Chalco, but its scores on DCA Axis 1 show
its association with other freshwater taxa, suggesting that its
optimum distribution lies within the freshwater spectrum.

Group 3: Small Fragilariaceae spp. and Cocconeis placentula

This group includes facultative planktonic and epiphytic,
freshwater taxa. The small Fragilariaceae spp., especially
Punctastriata mimetica and Pseudostaurosira brevistriata, are
tychoplanktonic taxa tolerant of low temperatures as they are
common in temperate and alpine regions (Anderson 2000,
Schmidt et al. 2004, Vélez-Agudelo et al. 2017). This agrees
with the presence of this group of taxa, particularly of
Pseudostaurosira brevistriata in high mountain lakes of Central
Mexico (Zawisza et al. 2008, Avendano et al. 2022b).
Cocconeis placentula is an epiphytic freshwater taxon
reported in nutrient-rich lakes, especially with high phosphor-
ous (Van Dam et al. 1994; Avendafo et al. 2022b). This
association has low abundances in the older sediments from
Lake Chalco, with only a few isolated peaks along the
sequence, the largest in sediments dating to MIS5¢c (DZ5c)
and MIS5d (DZ3d). The tolerance to cooler conditions of the
small Fragilariaceae taxa suggests that these short-term peaks
could indicate rapid cooling intervals such as Heinrich events.
This assemblage becomes dominant in the sediments dating to
MIS2 (DZ2) where Cocconeis placentula shows its highest
abundances during the last glacial maximum (27-18k cal a s,
DZ2c and DZ2b), while the small Fragilariaceae spp.
dominated in the sediments dating to termination | (18-11.5k
cal a sp, DZ2a).
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Group 4: Nitzschia amphibia, Stephanocyclus meneghinianus
and Nitzschia frustulum

This group is dominated by alkaliphilous, planktonic
Stephanocyclus meneghinianus and periphytic taxa includ-
ing Nitzschia amphibia, N. frustulum, Epithemia gibberula,
Staurosira construens, Denticula elegans, Nitzschia liebe-
thruthii and Navicula cryptotenella. Nitzschia amphibia has
a preference for nutrient-rich waters with high phosphorous
concentrations and a salinity optimum in the range from
fresh to subsaline (~166-612mg/L) in Central Mexico
(Davies et al. 2002; Avendafio et al. 2022b) and mostly
subsaline in lakes of the USA (Fritz et al. 1993). Stephano-
cyclus meneghinianus has a similar ecology with a salinity
optimum from fresh to hyposaline levels in Central Mexico
and also in other North American lakes (Blinn, 1993; Fritz
et al. 1993; Avendano et al. 2022b). On the other hand,
Nitzschia frustulum has a higher salinity tolerance than
Stephanocyclus meneghinianus and Nitzschia amphibia,

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

which ranges from subsaline to mesosaline in Central
Mexico and other North American lakes (Fritz et al. 1993;
Avendano et al. 2022b). The salinity ranges of Nitzschia
amphibia, Stephanocyclus meneghinianus and Nitzschia
frustulum represent a transition to higher salinity conditions
(from freshwater to mesosaline) associated with increasing
evaporation and/or temperature. This group indicates the
presence of higher evaporation, warmer conditions leading
to higher water salinity than previously. This assemblage
dominates along large sections of the sequence, mostly in
sediments dating to MIS4 and MIS3 (DZ4 and DZ3), but it is
also shows peaks in sections of MIS5 (DZ5).

Group 5: Craticula elkab, Chaetoceros muelleri, Nitzschia
palea and Staurophora sp.

This group includes benthic taxa (Craticula elkab, Staur-
ophora sp., N. palea) and halophilous planktonic to
tychoplanktonic forms such as Chaetoceros muelleri. Crati-
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cula elkab is tolerant of high alkalinity conditions in sodium
carbonate waters (Gasse et al. 1995), while Chaetoceros
muelleri has a strong chloride association in hyposaline to
mesosaline lakes (Fritz et al. 1993, Saros & Fritz 2000).
Craticula elkab is found in modern populations and
fossil records of African lakes accompanied by Stephanocy-
clus meneghinianus and Nitzschia frustulum; in Africa,
these species thrive in alkaline waters with pH > 9
(Hecky & Kilham 1973). A similar Craticula elkab
and Chaetoceros muelleri association was observed in
Central Mexico only in Lake Piscina de Yuriria, character-
ized by a sodium carbonate ionic dominance, high nutrient
level (eutrophic—hypertrophic) and a pH of 9.4 (Hill 2006,
Holmes et al. 2016, Avendano et al. 2021). This assemblage
reflects high evaporation probably associated with warm
conditions and low precipitation. This group, therefore,
reflects higher alkalinity and salinity (hyposaline to
mesosaline) conditions, in waters dominated by sodium
carbonate and even sodium chloride. This assemblage is
most abundant in sediments dating to MIS5c (102-108 ka,
DZ5c), and is also present during MIS5b, MIS5a (DZ5b-5a),
MIS4 (DZ4), MIS3 (DZ3) and the early part of MIST (11.5k cal
a sp, DZ1b).

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Group 6: Campylodiscus clypeus, Anomoeoneis costata,
Cyclotella poyeka, Halamphora veneta and Surirella peisonis

This assemblage is characterized by benthic halophilous taxa
(Campylodiscus clypeus and Anomoeoneis costata) that have a
preference for sodium carbonate sulfate-dominated habitats
(Blinn 1993; Saros and Fritz 2000). Campylodiscus clypeus —
Anomoeoneis costata assemblages were observed in saline
lakes of East Africa (Carvalho et al. 1995, Poulickova &
Jahn 2007). These benthic species have a salinity optimum
from subsaline to hyposaline and an alkaline pH range (8-10)
(Gasse & Tekaia 1983, Fritz et al. 1993, Gasse et al. 1995).
Surirella peisonis is common in brackish, soda lakes of the
USA and Europe (Kusel-Fetzmann 1979, Schmid 1979, 1995,
Fritz 1990, Fritz et al. 1993). In the diatom dataset from Central
Mexico (n = 46 lakes) Anomoeoneis costata and Campylo-
discus clypeus were present in hyposaline lakes; however S.
peisonis was absent (Avendafio et al. 2022b). Halamphora
veneta is a common species that thrives in shallow waters with
abundant aquatic vegetation in carbonate-rich, subsaline
environments of Mexico (Novelo et al. 2007; Caballero
et al. 2015, Avendafio et al. 2022b), whereas in lakes from
the USA its salinity ranges includes hyposaline to mesosaline
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environments (Fritz et al. 1993). Cyclotella poyeka is a fossil
species from Lake Chalco. Even though we do not know its
ecology, its association with Anomoeoneis costata, Anom-
oeoneis sphaerophora and Campylodiscus clypeus and its
position in the DCA diagram indicate that it was also a salt-
tolerant variety, but as with most centric taxa, it is likely that it
had a planktonic habit. This group is associated with very
shallow lake levels of high salinity (hyposaline to mesosaline),
with sodium carbonate to sodium chloride ionic dominance.
The low lake levels and high salt concentration together
suggests high evaporation and warm conditions. This associa-
tion was dominant in the sediments from Lake Chalco dating to
MIS5 and early MIS1, specifically during MIS5e (130-123 ka,
DZ5e), early MIS5c (113-100 ka, base of DZ5c¢), early MIS5b
(98-94 ka, base of DZ5b), early MIS5a (84-88 ka, base of
DZ5a) and also early MIST (10-6k cal a Bpr, DZ1b). Less
important peaks were also present along MIS4 and MIS3 (DZ4
and DZ3).

Group 7: Stephanocyclus (Cyclotella) quillensis

This group is formed only by planktonic Stephanocyclus
quillensis. This taxon is present in saline lakes with sodium
chloride - sulfate ionic dominance in semi-arid climates of the
USA and Canada (Battarbee et al. 1984, Salm et al. 2009).
According to salinity optimum estimations, Stephanocyclus
quillensis lives in a range between hyposaline and hypersaline
conditions (Battarbee et al. 1984, Fritz et al. 1993). Stepha-
nocyclus quillensis is morphologically very similar to Cyclo-
tella alchichicana which only lives in hyposaline sodium
chloride Lake Alchichica in Central Mexico (Oliva et al. 2006;
Avendafio et al. 2022b). There are very few reports of
Stephanocyclus quillensis in Mexico, and these include reports
from calcareous springs in La Huasteca (Cantoral-Uriza 1997,
Montejano et al. 2000) and the lower Panuco River
(Montejano et al. 2004), but these observations would need
to be corroborated because they do not match the ecological
distribution of this species which thrives in saline ecosystems.
Furthermore, this species was absent from the Central Mexico
diatom dataset (Caballero et al. 2019; Avendano et al. 2022b),
showing that it is not a common taxon in the modern
environments in Mexico. This assemblage represents the
highest salinity levels in the record and sodium chloride-
dominated waters. However, as in the case of Stephanodiscus
niagarae, the present distribution of this species is in lakes from
more northerly regions in Canada and northern USA, which
points to the possibility that its presence in Central Mexico was
favored by at least seasonally cooler conditions than present.
This species was only observed in sediments dating to late
MIS5a (83-78 ka, top of DZ5a).

Diatom species ecological turnover during last 150
ka in Lake Chalco and its paleoenvironmental
implications:

The DCA Axis 1 scores (Figure 7a) and the diatom groups
(Figure 7b,c) plotted against the age of the sediments allow us
to visualize the environmental changes in Lake Chalco through
time and to compare them with the geochemical record from
the CHA08 — CHA11-VII sequence (Ti and Ca/Ti, Figure 7e,f)
and with other key records in this hemisphere (Figure 8a—d).
These selected records include the Greenland (GRIP) 3'%0
record (Johnsen et al. 1997), the Bear Lake warm-arid pollen
record (Jiménez-Moreno et al. 2007), the sea surface
temperature (SST) reconstruction from the Gulf of México
(Ziegler et al. 2008) and the Lake Faquene arboreal pollen-
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based temperature reconstruction (Groot et al. 2011) (location
of sites is shown in Figure 1a).

Changes in the diatom assemblages in the Chalco sequence
during the last 150 ka show a robust relationship with
hemispheric glacial and interglacial conditions ultimately
driven by orbital forcing (Figure 8g,h). A complete species
turnover is recorded in Chalco between a dominance of
freshwater taxa (Groups 1-3, Axis 1 negative scores) during
glacial periods (MIS6, MIS5e and MIS2) and alkaline, salt-
tolerant taxa (Groups 4-7, Axis 1 positive scores) during
warmer intervals, with a high salinity association (Group 6)
present during the peak of the last two interglacials (MIS5e and
early MIST). A similar diatom replacement during the
glacial-interglacial cycles was observed in Lake Titicaca
(Figure 1a), where freshwater taxa increased during the glacial
intervals, whereas salt-tolerant species were most abundant
during the peak of the interglacials (Fritz et al. 2007). Both
Lake Chalco and Lake Titicaca show ecosystem rearrange-
ments that follow orbital-scale climate changes. This reorga-
nization of the diatom community between freshwater and
salt-tolerant taxa could be a useful tool to identify boundaries
between previous glacial maxima when analyzing other long
lacustrine sequences from the Basin of Mexico that have been
recovered recently (Lozano-Garcia et al. 2017, Brown
et al. 2019, Ortega-Guerrero et al. 2022).

Furthermore, the Lake Chalco diatom record is also
sensitive to millennial-scale events. Temperature reconstruc-
tion on the Cha-B core (Caballero et al. 2019) revealed
cooling events during MIS2 associated with Heinrich
stadials 0-2. In the CHAO8 sequence, peaks in freshwater
diatoms from Group 3 during MIS5-MIS3 denote rapid
reductions in salinity and probably also in temperature. In
contrast, peaks in the abundance of hyposaline diatoms from
Group 6 show periods of higher salinity and evaporation,
possibly during climatic oscillation towards warmer condi-
tions. The most important cooling events show a good
correspondence with Heinrich stadials and a correlation is
proposed in Figure 8.

The three main time windows when Lake Chalco showed
freshwater environments (MIS6, MIS5d and MIS2) were times
of minima in spring and summer insolation (Figure 8h) and of
less seasonal climates. The Lake Chalco diatom record gives
the unique opportunity to compare the environmental condi-
tions during these three cool events, which include the two last
glacial maxima and their terminations during MIS6 and MIS2.
As mentioned before these intervals were dominated by
freshwater taxa, but while MIS6 was dominated by Group 1
(Stephanodiscus spp.), MIS5d shows a transition from Group 1
(Stephanodiscus spp.) to Group 2 (Aulacoseira granulata —
Cyclotella tlalocii) and MIS2 was dominated by diatom Group
3, with a transition from Cocconeis placentula during the Last
Glacial Maximum (LGM) to the small Fragilariaceae spp.
assemblage during Termination | (TI). These diatom associa-
tions suggest that lake levels were different between them. The
DCA Axis 1 scores, the planktonic habitat of the Stephano-
discus taxa, and the presence of laminated sediments during
both MIS6 and MIS5d (Ortega-Guerrero et al. 2017, Avendano
et al. 2018) support the interpretation of a deeper lake
compared to the LGM in MIS2, when epiphytic Cocconeis
placentula was dominant and the titanium signal points to
generally low surface runoff (Figure 7e). This could be related
to drier conditions during MIS2, even though changes in the
basin morphometry should also be considered, as sediment
accumulation could explain a shallower lake environment
during MIS2. The known ecology of Stephanodiscus niagarae,
a species that migrated to Central Mexico from the northern
USA during glacial episodes, allows us to speculate that MIS6
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shaded and numbered in blue. (b) Warm-arid taxa from Bear Lake, USA (Jiménez-Moreno et al. 2007). (c) Sea Surface temperature (SST) reconstruction
from sediment core MD02-2575, Gulf of Mexico (Ziegler et al. 2008). (d) Arboreal pollen-based temperature reconstruction from Lake Fiquene,
Venezuela (Groot et al. 2011). (e) Detrended correspondence analysis (DCA) Axis 1 plotted against the age of the sediments (black line = CHAOQ8, grey
line = ChaB core). (f) Diatom ecological groups from the CHA08 and ChaB cores. Diatom groups are detailed in Table 1. (g) Integrated orbital forcing
eccentricity + tilt 4+ precession (ETP) curve (Laskar et al. 2004). (h) Spring (red line) and summer (blue line) insolation for 20 N (Berger & Loutre, 1991).
CylTla = Cyclotella tlalocii, CylPoy = Cyclotella poyeka, CylQui = Stephanocyclus quillensis. [Color figure can be viewed at wileyonlinelibrary.com]

and the first part of MIS5d were also somewhat cooler than
MIS2. A temperature reduction of about 6-7 °C is possible
considering the optimal distribution of this species in the Great
Lakes area. This last estimate is in line with the cooling of
7.5-8 °C based on the pollen records from Lake Valle in
Panama (Cardenes-Sandi et al. 2019) and Lake Flquene in
Colombia (Groot et al. 2011). In contrast, the temperature drop
during MIS2 in Lake Chalco, based on pollen and diatom
transfer functions, indicate a maximum cooling during the
LGM of ~4-5 °C (Correa-Metrio et al. 2013, Caballero
et al. 2019). The idea of cooler conditions with higher
humidity and a deeper lake during MIS6 agrees with the larger
area of the Nexcoalango glaciers dating to MIS6 compared to
the Hueyatlaco-1 moraines dating to MIS2 at nearby Iztacci-
huatl volcano (Figure 1c) (Vazquez-Selem & Heine 2011).
Termination Il (TIl) is related to an increase in spring and
summer insolation and warming temperature trends in the
hemispheric records starting at around 135 ka (Figure 8). At
Lake Chalco TII is an unstable interval with high rates of
change. An intense warming (peak in Group 6 diatoms) is
recorded at about 131 ka followed by a return to glacial-stage
conditions (Group 1 diatoms) from ca. 130 to 129 ka, after
which the warmer environments of MIS5e (Group 6 diatoms)
were established. This cool reversal is also a feature of regional
temperature records (Figure 8b—d), but is particularly evident
in the Bear Lake pollen (Jiménez-Moreno et al. 2007) (Fig-
ure 8b). This reversal has been interpreted as comparable to
the Younger Dryas cooling during Tl (Riboulleau et al. 2014,
Moseley et al. 2015), and has also been associated with the
entrance of cool waters to the North Atlantic from the
Laurentide Ice Sheet (Nicholl et al. 2012). In contrast, during
TI the diatom-based temperature reconstructions from Chalco
(Caballero et al. 2019) showed a rapid warming of about 2-3
°C after 16k cal a sp (Bolling/Allergd), but a relatively mild
cooling (~—1.5 °C) during the Younger Dryas reversal (~12k
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cal a sp) that differs from the return to full glacial conditions
during the cool reversal in TII.

The diatom record from Chalco shows a return to low-
evaporation, glacial-stage conditions and a deep, freshwater
lake (diatom Group 1 and laminated sediments) at the
beginning of MIS5d, when spring insolation was at a minimum
(Figure 8h). However, after 118 ka, as spring insolation
increased (Figure 8h), the lake transitioned to less cool
conditions, dominated by diatom Group 2, which included
Cyclotella tlalocii. Nevertheless, cool, freshwater environ-
ments continued until the end of MIS5d, and the lake remained
deeper than during MIS2. In the Bear Lake pollen record
(Jiménez-Moreno et al. 2007), and in the SST data from the
Gulf of Mexico (Ziegler et al. 2008) a sharp cooling during
MIS5d is also recorded (Figures 1a and 8b,c), even though the
arboreal pollen from Lake Faquene only shows a slight
decrease in temperature (Groot et al. 2011) (Figures 1a and 8d).
During the last two interglacial stages (MIS5e and early MIS1)
the diatom assemblages in Lake Chalco were similar (diatom
Group 6), suggesting that in both cases there was an increase
in evaporation, probably associated with warming, a salinity
increase and a reduction of the lake level associated with
maxima in summer insolation (Figure 8h). Even though it is
generally considered that MIS5e was the warmest interval of
the last 800 ka (Masson-Delmotte et al. 2010, Turney &
Jones 2010), the record from Lake Chalco shows similar
conditions during MIS5e and the early part of MIST (11.5-6
ka). The diatom-based temperature reconstruction for Chalco
shows that the early Holocene was 2-3 °C warmer than
present (Caballero et al. 2019); this is a plausible reconstruc-
tion for MIS5e temperatures given the similar diatom
assemblages. Temperature estimates for MIS5e of around 2
°C above present have been proposed based on the Lake Valle
(Cardenes-Sandi et al. 2019) and the Lake Faquene (Groot
et al. 2011) pollen data. Warmer than present conditions and
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an expansion of the Atlantic warm pool during MIS5e are also
supported by the SST reconstruction from the Gulf of Mexico
(Ziegler et al. 2008) (Figure 8c). In addition, paleosol records
form Yucatan give evidence of drier and hotter climates
(Valera-Fernandez et al. 2020) while corals and relict
mangrove systems in the Gulf of Mexico record a sea level
up to 9m higher (Blanchon et al. 2009, Aburto-Oropeza
et al. 2021). However, moisture conditions during MIS5e are
contrasting between records; in the Cariaco Basin (11°N), off
the coasts of Venezuela (Figure 1a), in Lake Valle caldera
(8°N), in Panamd, and Lake Fiaquene (5°N) in Colombia,
relatively wet or similar-to-present conditions were recorded
(Groot et al. 2011, Riboulleau et al. 2014, Shadik et al. 2017,
Cardenes-Sandi et al. 2019). In contrast, at Chalco (19°N), in
Central Mexico, and in Lake Titicaca (15°S), in Peri—Bolivia,
the last interglacial stage was dry (Fritz et al. 2007, 2012). It
has been proposed that during the warmer conditions of MIS5e
the average position of the Intertropical Convergence Zone
(ITCZ) migrated northwards (Nikolova et al. 2013, Riboulleau
et al. 2014). Nevertheless, the record from Chalco suggests that
the evaporative pressure of warmer climates exceeded any
increase of precipitation that could have been associated with
a larger Atlantic warm pool and a more northerly position of
the ITCZ. Furthermore, the latitudinal distribution of the
records that show interglacial wet conditions suggest that the
average location of the ITCZ during MIS5e was probably
5-10°N, which is similar to its typical latitudinal location at
present (Waliser & Somerville 1994).

Wide amplitude changes in insolation and a strong orbital
forcing shown by the eccentricity + tilt + precession (ETP)
curve (Figure 8g) dominated during MIS5, leading to the
extreme climate conditions during MIS5e and MS5d that have
already been discussed. However, during the rest of MIS5
(MIS5c to 5a) there are also periods with high rates of change
associated with shifts between the diatoms in Group 4
(subsaline) and the salt-tolerant diatoms in Groups 5-7
(hyposaline), which point to frequent changes in salinity and
lake level. In addition, the peaks in dominance of salt-tolerant
Cyclotella poyeka and Stephanocyclus quillensis were re-
corded during MIS5b and MIS5a, which occurred at extremes
in the insolation parameters, minima in spring insolation in the
first case and a peak summer insolation and seasonality in the
second case (Figure 8g,h). Late MIS5a, when Stephanocyclus
quillensis was dominant, was also a period of high fire activity
around the lake (Torres-Rodriguez et al. 2015, 2022, Martinez-
Abarca et al. 2021a). Non-modern analog climates with cooler
winters and warmer summers during MIS5a could explain the
peak in Stephanocyclus quillensis, a species that today lives in
saline lakes of Canada and northern USA.

The transition to MIS4 marks a reduction in lake salinity and
a small increase in lake level in Chalco, with a lower
abundance of the salt-tolerant diatoms from Groups 5 and 6,
particularly after 70 ka, and the predominance of the lower
salinity diatoms from Group 4. This represents a reduction in
evaporation and probably also in temperature, to similar-to-
modern values. In the modern environments of Lake Chalco,
the diatom assemblage is also dominated by Group 4 diatoms,
mainly Stephanocyclus meneghinianus, even though there are
species reflecting recent anthropogenic pollution, such as
Thalassiosira aff. duostra, that had never been recorded
previously (Buendia-Flores et al. 2019, Avendaiio et al. 2021).
The transition into MIS3 in Chalco showed a persistence of the
environmental conditions during MIS4, with relatively small
evaporation and temperature changes until the marked cooling
recorded at the onset of MIS2 (27 ka), when freshwater
environments returned. The transfer function for the Cha-B
sequence shows that temperature was similar-to-modern

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

during late MIS3 (=1 to +1 °C, Caballero et al. 2019).
Compared to MIS5, during MIS4 and MIS3 there was a
reduced intensity in the orbital forcing as the ETP and
insolation curves show (Figure 8g,h), which might explain
the small changes in evaporation and temperature recorded at
Chalco during these intervals. The Lake Fiaquene record
(Figure 5d) shows a temperature reduction at 70 ka, and small
changes at the MIS4 to MIS3 transition (Groot et al. 2011). In
addition, the pollen record from Lake Petén-ltza also agrees
with nearly uniform temperatures during MIS4 and MIS3
(Correa-Metrio et al. 2012) even though the reconstructed
temperature is 3 °C lower than present. In this lake, however,
magnetic susceptibility (Hodell et al. 2008) shows important
variations in moisture availability between MIS4 and MIS3 that
are not recorded at Chalco, with wetter conditions during
MIS4 and the beginning of MIS3 and drier conditions during
the rest of MIS3.

The Lake Chalco diatom record allowed the identification of
different biotic—climate responses during the last 150 ka, such
as the freshwater species turnover during the low-evaporation,
cooler phases in the record or the southward migration of
species like Stephanodiscus niagarae during the coolest
intervals. Furthermore, the Chalco record also shows that
rapid climatic shifts during MIS5 were favorable for the
ecological displacement of Cyclotella species of different
salinity tolerances. The rapid climatic shifts during MIS5,
driven by high-amplitude fluctuations in orbital forcing, show
an ecological succession that started with Cyclotella tlalocii
during MIS5d and followed with salt-tolerant Cyclotella
poyeka and Stephanocyclus quillensis during MIS5b and
MIS5a. Each of these species appeared in the record for a
short time and then disappeared (Figure 5f), as they were
displaced by other taxa during periods of rapid climate change
(Davis 1984, Keith et al. 2009). The presence in the record
from Lake Chalco of species that are unusual or absent in the
modern environments from Central Mexico (non-modern
analog assemblages) confirms the existence of non-analog
climatic conditions particularly during MIS6 and MIS5.

Conclusions

The diatom sequence of Lake Chalco provides a continuous
record of salinity changes during the last 150 ka that
responded mostly to orbitally controlled evaporation and
associated temperature changes, but that also recorded
millennial-scale climatic oscillations.

The diatom record showed an ecological turnover from
freshwater environments during the low-evaporation, cool
intervals (MIS 6, MIS5d and MIS 2) to saline environments
during times of higher evaporation (MIS5e, MIS5c-5a, MIS4,
MIS3 and early MIS1). This turnover can be simplified as an
alternation of Stephanodiscus spp. versus Stephanocyclus—Cy-
Cyclotella spp. that could reveal the boundaries of previous
glacial-interglacial periods in long sequences from the Basin
of Mexico.

MIS6 was cooler (possibly —6 to —7 °C) and wetter than
MIS2 (~ -4 to -5 °C) implying that neither glacial maxima
were perfect analogs. MIS5d was initially as cool as MIS6, and
it remained cooler and wetter than MIS2. In contrast, MIS5e
and early MIS1 had similar high-evaporation, warm and dry
conditions estimated to be ~2-3 °C warmer than present. In
contrast, MIS4 and MIS3 reflected only small changes in
salinity and therefore temperature is estimated to be similar-to-
modern.

MIS5 was a period of intense climatic change associated
with wide-amplitude orbital forcing that favored a Stephano-
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cyclus-Cyclotella spp. assemblage of taxa with different
salinity affinity (Stephanocyclus meneghinianus, Cyclotella
tlalocii, Cyclotella poyeka, Stephanocyclus quillensis). These
species rapidly disappeared from the record as they were
displaced by other taxa during periods of rapid climate
change.

Acknowledgments. This research was funded by DGAPA-PAPIIT-
IN100820 ‘Registros interglaciares del centro de México’” and DGAPA-
IV-100215 ‘Cambio Climatico y Medio Ambiente en la historia del
lago de Chalco’. Diana Avendaiio thanks the Posgrado de Ciencias de
la Tierra, UNAM and CONACyT (CVU 854736) for financial support.
We also thank Teresa Mercado Serén for her help with initial diatom
counts of a section of the sequence, and Jorge Salgado for his
assistance with diatom sample preparation.

Conflict of Interest—The authors declare no conflict of
interest.

Author contribution—Writing-original draft, conceptuali-
zation, data curation, preparation figures & tables: D.A., M.C.
Conducting the research, supervision, writing-review &
editing: M.C., S.L.G., B.O.G. Funding acquisition: M.C.,
S.L.G. Methodology: D.A., M.C., S.L.G., B.O.C.

Data availability statement

The data that support the findings of this study are available from
corresponding author upon reasonable request and also from
“Registros Paleoambientales de México” data bases at https:/
datosabiertos.unam.mx/IGL:PALEOMEX:CHAQ8.

Abbreviations. BM, Basin of Mexico; CONISS, Constrained Incre-
mental Sum of Squares; cps, counts per second; CylTla, Cyclotella
tlalocii; CylPoy, Cyclotella poyeka; CylQui, Stephanocyclus quillensis;
DCA, detrended correspondence analysis; DO, Dansgaard-Oescher
events; DZ, diatom zones; ETP, eccentricity + tilt + precession curve;
HS, Heinrich events; ITCZ, Intertropical Convergence Zone; LGM, Last
Glacial Maximum; MIS, Marine Isotope Stage; SST, sea surface
temperature; TMVB, Trans-Mexican Volcanic Belt; TFP, ‘Tutti Frutti’
Pumice; TT, Tlahuac Tephra; Tl, Termination I; TII, Termination II;
TDS, Total dissolved solids; UTP, Upper Toluca Pumice; USA, United
States of America.
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Capitulo VII

7. Sintesis: Discusién final y conclusiones.

Este proyecto de tesis representa un acercamiento a la distribucion ecoldgica de las
diatomeas, confirmando su facultad como indicadoras para inferir cambios climaticos del
pasado. Especificamente, para hacer inferencias de cambios climéticos durante los Gltimos
150 mil afios (Cuaternario tardio).

La primera parte de esta tesis (Ortega-Guerrero et al. 2020) permitié conocer de forma
general el cambio de las asociaciones de diatomeas y a partir de un enfoque multiproxy inferir
las variaciones climaticas pasadas. En el capitulo Il (Ortega-Guerrero et al. 2020) se realizé
una primera clasificacién de las asociaciones de diatomeas del registro de Chalco
reconociendo cuatro grupos: Stephanodiscus spp., pequefias Fragilareaceae, alcaliphilas y
halophilas, identificadas con los estudios previos del sitio de estudio (Caballero et al. 2019).
La distribucion casi opuesta de las Stephanodiscus spp. y pequefias Fragilareaceae respecto
a los taxones alcalifilos y haldfilos permiti6 inferir cambios en el nivel del lago, asociando a
las Stephanodiscus spp. y pequefias Fragilareaceae a condiciones de agua dulce y un lago
relativamente profundo, mientras que las especies alcalifilas y hal6filas se relacionan con un
lago somero. Ademas, se observa una correlacion entre la suma de las especies alcalifilas y
haléfilas con los analisis geoquimicos de Ca/Ti. Esta relacion entre ambos proxies permite
asociar el origen de los carbonatos a ambientes de condiciones secas Yy alta evaporacidn, ya
que en dichos ambientes la concentracidn de sales tiende a incrementarse (Hardie et al. 1978,
Haberzettl et al. 2007), coincidiendo con la presencia de las especies alcalifilas y haléfilas.
Los minerales magnéticos en los sedimentos estan controlados por minerales
ferromagnéticos de baja coercitividad (Bh<125 mT), posiblemente retenidos por Ti-
magnetita/maghemita detritica parcialmente oxidada. Ademas, los procesos de meteorizacion
o diagenéticos han alterado en diferentes grados la poblacion mineral detritica de baja
coercitividad por oxidacion parcial de las Ti-magnetitas (via maghemitizacion). Ademas, la
presencia de tefras en el registro no muestra correlacién precisa con los cambios en el registro
de diatomeas, quiza debido a que los eventos volcanicos son demasiado puntuales para ser
comparados con la resolucién temporal de las muestras. Sin embargo, se podria analizar el
efecto que tiene de la presencia de las tefras analizando de manera puntual muestras de
diatomeas antes, durante y después de varios eventos volcanicos. En las muestras analizadas
que coincidieron con alguna tefra se observd una baja concentracion de diatomeas, lo cual
puede ser debido a que la presencia del material volcanico diluye la concentracion de
diatomeas.
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La interpretacion multiproxy (Ortega-Guerrero et al. 2020) sefiala el principal cambio
ambiental en todos los parametros analizados después de ca. 130 ka, al comienzo del ultimo
interglacial y durante todo el EI5. La mayor concentracion magnética y la mayor
coercitividad, junto con un mayor contenido de carbonatos y la presencia de diatomeas
alcalifilas y haldfilas sugieren que se produjo una mayor oxidacion de Ti-magnetitas durante
los periodos secos, disminuyendo la amplitud de estos cambios en el EI4 (71-57 ka) y la
primera parte del E13 (57-35 ka). Asi mismo, se observo una correlacion entre las variaciones
en los parametros analizados con las oscilaciones climéticas a escala orbital en la primera
parte del registro. La baja insolacion de verano y primavera, asi como la menor estacionalidad
inhibieron la evaporacion, favoreciendo los niveles altos del lago durante el EI6. Mientras
que en el EI5 la correlacion entre los maximos en la insolacion de primavera y verano, y las
condiciones mas secas se observaron ca. 130-122 y 112-100 ka. La combinacion de
condiciones humedo-frio/seco-caliente estan relacionados con la transicion global
glacial/interglacial desde el EI6 hasta el subestadio 5e, lo que implica una fuerte influencia
de la excentricidad. Sin embargo, durante la Gltima glaciacién entre 144-88 ka los cambios
de insolacion inducidos por la precesion controlaron la precipitacion.

En la segunda parte que conforma esta tesis se identificaron diferentes respuestas de
las diatomeas a los cambios climaticos del Cuaternario en el registro de Chalco. Debido a
que las_caracteristicas particulares del nicho ecoldgico de una especie es lo que determina la
forma en que dicha especie va a responder al cambio climatico (Rue, 2020). En la
investigacion del capitulo 11 (Avendafio et al. 2021) se analizé el modelo de nicho ecoldgico
de Stephanodiscus niagarae y la transferencia de su nicho al dltimo méximo glacial. Se
concluy6 que esta especie es un indicador de ambientes ricos en nutrientes (mesotrofico-
hipertrofico) con tendencia a la limitacion por fosforo y de periodos frios en México debido
al desplazamiento latitudinal al sur de esta especie durante los periodos glaciales,
confirmandose la existencia de un refugio glacial en el centro de México. Potencialmente, S.
niagarae puede contribuir a reconstrucciones paleoclimaticas como marcador estratigrafico
para periodos glaciales anteriores (Avendafio et al. 2021). Por ejemplo, los registros largos
de Chalco (Lozano et al. 2019) y Xochimilco (Ortega-Guerrero et al. 2022) que abarcan
varios ciclos glaciales. Ademas, se sugiere que Stephanodiscus oregonicus puede tener un
nicho ecoldgico parecido a S. niagarae ya que ambas especies estan presentes durante el EI6
y una parte del EI2.

En el capitulo IV (Avendafio & Caballero 2022), se lleva a cabo la descripcion
taxondmica de las especies del género Cyclotella y recientemente Stephanocyclus (género
actualizado en 2022), que fueron dominantes durante las condiciones mas calidas del EI5-3,
especialmente, en los sedimentos del EI5 se observd una alternancia dominada por estas
cuatro especies de Cyclotella y Stephanocyclus. Este estudio (Avendaiio & Caballero 2022)
permitio conocer a detalle las estructuras que conforman dichos géneros, lo cual hizo posible
la identificacion de dos nuevas especies (C. tlalocii y C. poyeka). Prasad & Nienow (2006)
plantean que las especies del género Cyclotella que poseen camaras marginales complejas
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(alveolos complejos) se encuentran en ambientes marinos, zonas costeras 0 prosperan en
ecosistemas con altos niveles de salinidad. Sin embargo, las especies identificadas en este
estudio son epicontinentales. Una de ellas posiblemente asociada a condiciones de agua
dulce, ya que se encontr6 asociada con Cyclostephanos dubius y Aulacoseira granulata,
especies que tienen una preferencia por ambientes de agua dulce y altas concentraciones de
nutrientes. En cambio, Cyclotella poyeka puede estar asociada a condiciones de mayor
salinidad, ya que se encontré con Anomoeoneis costata, Rophalodia gibberula, especies
asociadas a condiciones salobres. Stephanocyclus quillensis y S. meneghinianus son especies
conocidas por su tolerancia a la salinidad (Fritz et al., 1993) y que ademés se diferencian
taxondmicamente de las dos especies nuevas porque presentan cdmaras marginales sencillas
(alveolos sencillos). Stephanocyclus meneghinianus estd presente en varios intervalos del
registro de Chalco, por el contrario, C. tlalocii, C. poyeka y S. quillensis dominan Gnicamente
en un periodo corto dentro del EI5 (118 — 112 ka, 98 — 94 ka, 84 — 75 ka, respectivamente).
Ademas, se observé que algunos de los especimenes de Stephanocyclus quillensis muestran
una transicion morfolégica a C. alchichicana (ausencia de fultoportulae marginales en
algunas costas) por lo que se sugiere que S. quillensis de Chalco es el posible ancestro de la
especie endémica, C. alchichicana. Por otro lado, la aparicion de las especies de Cyclotella
indica que los cambios morfologicos, las cAmaras marginales complejas, es otro tipo de
respuesta que pueden presentar las especies como respuesta de adaptacion al cambio
climatico. Sin embargo, el que estas especies se observen en un periodo de tiempo Unico
dentro del registro sugiere que las condiciones fueron diferentes a los otros estadios
isotopicos, evidenciando la presencia de comunidades no analogas a las modernas. En
cambio, es diferente a lo que se observé con Stephanodiscus niagarae, quien también se ha
observado en el EI6, subestadio 5d y EI2, asi como en las etapas formativas del lago de
Chalco (Martinez-Abarca et al. 2021b) y posiblemente pueda estar presente en diferentes
secciones laminadas del registro (Brown et al. 2019).

Al realizar reconstrucciones paleoclimaticas un obstaculo que suele presentarse en ellas
cuando abarcan decenas o cientos de miles de afios, es el encontrarse con especies que no
han sido identificadas previamente, lo cual dificulta las inferencias de las condiciones
climaticas y fisicoquimicas del medio donde se encontraban. Para resolver esta dificultad se
infirio la ecologia de C. poyeka y C. tlalocii con base en las preferencias ecoldgicas de las
especies con que estuvieron presentes. No obstante, la presencia de especies fosiles es un
impedimento para realizar estimaciones cuantitativas como funciones de transferencia, para
los momentos en que dominaron (Avendafio & Caballero 2022).

Las especies del género Cyclotella reportadas por Bradbury (1971) para el lago de
Texcoco tienen una distribucion estratigrafica similar a las especies encontradas en el registro
de Chalco, por lo que se sugiere que la secuencia de Chalco se podria usar para correlacionar
al primero. Esta conjetura también puede aplicarse al registro del Lago de Xochimilco
(Ortega-Guerrero et al. 2022) debido a la cercania de los lagos.

En el capitulo V (Avendano et al. 2023a), para reafirmar el potencial de las diatomeas
en las reconstrucciones paleoambientales y usarlas como referencia para éste y futuros
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estudios, se analizaron los indices de diversidad y se realizaron analisis multivariados de las
poblaciones modernas en 49 muestras de sedimento superficial provenientes de 46 lagos
ubicados en la Faja Volcanica Transmexicana (FVTM). Los taxones de diatomeas modernas
mostraron una mayor ocupacion regional. En su mayoria fueron cosmopolitas, plancténicos
0 epipélicos, moviles con un alto potencial de dispersion. Hubo pocos taxones endémicos,
que inesperadamente eran formas planctonicas o maéviles con un alto potencial de dispersion,
lo que sugiere que estaban restringidos principalmente por algin factor ambiental mas que
por las limitaciones de dispersion. No hubo evidencia de un patrén altitud-diversidad como
el encontrado en otros estudios de diatomeas de agua dulce. En cambio, parece mas probable
que factores como el tamafio del lago, la salinidad, el pH o los nutrientes puedan ser
determinantes de la diversidad de las especies. El anéalisis de las poblaciones modernas de
diatomeas mostré un recambio total de las especies controlado principalmente por la
salinidad, sin embargo, otras variables relacionadas fueron la temperatura, precipitacion,
profundidad y concentracion de fésforo. Ademas, la distribucion ecoldgica de las especies
observadas en los lagos de la FVTM a lo largo del gradiente de salinidad apunta a un nivel
de conservacion de nichos entre diferentes regiones geograficas como el resto de
Norteamérica y Africa. Asi mismo, este estudio (Avendafio et al. 2023a) destacd la
importancia de las variables climaticas en la distribucion de especies de diatomeas cuando se
analizan areas geograficas relativamente amplias (como la FVTM) con grandes gradientes
climéticos (temperatura o precipitacion). Debido a que la salinidad y temperatura fueron las
variables mas importantes en el recambio ecoldgico de las especies, se desarrollaron éptimos
de ambas variables mediante el método de promedios ponderados. Estas estimaciones de
temperatura y salinidad permiten realizar reconstrucciones cuantitativas en momentos de
enfriamiento o calentamiento.

Al comparar las asociaciones de diatomeas modernas (Capitulo V, Avendafio et al.
2023a) con las fosiles (Capitulo VI, Avendafio et al. 2023b) se observo que las poblaciones
de diatomeas fosiles no estan totalmente representadas en la base de datos de las poblaciones
modernas de la FVTM. En el registro de Chalco hay 21 especies dominantes (abundancia >
50%). Quince de ellas se encuentran en ambas bases de datos (moderna y fdsil), de las cuales
cinco especies (Aulacoseira granulata, Craticula elkab, Nitzschia frustulum Punctastriata
mimetica y Stephanocyclus meneghinianus) son abundantes (abundancia > 10%); mientras
que las otras diez especies (Anomoeoneis costata, Chaetoceros muelleri, Campylodiscus
clypeus, Cocconeis placentula, Cyclostephanos dubius, Fragilaria capucina, Halamphora
veneta, Nitzschia amphibia, N. palea y Stephanodiscus niagarae) tienen una abundancia
menor al 10%. Las seis especies que no estan presentes en la base de datos moderna son:
Cyclotella poyeka, C. tlalocii, Surirella peisonis y Saurophora sp. Stephanodiscus
oregonicus, Stephanocyclus quillensis, esta discrepancia en la estructura ecoldgica de las
diatomeas implica que las condiciones climaticas de los dltimos 150 mil afios tuvieron la
suficiente magnitud para generar cambio en las comunidades a nivel regional.
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Los mayores cambios en la sucesion ecologica de las diatomeas se dieron entre las
especies de agua dulce Stephanodiscus spp. — pequefias Fragilariaceae spp. — Cocconeis
placentula contra las especies tolerantes a las sales dominadas por los géneros Cyclotella y
Stephanocyclus spp. El periodo en que se observaron las variaciones de las anteriores
asociaciones de diatomeas fue de los eventos frios (final del EI6, E15d, EI2) a eventos de alta
evaporacion (El5e, EI5c-a, El4, EI3, principios del EI1), estos cambios se caracterizan por
ser variaciones a escala orbital (Avendario et al. 2023b).

El alcance de este trabajo permitio evidenciar que incluso entre momentos glaciales
no existen analogias absolutas o determinantes. Por ejemplo, en el caso de los maximos
glaciales, el EI6 tuvo un mayor enfriamiento (-6 a -7°C) y fue mas himedo que el EI2 (~ -4
a -5 °C). Durante el EI6, los registros de polen en Petén Itza y la vegetacion tipo Cs en
calcretas de la costa de Yucatan y Cozumel sefialan condiciones de aridez durante el PMG
(Valera-Fernandez et al. 2020a, 2020b, Cruz Silva 2018), mientras que en este trabajo
(Avendafio et al. 2023b) se indica que las condiciones fueron himedas, posiblemente
implicando que las tendencias de humedad fueron opuestas entre el centro y sureste del pais.
La disminucién de la temperatura ocasiond un desplazamiento de la ZCIT al sur, esto
propicid que las zonas de alta presién (Pacifico Norte y Bermuda) dominaran (Cheng et al.
2019), disminuyendo la presencia de lluvias al sureste del pais. Ademas, el desplazamiento
al sur de los vientos del este pudo causar que el transporte de humedad del Atlantico al mar
del Caribe se modificara, igualmente, el debilitamiento de la Circulacion Meridional del
Atlantico pudo suscitar una reduccion del vapor de agua, debilitando el flujo de bajo nivel
del Caribe. La fuente de humedad en la zona centro del pais pudo asociarse a frentes frios,
los cuales debieron ser mas intensos que en el EI2. Lo cual pudo deberse a que el glaciar del
Ilinois (EI6) tuvo una mayor extension al sur que el glaciar del Wisconsin (EI2) (Forman &
Pierson 2002; Obrochta et al. 2014). Asimismo, el desplazamiento al sur de los vientos del
oeste pudo favorecer la entrada de humedad en la zona centro del pais.

Por otro lado durante interglaciales como el El5e, las estimaciones de temperatura en
Panama sugieren que fue entre 1 a 2° C mas calido que en la actualidad (Cardenes-Sandi et
al. 2019); se esperaba que a partir de las asociaciones de diatomeas presentes seria posible
indicar una diferencia climatica entre ambos interglaciales (EI5e vs. EI1). Sin embargo, las
asociaciones de diatomeas fueron similares durante ambos periodos, mostrando que en
ambos eventos las condiciones fueron célidas y secas estimando un calentamiento de 2 a 3°C
mayor a la actualidad. Durante el ultimo interglacial (EI5e) se vuelven a observar tendencias
opuestas de las condiciones climaticas entre el centro y sureste del pais, teniendo climas
calido-humedos en la peninsula de Yucatan (Cruz Silva 2018), mientras que el presente
trabajo indica que en el centro de México las condiciones fueron célidas y secas. Valera-
Fernandez et al. (2020a, 2020b) sugieren a partir de la composicion isotopica de §*°C en
calcretas de la costa de Yucatan, que los climas fueron calidos donde las tasas de evaporacién
superaron a las de precipitacion. En la zona del sureste las principales fuentes de lluvia
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pudieron ser ocasionadas por el desplazamiento al norte de la ZCIT, asi como por el flujo de
bajo nivel del Caribe, sin embargo, estos climas calidos debieron ocasionar que el flujo de
humedad que llegara al centro del pais se evaporara debido al balance negativo, provocando
una gran reduccion en el nivel lacustre de Chalco.

Al comienzo de la Gltima glaciacion (EI5d), se observo un enfriamiento en el presente
trabajo (Avendafio et al. 2023b) y en el registro de Petén-Itz& (Cruz Silva 2018). El registro
de Chalco sugiere que el subestadio 5d inicialmente era tan frio como el EI6 y se mantuvo
mas frio y hiumedo que EI2 (Avendafio et al. 2023b). Después del enfriamiento del
subestadio 5d, las condiciones fueron variables en los registros paleoclimaticos del pais
sefialando un ligero incremento de la temperatura de la peninsula de Yucatan, aunque este
cambio no determind un remplazo completo de las comunidades vegetales, mientras que
hacia el final del EI5 el espectro polinico sefiala condiciones frias y secas (Cruz Silva 2018).
Al este del pais, el registro de paleosuelos en Veracruz indica condiciones humedas asociadas
a suelos arcillosos con alto grado de meteorizacion de los minerales primarios durante los
subestadios 5c-a (Solleiro-Rebolledo et al. 2022). Al sureste del pais las condiciones de
sequia pudieron deberse al desplazamiento al sur de la ZCIT. Ademas, las variaciones de
temperatura superficial en el Océano Pacifico tropical, asi como en el mar del Caribe y las
variaciones en la Circulacion meridional del Atlantico pudieron ocasionar fluctuaciones en
el transporte de las masas de humedad hacia la zona sureste, este y noroeste del pais
(Bereither et al. 2012). Las condiciones de humedad que se observaron en el registro de
Veracruz (Solleiro-Rebolledo et al. 2022) no concuerdan con las condiciones secas en el lago
de Chalco (Avendafio et al. 2023b, Martinez-Abarca et al. 2021a), por lo que se sugiere que
los climas célidos en el centro de México debieron ocasionar que el flujo de humedad,
proveniente del Golfo de México hacia la zona centro del pais, se evaporara generando un
balance negativo y provocando una gran reduccion en el nivel lacustre de Chalco.

Durante los periodos glaciales (EI6, EI2) y los interglaciales (El5e, EI1) se pudo
percibir un recambio total de las diatomeas. En contraste, durante los El4 y EI3 no se
observaron las variaciones que se esperaban. Se pensaba que el EI4 seria un evento de agua
dulce, mientras que el EI3 un evento de agua salobre; pero solamente ocurrieron pequefias
variaciones en la temperatura (-1 a +1°C), que se estima fueron similares a las condiciones
modernas. Sin embargo, para el EI4 las condiciones que se observaron en el registro de
Babicora (Roy et al. 2013) y sur de Estados Unidos (Li et al. 2004; Brook et al. 2006) sugieren
climas humedos, en cambio en la zona centro, este y sureste del pais, los registros de Cuitzeo,
Texcoco, Veracruz, Petén Itza y el presente trabajo infieren condiciones secas (Badbury et
al. 1971; Israde-Alcéantara et al. 2002, 2010; Hodell et al. 2008; Cruz Silva 2018). Thompson
& Anderson (2000) proponen que la gran humedad en el norte del pais se debid al
desplazamiento al sur de la zona de alta presion del Pacifico norte, facilitando la presencia
de lluvias. El desplazamiento al sur de los vientos del este, asi como el debilitamiento de la
Circulacién Meridional del Atlantico (Bereiter et al. 2012) pudieron ocasionar una reduccién
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del vapor de agua, disminuyendo las fuentes de precipitacion provenientes del mar Caribe y
Golfo de México. Las diferencias de temperatura entre el sureste y centro de México se
pudieron deber a una variacion en la altitud (Caballero et al. 2019).

Por otra parte, durante el EI3 los registros de Babicora, Cuitzeo, Patzcuaro y Zacapu
sugieren condiciones de humedad (Bradbury 2000, Israde-Alcéantara et al. 2002, 2010, Ortega
et al. 2002) tanto en la zona norte como al oeste de México, lo cual puede estar asociado con
el restablecimiento del monzdén Norteamericano. El registro de Texcoco (Bradbury et al.
1971) y el presente trabajo (Avendario et al. 2023b) sugieren principalmente condiciones
calidas y secas. Sin embargo, otros registros del centro de México como el registro de Cuitzeo
y Tlaxcala, el lago de Cuitzeo indica las condiciones de temperatura y humedad aumentaron
ligeramente, favoreciendo un lago méas profundo (Israde-Alcantara et al. 2002, 2010), en
Tlaxcala se propone la presencia ecosistemas de humedades méas extendidos que en la
actualidad (Sedov et al., 2009). En cambio, en otros registros como los paleosuelos del
Nevado de Toluca observaron fluctuaciones himedas-secas (Sedov et al. 2003),

Asi como en el lago de Tecocomulco que en al inicio (entre 50 — 42 ka cal AP) se
presentan condiciones asociadas a un cuerpo de agua profundo y las comunidades vegetales
establecen climas frios y humedos entre, pero después (entre 42 — 37 ka cal AP) las
condiciones fluctuan reduciendo el nivel del lago y la vegetacion indica climas ligeramente
calidos (Caballero et al. 1999)y también en el valle de Teotihuacan, donde los suelos se
formaron en paisajes boscosos estables y humedos que hacia el final del EI3 apuntan a climas
estacionales (Solleiro-Rebolledo et al. 2011). Los registros del occidente sugieren una
humedad maés estable que los del oriente, lo que puede estar asociado con las fuentes de
humedad provenientes del Golfo de México o el Pacifico tropical. Ademas, la resolucién de
las muestras permiti6 observar durante el EI14 y EI3 cambios rapidos en las asociaciones de
diatomeas, similares a los observados en el registro de Petén Itza (Hodell et al. 2008; Pérez
et al. 2021). Caballero et al. (2019) observan tendencias climaticas similares entre ambos
registros durante los eventos Heinrich (HS) 3-1, del mismo modo durante el HS6-4 se
observan las mismas tendencias. Por ejemplo, en el evento HS6 y HS4, el registro de Petén
Itza (Pérez et al. 2021) indica que las condiciones fueron calidas y secas, mientras el pico de
pequefias Fragilariaceae junto con los conjuntos Stephanocyclus meneghinianus, Nitzschia
frustulumy N. amphibia sefialan que también las condiciones fueron secas. Estas condiciones
se pudieron deber al desplazamiento al sur de la ZCIT. Durante el HS5a las especies de
ostracodos en el registro de Petén Itza indican condiciones ligeramente célidas, lo cual
coincide con el pico de pequefias Fragilariaceae y la presencia de Craticula elkab,
Chaetoceros muellerii, Nitzschia palea y Staurophora sp.

Durante el EI2, en la zona norte del pais se infieren condiciones de humedad debido a la
presencia de los lagos en Babicora y San Felipe (Roy et al. 2013, Ortega-Guerrero et al.
1999). Estas condiciones se pudieron asociar a los frentes frios y la entrada de humedad por
los vientos del oeste. Tanto en los registros glaciares de los volcanes del Nevado de Toluca,
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Ajusco, Tancitaro, Malinche, Cofre de Perote (Vazquez-Selem & Heine 2011; Vazquez-
Selem & Lachniet 2017) como los registros lacustres de Patzcuaro (Bradbury 2000) y
Chignahuapan (Caballero et al. 2002) indican una mayor humedad al oriente y occidente del
pais comparado con la zona central (Caballero et al. 2010). Aunque el registro de paleosuelos
en Veracruz sugiere un suelo poco desarrollado con abundantes carbonatos pedogénicos,
indicando climas secos (Solleiro-Rebolledo et al. 2022). Ademas, el registro de Petén Itza
indica un lago profundo, climas relativamente hiUmedos y la presencia comunidades vegetales
no analogas a las modernas (Hodell et al. 2008). El desplazamiento al sur de la ZCIT pudo
propiciar que los vientos del oeste llevaran humedad a la zona centro-oeste de la FVTM
(Bradbury 2000), mientras que una menor estacionalidad y la presencia de frentes frios
pudieron llevar humedad a la zona sureste del pais (Hodell et al. 2008). Las asociaciones de
diatomeas del registro de Chalco mostraron un cambio a condiciones de agua dulce, ademéas
se presentd una sucesion ecoldgica de Cocconeis placentula a las pequefias Fragilariaceae
hacia el ultimo maximo glacial (UMG), sugiriendo un incremento del nivel del lago en el
UMG (Caballero et al. 2019, Avendafio et al. 2023b). Caballero et al. (2019) observan un
patrén bimodal con dos episodios frios y secos en el UMG, el primer pulso esta asociado con
el HS2 (24-23 ka cal. A P) y el segundo ca. 20-19 ka cal AP. Estos autores proponen que los
contrastes estacionales, asi como la baja insolacion a principios y en la deglaciacion del EI2
pueden explicar las condiciones himedas en los registros de paleosuelos en Tlaxcala (Sedov
et al. 2009), Teotihuacan (Solleiro-Rebolledo et al. 2006, 2011) y el Nevado de Toluca
(Sedov et al. 2001). Ademas, en los registros de Petén-1tza y Chalco se observaron
condiciones similares de rapidos enfriamientos y condiciones secas asociados a los eventos
HS2-0 que pudieron estar asociados al desplazamiento al sur de la ZCIT (Caballero et al.
2019).
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