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El	
  presente	
  proyecto	
  apoyado	
  por	
  el	
  PINCC	
  tiene	
  como	
  objetivo	
  general	
  evaluar	
   la	
  

potencialidad	
   de	
   los	
   lagos	
   de	
   alta	
   montaña	
   ubicados	
   en	
   el	
   cráter	
   del	
   volcán	
   Nevado	
   de	
  

Toluca	
  como	
  sitios	
  de	
  investigación	
  (referencia/comparación)	
  y	
  para	
  el	
  estudio	
  de	
  Cambio	
  

Ambiental	
   Global,	
   así	
   como	
   el	
   regional,	
   constituyéndose	
   en	
   útiles	
   “centinelas”.	
   Como	
   se	
  

mencionó	
  en	
  el	
  informe	
  anterior,	
  para	
  cumplir	
  con	
  lo	
  anterior	
  se	
  procedió	
  a	
  recopilar	
  toda	
  

la	
  información	
  disponible	
  sobre	
  los	
  lagos	
  objeto	
  de	
  estudio	
  y,	
  una	
  vez	
  contando	
  con	
  la	
  base	
  

de	
   datos,	
   se	
   procedió	
   a	
   realizar	
   una	
   depuración	
   y	
   validación	
   estadística	
   de	
   ésta	
   para	
  

descartar	
   aquellos	
   registros	
   atípicos	
   (“outliers”).	
   Existen	
   diversos	
   registros	
   –la	
   gran	
  

mayoría	
  puntuales-­‐	
  de	
  distintas	
  fechas,	
  de	
  los	
  cuales	
  dos	
  periodos	
  temporales	
  en	
  particular	
  

son	
  de	
  gran	
  utilidad	
  por	
  constituir	
  series	
  anuales	
  continuas	
  (marzo	
  2000	
  a	
  marzo	
  2001	
  y	
  

Agosto	
   2006	
   a	
   Octubre	
   2007),	
   así	
   como	
   cubrir	
   una	
   conjunto	
   de	
   variables	
   limnológicas	
  

relevantes.	
  	
  

Esta	
   información	
   constituye	
   la	
   tesis	
  de	
  Maestría	
   en	
  Ciencias	
  del	
  Mar	
  y	
  Limnología	
  

que	
   está	
   elaborando	
   la	
   Biól.	
   Diana	
   Ibarra	
  Morales	
   con	
   el	
   título	
   de	
  Dinámica	
   limnológica	
  

estacional	
  e	
  interanual	
  de	
  dos	
  lagos	
  tropicales	
  de	
  alta	
  montaña:	
  “El	
  Sol”	
  y	
  “La	
  Luna”,	
  Nevado	
  

de	
  Toluca,	
  México.	
   Esta	
   tesis	
   constituye	
   el	
   primero	
   de	
   los	
   dos	
   productos	
   comprometidos	
  

(uno	
  en	
  el	
  rubro	
  de	
  formación	
  de	
  recursos	
  humanos	
  y	
  el	
  otro	
  en	
  el	
  rubro	
  de	
  publicaciones)	
  

en	
   el	
   proyecto.	
   La	
   alumna	
   Ibarra	
   Morales	
   ha	
   presentado	
   la	
   primera	
   versión	
   de	
   su	
  

manuscrito	
  de	
  tesis	
  a	
  revisión	
  por	
  parte	
  del	
  comité	
  tutoral.	
  

Como	
  parte	
  de	
  su	
  proceso	
  de	
  formación,	
  la	
  alumna	
  Ibarra	
  Morales	
  presentó	
  avances	
  

de	
  su	
  investigación	
  en	
  los	
  siguientes	
  foros	
  internacionales	
  y	
  nacionales:	
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• 5th	
   International	
   Maar	
   Conference.	
   Noviembre	
   17-­‐22,	
   2014.	
   Querétaro,	
   México.	
  

Tropical,	
   high	
   altitude,	
  mountain	
   lakes	
   El	
   Sol	
   and	
   La	
   Luna,	
  Nevado	
  deToluca,	
  México:	
  

Seasonal	
   and	
   interannual	
   limnological	
   dynamics	
   por	
   D.	
   Ibarra,	
   J.	
   Alcocer	
   &	
   L.A.	
  

Oseguera.	
  

• VI	
  Congreso	
  Nacional	
  de	
  Limnología.	
  Noviembre	
  11-­‐14,	
  2014.	
  México,	
  D.F.	
  Dinámica	
  

limnológica	
  estacional	
  e	
   interanual	
  de	
  dos	
   lagos	
  tropicales	
  de	
  alta	
  montaña:	
  “El	
  Sol”	
  y	
  

“La	
  Luna”,	
  Nevado	
  de	
  Toluca,	
  México	
  por	
  D.	
  Ibarra,	
  J.	
  Alcocer-­‐Durand,	
  L.A.	
  Oseguera	
  y	
  

M.	
  Merino-­‐Ibarra.	
  

	
   Por	
  otro	
  lado,	
  como	
  parte	
  de	
  las	
  actividades	
  de	
  la	
  Biól.	
  Ibarra	
  Morales	
  se	
  sometió	
  el	
  

siguiente	
  capítulo	
  de	
  libro	
  electrónico:	
  

	
   Ibarra,	
   D.,	
   J.	
   Alcocer,	
   L.A.	
   Oseguera	
   y	
   M.	
   Merino-­‐Ibarra.	
   Dinámica	
   limnológica	
  

estacional	
   e	
   interanual	
   de	
   dos	
   lagos	
   tropicales	
   de	
   alta	
  montaña	
   en	
   el	
   centro	
   de	
  México.	
  

Memorias	
   en	
   Extenso	
   de	
   los	
   trabajos	
   presentados	
   en	
   el	
   VI	
   Congreso	
   Nacional	
   de	
  

Limnología.	
  UNAM.	
  México.	
  

	
   En	
  este	
  capítulo	
  se	
  caracterizó	
  la	
  variabilidad	
  	
  interanual	
  de	
  los	
  dos	
  lagos	
  ubicados	
  

en	
   el	
   cráter	
   del	
   volcán	
   Nevado	
   de	
   Toluca,	
   “El	
   Sol”	
   y	
   “La	
   Luna”,	
   comparando	
   dos	
   ciclos	
  

anuales.	
   Se	
   encontró	
   que	
   no	
   hay	
   un	
   cambio	
   en	
   la	
   temperatura	
   de	
   los	
   lagos	
   –como	
   se	
  

esperaba-­‐	
  pero	
  si	
  se	
  registró	
  un	
  aumento	
  en	
  el	
  pH	
  y	
  el	
  OD	
  así	
  como	
  una	
  disminución	
  en	
  la	
  

concentración	
  de	
  N-­‐NO3	
  y	
  clorofila-­‐a.	
  	
  

Adicionalmente,	
  el	
  proyecto	
  también	
  contribuyó	
  a	
  apoyar	
   la	
   tesis	
  de	
  Doctorado	
  en	
  

Ciencias	
   Biológicas	
   de	
   la	
  M.	
   en	
   C.	
   Estela	
   Cuna	
   Pérez	
   con	
   el	
   título	
   de	
  Registro	
  de	
  cambios	
  

ambientales	
  en	
  dos	
  lagos	
  de	
  alta	
  montaña	
  en	
  México	
  con	
  base	
  en	
  sus	
  algas	
  modernas	
  y	
  fósiles.	
  

La	
   tesis	
   de	
   doctorado	
   de	
   la	
  M.	
   en	
   C.	
   Cuna	
   generó	
   el	
   segundo	
   –y	
   último-­‐	
   compromiso	
   al	
  

publicarse	
  el	
  siguiente	
  artículo	
  en	
  una	
  revista	
  internacional	
  e	
  indexada	
  (Factor	
  de	
  Impacto	
  

2012	
  =	
  2.209):	
  

Cuna,	
   E.,	
   E.	
   Zawisza,	
   M.	
   Caballero,	
   A.C.	
   Ruiz-­‐Fernández,	
   M.S.	
   Lozano-­‐García	
   &	
   J.	
  

Alcocer.	
   2014.	
   Environmental	
   impact	
   of	
   the	
   Little	
   Ice	
   Age	
   cooling	
   in	
   central	
  Mexico:	
   the	
  

record	
   from	
   a	
   tropical	
   alpine	
   lake.	
   Journal	
   of	
   Paleolimnology	
   51:	
   1-­‐14-­‐	
   DOI	
  

10.1007/s10933-­‐013-­‐9748-­‐0	
  	
  

En	
   este	
   artículo	
   se	
   presenta	
   evidencia	
   de	
   la	
   “Little	
   Ice	
   Age”	
   (la	
   pequeña	
   edad	
   de	
  

hielo)	
  en	
  México	
  con	
  base	
  en	
  una	
  secuencia	
  sedimentaria	
  con	
  resolución	
  decadal	
  obtenida	
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del	
  lago	
  La	
  Luna,	
  Nevado	
  de	
  Toluca.	
  Se	
  utilizaron	
  una	
  serie	
  de	
  proxies	
  paleoclimáticos	
  que	
  

mostraron	
  que	
  las	
  condiciones	
  actuales	
  de	
  este	
  lago	
  no	
  han	
  cambiado	
  desde	
  aprox.	
  1910,	
  lo	
  

cual	
  es	
  evidencia	
  de	
  que	
  no	
  ha	
  sufrido	
  cambios	
  derivados	
  de	
  la	
  actividad	
  humana.	
  	
  

Asimismo,	
   con	
   esta	
   información	
   se	
   participó	
   en	
   los	
   dos	
   congresos	
   internacionales	
  

mencionados	
  a	
  continuación:	
  

• 5th	
   International	
   Maar	
   Conference.	
   Noviembre	
   17-­‐22,	
   2014.	
   Querétaro,	
   México.	
  

Trends	
   in	
   Holocene	
   environmental	
   and	
   climatic	
   changes	
   in	
   central	
   Mexico	
   por	
   M.	
  

Caballero,	
  S.	
  Lozano,	
  B.	
  Ortega,	
  E.	
  Cuna,	
  E.	
  Zawisza	
  	
  y	
  G.	
  Vázquez.	
  

• PaIeoecoIogicaI	
   reconstructions	
   -­‐	
   lacustrine,	
   peat	
   and	
   cave	
   sediments.	
  Mayo	
   22-­‐24,	
  

2013.	
   Biatka	
   Tatrzariska,	
   Polonia.	
   Tropical	
   paleolimnology:	
   Some	
   examples	
   from	
  

Mexico.	
  M.	
  Caballero,	
  S.	
  Lozano,	
  B.	
  Ortega,	
  E.	
  Zawisza	
  y	
  E.	
  Cuna.	
  	
  

	
  

Como	
   “dinero	
   semilla”,	
   el	
   presente	
   proyecto	
   PINCC	
   permitió	
   someter	
   a	
   la	
  

Convocatoria	
   Fondo	
   Sectorial	
   de	
   Investigación	
   Ambiental	
   SEMARNAT-­‐CONACYT	
   2014	
   la	
  

versión	
  extendida	
  del	
  proyecto	
  “Los	
  Lagos	
  del	
  Nevado	
  De	
  Toluca,	
  México:	
  Centinelas	
  para	
  la	
  

Detección	
   y	
   Análisis	
   del	
   Cambio	
   Ambiental	
   Global”	
   quedando	
   registrada	
   bajo	
   el	
   número	
  

249329.	
  	
  

Con	
  base	
  en	
  lo	
  anterior,	
  se	
  cumplieron	
  sobradamente	
  con	
  los	
  productos	
  prometidos.	
  

1)	
   Se	
   generaron	
   no	
   una	
   sino	
   dos	
   tesis,	
   una	
   de	
   maestría	
   y	
   una	
   doctorado	
   y	
   2)	
   se	
   han	
  

generado,	
  al	
  momento,	
  no	
  una	
  sino	
  dos	
  publicaciones,	
  un	
  artículo	
  publicado	
  y	
  un	
  capítulo	
  

aceptado.	
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Tropical high mountain lakes are located above 
the timberline (around 3,500 and 4,800 m a.s.l., 
Margalef, 1983). They receive about the same 
sunlight along the year (Lewis, 1996), are mostly 
polymitic (Thomasson, 1956), display low 
temperatures (Thomasson, 1956), and receive high 
amounts of UV radiation; (Löffler, 1964; 
Sommaruga, 2001). These lakes waters are poorly-
mineralized, are acidic with low dissolved organic 
matter concentrations (Sommaruga, 2001). 

High mountain lakes are mostly located in 
remote and undisturbed areas of the planet. Their 
environmental conditions turn these lakes vulnerable 
to acid rain, air pollutants and climate change. This 
“susceptibility” makes them natural sentinels of 
global change. However, to be used as sensors of 
global or local change it´s necessary to know their 
natural limnological variability to differentiate from 
the anthropogenic change. 

Lakes El Sol and La Luna are two high mountain 
lakes inside the crater of the Nevado de Toluca 
volcano  (19°06´N, 99°45´W, 4200 m a.s.l.), Central 
Mexico. Both lakes are perennially astatic, this is, 
their levels rise and fall as a result of the 
precipitation-evaporation balance, but do not dry up 
(Alcocer et al., 2004). Twenty-year data (1921–
1980) from the ‘‘Nevado de Toluca’’ weather station 
(19º 07’ N, 99º 45’ W, 4,140 m a.s.l.) report average 
monthly mean temperatures ranged between 2.8ºC in 
February and 5.8ºC in April, with an annual mean 
temperature of 4.2ºC. Total annual precipitation is 
1243.5 mm, ranging from 17.2 mm in December to 
270 mm in July (García, 1988). Maximum water 
depth of El Sol is 15 m (mean depth 6 m), with a 
surface area of 237,321 m2. Maximum water depth 
of La Luna is 10 m (mean depth 5 m) with a surface 
area of 31,083 m2 (Alcocer et al., 2004). 

This project proposed to characterize the 
seasonal (intra-annual) and interannual variability of 
lakes El Sol and La Luna by analyzing two annual 
cycles: 2000-2001 and 2006-2007. We measured the 
main physical and chemical parameters: 
temperature, pH, dissolved oxygen, conductivity and 
nutrients (nitrites, nitrates, ammonium, dissolved 

inorganic nitrogen, soluble reactive phosphorus, 
soluble reactive silica) as well as phytoplankton 
biomass expressed as the concentration of 
chlorophyll a.   

The inter-annual comparison showed no 
variation in water temperature (p>0.05). Dissolved 
oxygen was higher in El Sol in the 2006-2007 period 
with a differences of 0.7± 0.1 mg/L in El Sol and 
0.2±0.2 mg/L in La Luna. The pH augmented from 
2000-2001 to 2006-2007 (p<0.05), 1.2±0.9 units in 
El Sol and 0.7±0.4 units in La Luna. Conductivity 
was higher in El Sol in the 2006-2007 period with a 
difference of 42.1±5.5 μS/cm; opposite, in La Luna 
was higher in the 2000-2001 period with a 
difference of 7.6±1.7 μS/cm (p<0.05). Both lakes 
became more turbid from 2000-2001 to 2006-2007 
(p<0.05). In El Sol turbidity augmented 9±4% an in 
La Luna 18 ±1%. In El Sol, nitrites, nitrates, 
ammonium and dissolved inorganic nitrogen were 
higher in the 2000-20001 period (p<0.05; 
differences of 1.85±2.99 μg/L, 58.73±36.3 μg/L, 
14.12±1.7 μg/L and 76.64±30.8 μg/L, respectively). 
Opposite, soluble reactive phosphorus and soluble 
reactive silica were higher in the 2006-2007 period 
(p<0.05; differences of 8.5±6 μg/L and 
2069.31±352.4 μg/L, respectively). In La Luna, 
nitrites, ammonium and soluble reactive silica were 
higher in the 2006-2007 period (p<0.05; differences 
of 1.21±0.5 μg/L, 4.08±4 μg/L and 225.25±34.6 
μg/L, respectively). Nitrates and dissolved inorganic 
nitrogen were higher in La Luna in 2000-2001 
(p<0.05; differences of 182.01±21.6 μg/L and 
176.88± 42.42 μg/L, respectively). Soluble reactive 
phosphorus showed no differences between both 
sampling periods (p>0.05). The phytoplankton 
biomass diminished in both lakes from 2000-2001 to 
2006-2007 (p<0.05). The difference in El Sol was of 
0.02 μg/L and the difference in La Luna was of 0.01 
±1.01 μg/L. 

Comparison between lakes showed no variation 
in the water temperature in both annual periods 
(p>0.05). Dissolved oxygen was similar in 2000-
2001 (p>0.05) between both lakes. In the 2006-2007 
period, the dissolved oxygen in El Sol was higher 
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than in La Luna (p<0.05) with a difference of 
0.3±0.1 mg/L. In both annual periods, El Sol was 
more alkaline than La Luna; in 2000-2001 the 
difference was of 0.8 pH units and in 2006-2007 was 
of 1.3±0.5 pH units. In both periods, El Sol showed 
higher conductivity values than La Luna: 2.3±0.1 
μS/cm in 2000-2001 and 52±3.7 μS/cm (p<0.05). In 
both periods, La Luna was more transparent than El 
Sol (p<0.05). In the 2000-2001 was 34 ± 6 % and in 
2006-2007 period was 24 ± 11%. In the 2000-2001 
period El Sol had higher concentrations of nitrates, 
soluble reactive phosphorus and soluble reactive 
silica (p<0.05; differences of 2.2±3 μg/L, 1.83±0.9 
μg/L and 51.6±28.2 μg/L respectively). In La Luna 
there were higher values for nitrates and dissolved 
inorganic nitrogen (p<0.05; differences of 
250.7±16.3 μg/L and 249.7±34.1 μg/L, 
respectively). In 2006-2007 El Sol showed higher 
concentrations of soluble reactive phosphorus and 
soluble reactive silica (p<0.05; differences of 
10.62±5.4 μg/L and 1895.66±346 μg/L, 
respectively). In the same period, La Luna had 
higher values for nitrites, nitrates, ammonium and 
dissolved inorganic nitrogen (p<0.05; differences of 
0.86±0.49 μg/L, 127.42±41.6 μg/L, 21.16±1.5 μg/L 
and 149.46±39.12 μg/L, respectively). El Sol display 
higher Chlorophyll a concentration (p<0.05). The 

difference in the 2000-2001 period was 1.2 ±0.63 
μg/L and the difference in the 2006-2007 period was 
1.23 ±0.38 μg/L. 
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Central Mexico is characterized by an intense 
Neogene volcanism centered at the Trans Mexican 
Volcanic Belt (TMVB), a volcanic chain that crosses 
central Mexico in an E-W transect at about 21-19ºN.  
The TMVB has several crater lakes, most of which 
are small (<1 km2) with depths ranging from a few 
meters (2 to 4 m) up to 65 m.   

Crater lakes in central Mexico are ideal sites for 
the study of Holocene climatic trends.  These lakes 
have high sedimentation rates and their sediments 
are rich in pollen, diatoms and other biological 
remains that allow reconstructions of past 
environmental, ecological and climatic changes. 

 

 
Fig. 1– Location of research sites in central Mexico. Shaded 
represents the Trans-Mexican Volcanic Belt. 

 
Here we present result from palaeoenvironmental 

research undertaken in four of these lakes located 
along an E-W transect across the TMVB (Fig. 1): 
Lago Verde, La Luna, Tacámbaro and Santa María 
del Oro. The main proxies used are magnetic 
susceptibility, charcoal, pollen, diatoms and 
cladocera.  All records have reliable chronologies 
based in 14-C dates (all) and 210-Pb (Lago Verde, 
La Luna). 

The records presented here extend to the early 
Holocene (ca. 9 ka BP, Tacámbaro), the mid 
Holocene (5 ka BP, SMO) and the late Holocene 
(2.5 and 1 ka BP, Lago Verde and La Luna).  These 
records give evidence of human occupation in their 
basins (presence of Zea mays) frequently associated 
with evidences of high environmental impact 
(charcoal, high magnetic susceptibility). Depending 
on the time span of the sequence and its geographic 
location, intervals of high human impact can be 
identified during the Classic (AD 100-900), Post-
Classic (ca. AD 1200-1350), or Colonial times (late 
16th century), giving evidence of the long history and 
high density of human occupation in this culturally 
diverse region (Mesoamerica).  In most of the 
records, however, modern human impact is also 
important. 

Main longer term climatic trend is a mid-
Holocene transition that can be related with dryer 
and less seasonal climates (cooler summers and 
warmer winters).  The main shorter term trends 
involve relatively dry climates during the Classic 
(AD 100-900), a shift to moister climates at some 
time between AD 900 and 1200 and the cooling of 
the Little Ice Age starting at about AD 1400 and 
extending until 1910.  This cool period is recorded 
as a dry interval in regions that currently have a 
negative water balance; in regions with a positive 
water balance the drying trend is not evident. The 
coolest intervals during the LIA correlate with 
Spörer and Mounder minima in solar activity.  The 
second was the period with the coldest conditions, 
from 1660 to 1760. Modern global warming trends 
can be identified in at least two of these lakes. 
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Los lagos tropicales de alta montaña se caracterizan 
por ubicarse por encima de la cota de vegetación arbórea 
(alrededor de 3,500 y 4,800 m.s.n.m., Margalef, 1983). 
Estos reciben la misma intensidad de radiación solar a lo 
largo de todo el año (Lewis, 1996), son -en su mayoría- 
polimícticos (Thomasson, 1956), sus aguas presentan bajas 
temperaturas (Thomasson, 1956) y reciben altas cantidades 
de radiación UV (Löffler, 1964; Sommaruga, 2001). Las 
aguas de estos lagos están poco mineralizadas, son ácidas 
y con poca concentración de materia orgánica disuelta 
(Sommaruga, 2001).

Los cuerpos de agua de las regiones de alta montaña 
se cuentan entre los sitios más remotos y “supuestamente” 
menos perturbados del planeta. Sin embargo y a pesar de 
lo apartado de su ubicación, ni siquiera estas regiones se 
encuentran exentas de las amenazas producto del cambio 
global (p. ej., la precipitación ácida, los contaminantes 
atmosféricos tóxicos, el cambio climático). Esta 
susceptibilidad los convierte en excelentes sensores de 
este cambio. Sin embargo, es preciso reconocer primero 
la variabilidad natural en sus procesos fisicoquímicos y 
biológicos para poder distinguirlos de aquellos cambios 
inducidos antropogénicamente.

Los lagos El Sol y La Luna son dos lagos de alta montaña 
ubicados dentro del cráter del Nevado de Toluca (19°06´N, 
99°45´W, 4,200 m s.n.m.). Los aportes hídricos que recibe 
el Nevado de Toluca son debidos a la lluvia en verano, la 
nieve en el invierno y el agua de deshielo en primavera 
(Sánchez, 2004). Además de la evaporación también hay 
pérdidas debidas a las infiltraciones. Datos de los años 
1921 a 1980 de la estación meteorológica del Nevado de 
Toluca (19º 07’ N, 99º 45’ W, 4,140 m.s.n.m.) reportan 
promedios mensuales con un rango de 2.8 ºC en febrero 
a 5.8 ºC en abril, con una temperatura media anual de 4.2 
ºC. La precipitación total anual es de 1,243.5 mm, con un 
rango de  17.2 mm en diciembre a 270 mm en julio (García, 
1988). Ambos lagos se clasifican como astáticos perennes 
debido a que  su nivel de agua aumenta o disminuye pero 
sin llegar a secarse (Alcocer et al., 2004). El Sol tiene una 
profundidad máxima de 15 m y una profundidad media de 
6 m, con un área de 237,321 m2. La profundidad máxima 
de La Luna es de 10 m, su profundidad media es de 5 m y 
su área es de 31,083 m2 (Alcocer et al., 2004).

Este proyecto propuso caracterizar la variabilidad 
estacional (intra-anual) e interanual de los lagos El Sol y 
La Luna analizando dos ciclos anuales: 2000-2001 y 2006-
2007. Se midieron  parámetros ambientales: temperatura 
(T °C), oxígeno disuelto (OD), pH, conductividad (K25) 
y radiación fotosintéticamente activa (PAR); nutrientes: 
nitritos (N-NO2), nitratos (N-NO3), amonio (N-NH4), 
Nitrógeno Inorgánico Disuelto (NID), Fósforo Soluble 
Reactivo (P-PSR), Sílice Soluble Reactivo (SiSR) y se 
calculó el cociente de Redfield (NID:P-PSR); así como 
biomasa fotoplanctónica expresada como la concentración 
de clorofila a (Clor-a).

La comparación interanual no muestra variaciones en 
la temperatura del agua en ninguno de los lagos (p > 0.05). 
El oxígeno disuelto fue más alto en el periodo 2006 ‒ 2007 
con diferencia de 0.7 ± 0.1 mg L-1 en El Sol y 0.2 ± 0.2 
mg L-1 en La Luna. El pH aumentó de 2000-2001 a 2006-
2007 (p < 0.05), 1.2 ± 0.9 unidades en El Sol y 0.7 ± 0.4 
unidades en La Luna. La conductividad fue más alta en El 
Sol en el periodo 2006 ‒ 2007 con una diferencia de 42.1 ± 
5.5 μS cm-1; opuestamente, en La Luna los valores fueron 
más elevados en el periodo 2000 ‒ 2001 con una diferencia 
de  7.6 ± 1.7 μS cm-1 (p < 0.05). Ambos lagos se tornaron 
menos transparentes de  2000 ‒ 2001 a 2006 ‒ 2007 (p < 
0.05). En El Sol la transparencia disminuyó  9 ± 4 % y en  
La Luna 18 ± 1 %.

En El Sol, N-NO2, N-NO3, N-NH4 y NID fueron más 
altos en el periodo 2000-2001 (p < 0.05; con diferencias de 
1.85 ± 2.99 μg L-1, 58.73 ± 36.3 μg L-1, 14.12 ± 1.7 μg L-1 
y 76.64 ± 30.8 μg L-1, respectivamente). Por el contrario, 
P-PSR y SiSR fueron más altos en el periodo 2006 ‒ 2007 
(p < 0.05; con diferencias de  8.5 ± 6 μg L-1 y 2,069.31 ± 
352.4 μg L-1, respectivamente). El NID:P-PSR disminuyó 
de 2000 ‒ 2001 a 2006 ‒ 2007 (p < 0.05; con una diferencia 
de 35 ± 43). El nutriente limitante cambio de ser el fósforo 
en 2000 ‒ 2001 a ser el nitrógeno en 2006 ‒ 2007. En La 
Luna, N-NO2, N-NH4 y SiSR fueron más altos en el periodo 
2006 ‒ 2007 (p < 0.05; con diferencias de  1.21 ± 0.5 μg L-1, 
4.08 ± 4 μg L-1 y 225.25 ± 34.6 μg L-1, respectivamente). 
Por otro lado el N-NO3, y el NID fueron más altos en La 
Luna en 2000 ‒ 2001 (p < 0.05; con diferencias de 182.01 ± 
21.6 μg L-1 y 176.88 ± 42.42 μg L-1, respectivamente). Tanto 
el P-PSR como el NID:P-PSR no mostraron diferencias 
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significativas entre ambos periodos de muestreo (p > 0.05). 
El nutriente limitante en este lago fue el fósforo en ambos 
ciclos anuales. La biomasa fitoplanctónica disminuyó en 
ambos lagos de 2000 ‒ 2001 a 2006 ‒ 2007 (p < 0.05). La 
diferencia en la concentración de Clor-a en El Sol fue de  
0.02 μg L-1 y la diferencia en  La Luna fue de 0.01 ± 1.01 
μg L-1.

La comparación entre lagos no mostró diferencias en 
la temperatura del agua en ambos periodos anuales (p > 
0.05). El oxígeno disuelto fue similar entre ambos lagos en 
el ciclo 2000 ‒ 2001 (p > 0.05). En el periodo 2006 ‒ 2007 
el oxígeno disuelto en El Sol fue más alto que en La Luna 
(p < 0.05) con una diferencia de 0.3 ± 0.1 mg L-1. En ambos 
periodos, El Sol fue más básico que la luna; en 2000 ‒ 2001 
la diferencia fue de 0.8 unidades de pH y en 2006 ‒ 2007 
fue de 1.3 ± 0.5 unidades de pH. En ambos periodos, El Sol 
mostró valores más altos de conductividad que La Luna con 
diferencias de 2.3 ± 0.1 μS cm-1 en 2000 ‒ 2001 y 52 ± 3.7 
μS cm-1 en 2007 (p < 0.05). La Luna fue más transparente 
que El Sol en ambos periodos (p < 0.05). En  2000 ‒ 2001 
la diferencia fue  de 34 ± 6 % y en 2006 ‒ 2007 fue de 24 
± 11 %.

En el periodo 2000 ‒ 2001 El Sol tuvo las concentraciones 
más altas de N-NO2, P-PSR y SiSR (p < 0.05; con 
diferencias de 2.2 ± 3 μg L-1, 1.83 ± 0.9 μg L-1 y 51.6 ± 
28.2 μg L-1, respectivamente). La Luna tuvo los valores 
más altos de N-NO3 y NID (p < 0.05; con diferencias de  
250.7 ± 16.3 μg L-1 y 249.7 ± 34.1 μg L-1, respectivamente). 
En ambos lagos el nutriente limitante fue el fósforo. En el 
ciclo 2006 ‒ 2007 El Sol mostró las concentraciones más 
altas de P-PSR y SiSR (p < 0.05; con diferencias de 10.62 
± 5.4 μg L-1 y 1895.66 ± 346 μg L-1, respectivamente). En el 

mismo periodo, La Luna presenta los valores más altos de 
N-NO2, N-NO3), N-NH4 y NID (p < 0.05; con diferencias 
de 0.86 ± 0.49 μg L-1, 127.42 ± 41.6 μg L-1, 21.16 ± 1.5 
μg L-1 y 149.46 ± 39.12 μg L-1, respectivamente). En este 
ciclo el nutriente limitante en El Sol fue el nitrógeno y en La 
Luna fue el fósforo. En ambos periodos de muestreo El Sol 
presentó  concentraciones más altas de Clor-a que La Luna 
(p < 0.05). La diferencia en  2000 ‒ 2001 fue de 1.2 ± 0.63 
μg L-1 y en el periodo 2006 ‒ 2007 fue de 1.23 ± 0.38 μg L-1.

Dada la naturaleza de las variaciones, no se cuenta 
con evidencia para asociarlas con cambio climático. 
Respaldados en los resultados de Cuna et al. (2014) los 
cambios registrados se sugieren que sean intrínsecos a 
los procesos naturales de cada lago más que al cambio 
ambiental.
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Tropical lakes differ in several aspects from temperate ones: they tend to have higher nutrient levels, 

higher biomass, lower oxygen content, very stable summer stratification and a brief winter mixing. Be- 
sides, precipitation, concentrated during the summer months, is frequently more important than tem- 

perature as an environmental control; however both variables are connected by climatic mechanisms. 

For example millennial-scale Holocene climatic variability is controlled by changes in insolation, the 

early Holocene (10-7 ka) characterized by the high summer (low winter) insolation driving high tropi- 

cal monsoon activity and the late Holocene (4.2-0 ka) by the opposite. Ecosystems, however, display 

non linear behaviors and temperature (or moisture) changes will be of importance only if they reach 

ecological threshold values for the biological groups used as climate proxies. These values will be 

reached at different moments during the Holocene depending on  the altitude of the studied sites as 

hot tropical climates are limited to the lowlands; with temperate or even cold climates at higher alti- 

tudes. We present three examples from different altitudinal floors that document Holocene climatic 

variability and its impact on  tropical ecosystems; these records also document human impact in this 

culturally rich region (Mesoamerica). 

The Lowlands - Lago Verde (100 m asl), a maar lake in a biologically diverse, core culture area. 

This record shows two intervals of equally intense human impact (forest clearance, agriculture, fires, 

eutrophication), the first between AD 15 to 800 (Classic cultural phase) and the second from 1965 to 
1990 (oil boom). The first episode of intense human impact is coeval with dry (low lake level) condi- 

tions (Maya droughts). Human abandonment and the end of the dry episode are recorded by AD 800. 

During the cooler climates of the Little Ice Age (LIA) higher winter moisture (more polar outburst) 

favoured a more even distribution of precipitation along the year which lead to the densest tropical 

rainforest cover during the last 2,000 yrs. 

Mid Altitude lake Tacambaro (1,460 m asl) is a crater lake at the ecotone between tropical 

deciduous and temperate (pine-oak) forests. The early Holocene record shows a holomictic lake with 

a trend to increasingly eutrophic conditions. By ca. 5000 cal BP an expansion of tropical vegetation is 

recorded and a drastic change in mixing pattern (meromixis) leading to limited nutrient recirculation 

and bottom anoxia. These changes are related with the increasing winter insolation during the early 

Holocene until threshold values were crossed and a less seasonal climate (lower winter cooling) was 
established by between 5,000 to 4,000 yr BP. Human impact in this record dates to the Tarascan times 

(Posclassic, -AD1350) and at the Spaniards arrival (- 1550). 

Alpine lake La Luna (4,200 m asl) is located in the crater of the Nevado de Toluca volcano. This 

sequence covers the end of the medieval warm period (MUT) and the full span of the LIA (AD1200 
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- 2003). The onset of the LIA corresponds with the beginning of a long term trend to colder and drier 

climates (-AD1400 - 1910). The coolest and driest episode (-AD1660-1760) corresponds with the 

Maunder minimum in solar activity. During this time the Cladocera assemblage, dominated by colder 

water species, showed the greatest dissimilarity to modern one (non modern analogue). The beginning 
of a warming trend started at -AD1760, marked by the establishment of a non modern analogue dia- 

tom assemblage dominated by species with affinities for higher pH  values (>6). Modern conditions, 

established at around AD 1910, resemble those during the MWP (ca. 1200). No evidence of modern 

human induced environmental change was recorded; therefore lake La Luna can be considered as an 

ideal site to monitor future impacts of global change in Mexico. 
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Abstract The Little Ice Age (LIA), AD 1350–1850,

represents one of the most recent, persistent global

climate oscillations. In Mexico, it has been associated

with temperature decreases of 1.5–2 �C and mountain

glacier advances, which are not accurately dated. We

present new information about the nature of the LIA in

central Mexico based on a decadal-resolution sedi-

ment sequence from high-altitude, tropical Lake La

Luna, in the Nevado de Toluca volcano. We inferred

past climatic and environmental changes using mag-

netic susceptibility, charcoal particles, palynomorphs,

diatoms, cladoceran remains and multivariate statis-

tics. The onset of the LIA corresponds with the

beginning of a long-term trend to colder and drier

climate ca. AD 1360–1910. The coolest and driest

episode, *AD 1660–1760, which corresponds with

the Maunder Minimum in solar activity, was charac-

terized by a cladoceran assemblage that showed the

greatest dissimilarity to the modern one (no modern

analogue), with the presence of cold-water species and

Daphnia ephippia. The beginning of a warming trend

ca. AD 1760, was identified by a diatom assemblage

dominated by species with affinities for higher pH

values ([6) and the greatest dissimilarity to the

modern assemblage. This less cold, but still dry

period, corresponds with historical reports of cattle

and crop losses that predated the Mexican wars of

Independence (AD 1810–1821) and Revolution

(1910–1924). Modern conditions, established around

AD 1910, resemble those during the Medieval Climate

Anomaly (ca. AD 1200). No clear evidence of modern,

human-induced environmental change was recorded,
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indicating that Lake La Luna is an ideal site in Mexico

to monitor future impacts of global change.

Keywords LIA � Central Mexico � Tropical

alpine lake � Diatoms � Cladocerans

Introduction

Lakes are excellent sensors of environmental change,

and their sediments can provide high-resolution,

decadal to sub-decadal records of climate fluctuations

over long time-scales (Battarbee 2000). Studies of

climate-driven processes in alpine lakes, which are

located in sparsely vegetated catchments above tree-

line, are less confounded than studies in lowland water

bodies, because alpine lakes are not affected by

complex soil and vegetation responses to human

activities in their catchments. Those factors might

otherwise influence external loading of carbon, nutri-

ents, major ions and sediments (Catalan et al. 2002).

Alpine lakes are particularly sensitive to climate

change, and small differences in temperature between

warm and cold periods can strongly affect the duration

of ice or snow cover (Koining et al. 2002) and water

level, thereby modifying lake water chemistry, the

length of the growing period and the composition of

aquatic plant and animal populations.

Late Holocene paleoclimate is characterized by a

warm interval known as the Medieval Climate

Anomaly (MCA), *AD 1000–1300, which was

followed by a highly variable, but generally cold

period known as the Little Ice Age (LIA), *AD

1350–1850 (Crowley and Lowery 2000; Mann et al.

2009). The LIA represents one of the most recent

global climatic oscillations with abundant records in

the North Atlantic region (Mann et al. 2009). Many

authors have related cooling during the LIA with solar

forcing, specifically with the lower solar irradiance

during the Spörer (1450–1540) and Maunder

(1645–1715) solar minima (Bond et al. 2001; Loz-

ano-Garcı́a et al. 2007). During the Maunder Mini-

mum, solar activity and UV (200–300 nm) irradiance

reached particularly low levels (Lean et al. 1995; Lean

and Rind 1999). Although the LIA has also been

associated with volcanic activity, lower solar irradi-

ance was surely an important forcing during this

cooling event (Crowley et al. 2008; Shindell et al.

2003). In Mexico, the LIA has been associated with

temperature decreases between 1.5 and 2 �C (Lozano-

Garcı́a et al. 2007; Vázquez-Selem 2011) and moun-

tain glacier advances of about 250 m (Vázquez-Selem

2011; Vázquez-Selem and Heine 2004). It has also

been associated with high climate variability and

recurrent drought events and epidemics between the

fourteenth and nineteenth centuries (Contreras-Servin

2005; Florescano 1980; Metcalfe and Davies 2007;

Therrel et al. 2004). The specific impact of the LIA

cooling at each location, however, seems to depend on

a delicate balance between a reduction in summer

rainfall and an increase in winter rainfall, the latter a

consequence of higher frequency and intensity of

polar outbreaks (‘‘nortes’’) (Jáuregui 1997; Lozano-

Garcı́a et al. 2007).

Even though historical records for central Mexico

show that the LIA was a period of frequent droughts

and epidemics, a more detailed interpretation of the

pattern of climate change during this period can be

difficult given that such records seldom cover the full

interval of the LIA. Geomorphological evidence of

glacial advances confirms the cooler conditions during

the LIA in the central Mexico highlands, but they are

difficult to date accurately (Vázquez-Selem and Heine

2004). Paleolimnological studies, on the other hand,

can provide continuous records of environmental

impact during the full span of the LIA, providing they

have adequate chronologies and temporal resolution

(multi- to sub-decadal), and that the climate signal is

not masked by anthropogenic impact. The objectives

of this work were to: (1) produce a high-resolution,

continuous paleolimnological record from a relatively

undisturbed site and (2) document the environmental

effects of the LIA in central Mexico, specifically its

onset, timing of maximum cooling and correlation

with drought conditions.

Site description

Lakes La Luna and El Sol are shallow, permanent,

alpine water bodies (19�060N, 99�450W, 4,200 m

a.s.l.) located in the crater of the Nevado de Toluca

volcano, central Mexico (Fig. 1). The lake catchments

are characterized by andesic-dacitic boulders, sparse

vegetation (alpine meadow) and cold climate. Accord-

ing to the 1970–2000 data from the closest meteoro-

logical station (4,110 m a.s.l., smn.conagua.gob.mx),

mean annual temperature is 3.8 �C, ranging from an
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average of 2.4 �C during winter months to 5 �C during

the warmest months (April–May). Extreme tempera-

tures range from -9 �C in winter to 19 �C in spring.

These lakes have positive water balance, with precip-

itation (1,213 mm/yr) concentrated during the sum-

mer months, exceeding evaporation (824 mm/yr). The

waters of Lake La Luna, which originate from

precipitation and snowmelt, have high transparency,

low pH, low mineral content, and low alkalinity and

buffering capacity (Table 1). Currently the lake has no

fish. La Luna has been classified as an oligotrophic,

warm polymictic lake (Alcocer et al. 2004). During

very cold winters such as 2010, however, a thin ice

layer can develop.

Materials and methods

A short sediment core (57 cm) was recovered in 2003

from the central part of Lake La Luna using a gravity

corer. The core was sealed in a plastic tube and

transported to the laboratory where it was cut in half

lengthwise, photographed, described (sediment col-

our, texture, etc.) and sampled. Samples for diatom,

chrysophyte cyst and cladoceran analyses were taken

every 1 cm, whereas samples for palynomorphs and

charcoal particle analysis were taken every 5 cm.

Magnetic susceptibility measurements were carried

out every 2 cm using a Bartington MS2C Core Sensor

with a 10-cm internal diameter.

Excess 210Pb (210Pbxs) in the top 14 cm was used

for dating, with application of the CFCS (constant

flux/constant sedimentation) model (Krishnaswami

et al. 1971; Sánchez-Cabeza and Ruiz-Fernández

2012), which assumes constant atmospheric 210Pb

flux and constant sediment accumulation rate (SAR).

A significant linear correlation between the logarithm

of 210Pbxs activity and cumulative mass in the

sediment core validated use of the CFCS model. The

bottom sediment sample (56 cm) was sent to a

commercial radiocarbon dating laboratory (Beta Ana-

lytic). Results from both dating methods were used to

create the age/depth model (Fig. 2).

Additionally, surface sediment samples from the

central, deepest area of the lake were collected in the

summers of 2003 and 2010 using an Ekman dredge.

Samples were removed from the top 2 cm of sediment

and preserved with 4 % formaldehyde. Diatom,

chrysophyte cyst and cladoceran analyses were also

performed on these samples.

Fig. 1 Location of the study site a Location of Nevado de Toluca and other sites cited in the text; b Lakes El Sol and La Luna, in the

crater of the Nevado de Toluca volcano, shadowed area represents arboreal vegetation cover

J Paleolimnol (2014) 51:1–14 3

123



Diatom samples were prepared by heating with

30 % H2O2 and 10 % HCl (Battarbee 1986). They

were mounted on slides using Naphrax� and a

minimum of 500 valves were counted per sample

using a light microscope with inter-differential phase

contrast (OLYMPUS BX50 1000x) to determine valve

concentration (valves per gram dry sediment) and

species relative abundance (%). Diatom taxonomy

largely followed Krammer and Lange-Bertalot (1986).

Teratological diatom valves were counted separately.

Chrysophyte cysts were counted, but not identified,

during diatom analysis.

Cladoceran samples were prepared following stan-

dard methods (Frey 1986). For every microscope slide,

0.1 ml of final solution was used. Identification was

made at 1009, 2009, and 4009 using an OLYMPUS

BX50 light microscope. A minimum of 200 remains

from each sample was counted. All cladoceran

remains were counted (head shields, shells, postabdo-

mens, postabdominal claws and ephippia). Claws and

ephippia of the Daphnia longispina group were

counted and graphed separately. The identification of

cladoceran remains was based on Cervantes-Martinez

et al. (2000), Elı́as-Gutiérrez et al. (2008), Frey (1986)

and Sinev and Zawisza (2013). Preliminary cladoc-

eran data were presented in Zawisza et al. (2012).

Table 1 Range of physicochemical characteristics and trophic

state variables for lake La Luna during 2000–2001 (Alcocer

et al. 2004) and 2010 (this work), showing mean values and

standard deviations (N = number of months sampled, Z =

water depth, DO = dissolved oxygen, K25 = electric conduc-

tivity at 25 �C, HCO3
- = bicarbonate, ZSD = Secchi disc

transparency, P-PO4 = orthophosphate, DIN = dissolved inor-

ganic nitrogen –N-NO2 ? N-NO3 ? N-NH4-, Si-SiO2 = silicates)

Lake La Luna

Period 2000–2001 2010

N 13 3

Physico-chemical characteristics

Area (km2) 0.02 –

Z max (m) 8.2 ± 0.4 9.3 ± 0.5

Temperature (�C) 8.6 ± 1.7 9.4 ± 2.3

DO (mg L-1) 6.8 ± 0.9 6.9 ± 0.9

K25 (lS cm-1) 14 ± 0.7 9 ± 0.1

pH 4.7 ± 0.3 6.2 ± 0.2

HCO3
- (mg L-1) – 3.9 ± 0.9

Trophic state variables

ZSD (m) 7.7 ± 1.5 8.3 ± 1.4

P-PO4 (lg L-1) 4 ± 4 22 ± 26

DIN (lg L-1) 365 ± 24 153 ± 107

Si-SiO2 (lg L-1) 17 ± 28 230 ± 212

Chlorophyll a (lg L-1) \ 1 \ 1

Fig. 2 a Total 210Pb activity; the dotted line represents supported 210Pb activity. b Logarithmic values of excess 210Pb activity and
210Pb-derived sediment accumulation rates. c Stratigraphic sequence and d age model for the 57-cm core from Lake La Luna
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Samples for pollen analysis (1 cm3) were prepared

according to standard protocols (Faegri and Iversen

1989). Two Lycopodium clavatum tablets were added

to each sample to allow calculation of pollen concen-

tration (grains cm-3) (Stockmarr 1972). Samples were

analyzed at magnifications of 4009 and 1,0009, using

a transmission light microscope (Carl Zeiss Axiostar

plus). Counts were made until a pollen sum of 500

grains was attained. Carbon particles ([100 lm) and

palynomorphs were counted at the same time and in

the same slides as pollen. The Quercus/Pinus (Q/P)

ratio was calculated as an index of temperature

change.

Diatoms, cladocerans, palynomorphs and pollen

data are presented as relative abundances (%), whereas

charcoal particles are presented as total concentration

values (Fig. 2). Graphs were prepared using the

program TGView 2.0.2 (Grimm 2004). To define

diatom and cladoceran zones, stratigraphically con-

strained incremental sum-of-squares clustering was

applied to the diatom and cladoceran percentage data

using Edwards and Covali-Sforza0s chord distance,

using the CONISS clustering subroutine in TILIA

software (included in program TGView 2.0.2.).

Detrended correspondence analysis (DCA) was

performed to evaluate diatom and cladoceran turnover

through time and their association with environmental

factors. Modern analogues were calculated as the

dissimilarity (analogy degree) between all samples in

the fossil record and the modern samples (2003 and

2010 surficial samples). The dissimilarity between

samples was calculated using the scores of the DCA

first four axes. These analyses were performed using

diatom and cladoceran data (percentages) with the R

Project (Team 2009) packages vegan (Oksanen et al.

2012) and paleoMAS (Correa-Metrio et al. 2012).

Results

The sediment sequence from Lake La Luna was

homogenous in color and texture (silty-clay). Lithic

fragments up to 2 mm diameter were present at most

depths in the core except 31–26 cm and 22–17 cm

(Fig. 2). Significant linear correlations (Student’s test,

P \ 0.05) were found between ln 210Pbex and cumu-

lative mass in the sediment core, thus validating the

use of the CFCS dating model. The ln 210Pbex profiles

obtained showed two regression lines, which indicated

slight changes in linear sediment accumulation rates

(SAR) with time (Sánchez-Cabeza and Ruiz-Fernán-

dez 2012): 0.14 ± 0.02 cm year-1 (from surface to

9 cm depth) and 0.15 ± 0.03 cm year-1 (from 9 to

14 cm depth). These sedimentation rates are, however,

comparable within their uncertainties and a mean SAR

of 0.14 ± 0.02 cm year-1 was used to determine that

the time elapsed since deposition of sediments at

14 cm depth was 97 ± 7 years. The conventional

radiocarbon age for the bottom of the sequence

(56 cm) was 800 ± 40 BP (Beta-195349), which after

calibration (Calib 6, Reimer et al. 2004; Stuiver et al.

2005); gave an age of AD 1230 ?20/-40, indicating

that the record spans the entire LIA. The age model,

using the 210Pb and 14C data, assumes a constant

sedimentation rate of 0.06 cm year-1 between 14 and

56 cm. Using this age model, the sampling interval of

1 cm provided an average temporal resolution of

7 years for the top 14 cm and 16 years for the rest of

the core.

A total of 54 diatom species belonging to 24 genera

were identified. The species composition was domi-

nated ([10 %) by the benthic taxa Cavinula pseudo-

scutiformis (Hust.) D. G. Mann and Stickle,

Encyonema perpusillum (Cleve-Euler) D. G. Mann,

Navicula NTA, Pinnularia microstauron (Ehrenb.)

Cleve, Psammothidium helveticum (Hust.) Bukht and

Round and P. levanderi (Hust.) Bukht and Round.

Dominance of benthic diatom taxa is related to the

high transparency of water in the lake, which enables

photosynthetic activity throughout the water column.

Only one facultatively planktonic species was

recorded, Aulacoseira distans (Ehren) Simonsen

(Fig. 3). Navicula NTA is an unidentified species

characteristic of modern Lake La Luna, which was

reported previously by Caballero (1996). This species,

as well as E. perpusillum and P. helveticum, were

abundant in the modern samples from Lake La Luna,

and show an affinity for the acidic (pH \ 6) waters of

this lake (Caballero 1996). Cavinula pseudocutiformis

and A. distans, on the other hand, were rare in La Luna,

but abundant in higher-pH ([6), neighboring Lake El

Sol (Caballero 1996), indicating an affinity for slightly

higher pH values. Pinnularia microstauron, currently

not abundant in La Luna, is known to have a pH

optimum of *6 (Battarbee et al. 2011; Marchetto

et al. 2009).

Five cladoceran species (Alona manueli Sinev and

Zawisza, Alonella pulchella Herrick, Chydorus cf.
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sphaericus Müller, Ilyocryptus nevadensis Cervantes-

Martı́nez, Gutiérrez-Aguirre and Elı́as-Gutiérrez and

Daphnia longispina group Müller), belonging to three

families (Chydoridae, Ilyocryptidae, Daphniidae),

were recorded in the sediments from Lake La Luna

(Fig. 3). The endemic littoral species, A. manueli and

I. nevadensis, together with the planktonic D. lon-

gispina group, were the dominant ([10 %) taxa in the

modern lake; these species are tolerant of the low

nutrient concentrations and low pH values that prevail

in this lake today (Cervantes-Martinez et al. 2000;

Sinev and Zawisza 2013; Zawisza et al. 2012). Our

observations also confirmed the presence of another

littoral species in modern Lake La Luna, A. pulchella.

This is a species commonly found in the cold-water

lakes of the northern United States and Canada

(Bennike et al. 2004; Hann and Chengalath 1981).

This is the first record of A. pulchella in Mexico, as

well as the southernmost record for the species (Sinev

and Zawisza 2013). Chydorus cf. sphaericus is very

tolerant of unfavorable climate conditions, especially

cold water and low trophic status (Bennike et al. 2004;

Sarmaja-Korjonen 2004). It was also present in

modern Lake La Luna, but in very low numbers.

Total cladoceran concentration, together with the

presence of teratological forms of Encyonema perpu-

silla, total diatom valves and chrysophyte cyst

concentrations are presented in Fig. 4. Teratological

valves and resting structures such as chrysophyte cysts

and Daphnia longispina-group ephippia, are

considered environmental stress indicators. In the

case of teratological valves, the stress can be related to

high levels of UV radiation (Falasco et al. 2009), and

in the case of chrysophyte cysts and Daphnia ephippia,

it could be related with unfavourable climate condi-

tions, such as longer and colder winters, and even

winter ice cover (Frey 1986).

Among the palynomorphs, five microalgae genera

(Botryococcus, Scenedesmus, Peridinium, Pediastrum

and Zygnema), but no aquatic plant pollen were

recorded. The chlorophytes, which are currently

present in La Luna at very low abundances, are in

general favoured by nutrient enrichment (Reynolds

1998).

Total pollen concentration ranged from 609,467 to

158,816 grains cm-3, with the lowest value at 49 cm

and highest at 10 cm, and 19 types identified. The

pollen record was characterized by high percentages

of Pinus, Quercus and Abies. The pollen of these

arboreal taxa was transported from the nearby forests

below the tree line, however only Pinus hartwegii

reaches the higher altitudes near the tree line (about

3,500–4,000 m asl). Quercus has a preferred distribu-

tion in lower altitudes and temperate climates

(\2,500 m asl, Villers and López 1995). Increases in

Quercus relative to Pinus (Q/P index, Fig. 4) are

therefore interpreted as an indication of more temper-

ate conditions. Pollen of Zea and Typha were present

above 34 cm (*AD 1595). These taxa do not belong

to the surrounding alpine grassland vegetation or the

Fig. 3 Relative abundance (%) diagram for the most common diatoms ([2 %), cladoceran and chlorophyte taxa identified in the

modern and core sediments from Lake La Luna, including the CONISS dendrogram on which zonation was based
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nearby forests. Their presence in the record from Lake

La Luna can only be explained by aeolian long-

distance transport, which is unlikely given the large

size of these grains, or by human transport, which in

this lake can be related with religious offerings during

periods of prolonged drought, a practice that continues

today (Quezada 1995).

Charcoal particles, transported to the lake from

nearby fires, are taken as an indication of fire frequency

(Clark 1988). Total charcoal concentration (Fig. 4)

ranged between 2,286 and 49,789 particles cm-3 (lowest

value at 53 cm and highest value at 20 cm). Magnetic

susceptibility (MS) depends on the concentration of

magnetic minerals in the sediment, transported from the

catchment to the lake by surface runoff. In this simple

catchment, MS can be directly correlated with precip-

itation. MS ranged between 12.8 and 45.8 SI, with the

lowest values (\16 SI) between 32 and 28 cm and the

highest values ([40 SI) between 54 and 47 cm (Fig. 4).

CONISS cluster analysis on diatom and cladoceran

percentages identified four zones (Fig. 3), with Zone 1

further divided into 3 subzones: Zone 1 from 57 to

29 cm (subzones 1a 57–48, 1b 48–39 and 1c

39–29 cm), Zone 2 from 29 to 24 cm, Zone 3 from

24 to 14 cm and Zone 4 from 14 to 0 cm. According to

the age model, these depths correspond with the

following ages: Zone 1 from AD 1230 to 1660

(subzones 1a AD 1230–1360, 1b 1360–1500 and 1c

1500–1660), Zone 2 from 1660 to 1760, Zone 3 from

1760 to 1910 and Zone 4 from 1910 to 2003.

With respect to the DCA and the modern analogue

analyses based on diatom assemblages (Fig. 5), DCA

Axis 1 (eigenvalue 0.30, axis length 2.61) showed low

sample scores (\0.5) in the oldest part of the core (Zone

1 and 2) and in the most recent samples (Zone 4). In

these same intervals, the dissimilarity to modern diatom

assemblages was lowest (\1), with a similar-to-modern

diatom assemblage dominated by Encyonema perpus-

illum, Navicula NTA and Psammothidium helveticum

(Figs. 3, 5). On the other hand, the highest DCA Axis 1

sample scores ([0.5) and the highest dissimilarity to

modern diatom flora ([1) were recorded between depths

24 and 14 cm (Fig. 5). These depths, which correspond

to Zone 3, have a non-modern-analogue diatom assem-

blage dominated by Cavinula pseudoscutiformis, Pin-

nularia microstauron and its variety afasciculata, and

the lowest values of Encyonema perpusillum, Navicula

NTA, Psammothidium helveticum and Stenopterobia

spp. (Fig. 3). Given the ecological characteristics of

these taxa (Battarbee et al. 2011; Caballero 1996), this

assemblage is indicative of higher pH values ([6) and

therefore this DCA Axis 1 is considered to show a pH

gradient, with higher scores correlating with higher pH

values.

Fig. 4 Total concentration of diatom valves, presence of

teratological valves, total concentration of chrysophyte cysts,

cladoceran and chlorophyte remains, total pollen concentration,

Q/P index values, charcoal particle concentration and magnetic

susceptibility values, plotted against core depth and age
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When the DCA and modern-single-analogue method

were performed using the cladoceran assemblages, the

DCA Axis 1 (eigenvalue 0.19, axis length 1.85) showed

low sample scores (\0.2) in the oldest part of the core

(Zone 1) and in the most recent samples (Zones 3 and 4).

In these same intervals, the dissimilarity to modern

fauna was lowest (\0.6). These zones have a similar-to-

modern cladoceran assemblage, with Alona manueli,

Iliocryptus nevadensis and the planktonic Daphnia

longispina group. The highest DCA Axis 1 sample

scores ([0.2) and the highest dissimilarity ([ 0.6) to

modern cladoceran fauna were recorded between depths

of 31 and 25 cm (Fig. 5). These depths correspond to

Zone 2, a zone that was characterized by abundance of

cold-water-tolerant species Chydorus cf. sphaericus and

Daphnia longispina-group ephippia, and by the lowest

values of endemic littoral species Alona manueli. Given

the ecological affinities of these species, this DCA Axis

1 is considered to represent temperature, with the

highest scores correlating with lower temperatures.

Discussion

Lake evolution during the last 800 years

Zone 1 (*AD 1230–1660)

Oldest sediments (*AD 1230–1360; subzone 1a)

represent the end of the MCA. The E. perpusillum-

dominated assemblage of that time indicates low pH

(pH \ 6) and ultra-oligotrophic waters. Presence of

teratological valves suggests environmental stress,

which could be related with exposure to high ultravi-

olet radiation characteristic of high-altitude lakes with

transparent water (Falasco et al. 2009). The low

frequency of cladoceran remains and especially the

occurrence of ephippia of the D. longispina–group,

also support the idea of environmental stress (Bennike

et al. 2004; Frey 1986). It is highly probable that

during this time, low nutrient and pH conditions

limited algal growth (Reynolds 1998), which explains

the absence of other algal remains, and as a conse-

quence, limited zooplankton development.

Low numbers of charcoal particles (low frequency

of forest fires) and high magnetic susceptibility (high

surface runoff and transport of terrestrial material to

the lake), suggest relatively moist conditions. The high

Q/P index is consistent with the inference for

relatively warm conditions, correlating with the end

of the MCA. Nevertheless, the load of nutrients and

minerals entering the lake was seemingly low,

reflecting the characteristics of the small catchment

area (bare rocks, poor soil development, and limited

vegetal cover).

Around AD 1360 (subzone 1b, *AD 1360–1500),

lower magnetic susceptibility values, together with an

increase in charcoal particles (lower runoff and higher

forest fire frequency), suggest the beginning of a long-

term (*500-year) tendency to drier conditions that

Fig. 5 DCA Axis 1 scores for samples following either their

diatom and cladoceran assemblages (percentages) and modern

analogue dissimilarity values for diatom and cladoceran

assemblages (percentages) between surface sediment sample

(2010) and core sediment samples
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marks the transition between the MCA and the LIA. A

shallower lake is supported by a decrease in planktonic

cladocerans, which reached their lowest density (5 %)

in the core. The lower Q/P index suggests slightly

cooler conditions.

After AD 1500 (subzone 1c, *AD 1500–1660), an

increase in Aulacoseira distans is recorded. This

facultatively planktonic species has been associated

with particularly cold winters (Wolfe and Härtling

1996). Slightly lower temperature is also indicated in

the subfossil cladoceran assemblages, mostly by an

increase in Alonella pulchella. A decrease in pH is

inferred from the lower values of Pinnularia micros-

tauron (optimum pH * 6) at the top of the zone. The

high abundance of chrysophyte cysts at the end of this

period also indicates unfavorable or stressful condi-

tions related to more acidic, shallower and cooler

waters. The absence of teratological valves at the top

of the zone could be related with a reduction in

ultraviolet radiation that coincided with the beginning

of the Maunder sunspot minimum (*AD 1645–1715).

Lower magnetic susceptibility values and pollen

concentrations, as well as an increase in charcoal

particles, provide evidence for the continued tendency

toward drier conditions. Pollen of Zea and Typha were

recovered in this section of the sequence and, as

discussed earlier, can be indicative of ceremonial

offerings for rain.

Zone 2 (*AD 1660–1760)

The non-modern-analogue cladoceran assemblage,

dominated by Chydorus cf. sphaericus and Daphnia

longispina ephippia, is present in this zone, indicating

the coldest conditions in the sequence, with seasonal

or periodic environmental stress favoring the produc-

tion of ephippia. In the diatom record, the presence of

A. distans (Fig. 3) is also consistent with very cold

conditions. The lowest magnetic susceptibility values

in the core, together with the absence of lithic

fragments in the sediment, a decrease in pollen

concentration and an increase in charcoal particles,

show a continuation of the long-term trend toward dry

conditions. This zone therefore corresponds to the

coldest and driest period in the record.

It is estimated that the altitude of the glacier

equilibrium line in central Mexico (Iztaccihuatl vol-

cano, Fig. 1) during the LIA was at 4,500 m asl, a

250-m depression (Vázquez-Selem 2011). Even

though the Nevado de Toluca (4,558 m asl) was not

high enough to develop true glaciers during the LIA,

there is geomorphological evidence of the presence of

rocky glaciers, but their exact age has not been

established (Vázquez-Selem 2011; Vázquez-Selem

and Heine 2004). It is possible that rocky glaciers were

present in the Nevado de Toluca crater during this

interval. Under this scenario, it is very likely that Lake

La Luna (4,200 m a.s.l.) had a seasonal ice cover

during this time, similar to the thin ice cover observed

in March 2010, during a particularly cold winter. Cold

conditions with periods of ice cover and very low

nutrient levels could have limited diatom growth, as

indicated by a decline in diatom abundance (Reynolds

1998). Absence of teratological valves extends to this

period, which still corresponds to the Maunder min-

imum in solar activity (*AD 1645–1715).

Zone 3 (*AD 1760–1910)

During this period, the non-modern-analogue diatom

assemblage was dominated by Cavinula pseudoscut-

iformis and Pinnularia microstauron, with the lowest

values of acidophilic Encyonema perpusillum, Psam-

mothidium helveticum and Stenopterobia spp. This

assemblage is indicative of the highest pH values ([6)

in the sequence. Cladocerans show a lower density of

ephippia and of the cold-water-tolerant Chydorus cf.

sphaericus, suggesting an increase in temperature. In

high-altitude lakes, the regulation of acid–base equi-

librium is more closely dictated by climate. In fact,

temperature has been demonstrated to exert a first-

order control on pH in several poorly buffered lakes in

Alpine and Arctic regions (Koinig et al. 1998;

Sommaruga-Wögrath et al. 1997). In those studies,

warming trends were related to higher pH values and

cooling was associated with lower pH values. In the

record from Lake La Luna, a similar relationship

between climate and pH is observed. The end of the

LIA is marked by an increase in temperature, which is

related to an increase in pH values.

This zone also shows the highest Q/P index values

and charcoal particle concentrations in the core, also

indicative of increasing temperatures and higher

frequencies of forest fires in the region. An increase

in lake nutrient levels is also suggested by the highest

concentration of algae remains, especially Botryocco-

cus. Higher productivity, together with sediment

resuspension in a shallower lake, could lead to reduced

J Paleolimnol (2014) 51:1–14 9

123



water transparency, limiting the amount of light

reaching the bottom of the lake and explaining the

very low diatom abundance in this part of the record.

Zone 4 (*AD 1910–2003)

During the last several decades, conditions in Lake La

Luna have become similar to those that prevailed in

Zone 1, nearly 500 years before. A significant

decrease in algae remains and an increase in diatom

numbers are interpreted as a return to higher water

transparency. Reappearance of an E. perpusillum-

dominated assemblage indicates a return to lower pH

conditions (\6). Algae remains, however, are more

abundant than in Zone 1, indicating higher nutrient

levels.

During modern times, the higher Q/P index and

charcoal particle numbers followed the temperature

increase at the beginning of the twentieth century. This

increasing temperature trend is associated with the

presence of teratological valves, indicative of higher

ultraviolet radiation.

The increase in magnetic susceptibility and pollen

concentration suggests higher precipitation and higher

water level. In the first part of the twentieth century, a

reduction in algae remains and disappearance of plank-

tonic cladocerans (Daphnia longispina-group) was

observed. This is taken as evidence of fish predation

and could be the consequence of failed introductions of

rainbow trout in this lake during the 1940s or 1950s,

when government policies promoted fish introductions

in several water bodies in central Mexico.

Ecosystem responses and climatic variability

The Lake La Luna sequence is a decadal-resolution

record that covers the last 800 years and provides a

detailed sequence of events that document the climatic

impact of the LIA in central Mexico. In the record

from Lake La Luna, it is clear that environmental

change had a different effect on each of the biological

groups studied. Each group displayed a different

timing with respect to maximum change that corre-

lated with ecological thresholds relevant for that

group. The transition between the MCA and the LIA

is dated at *AD 1360 (subzone 1b) and is recorded as

the beginning of a long-term trend to cooler and drier

conditions, with lower magnetic susceptibility and

higher charcoal particle concentrations. Dry

conditions persisted until *AD 1910 (end of Zone

3). Chrysophytes were the first to respond to the

cooling trend, perhaps a response to seasonal ice

cover, with an increase in cysts at about *AD 1600.

At that time, diatoms showed a minor change in their

assemblage, mostly expressed as an increase in A.

distans. A major change in the cladoceran assemblage

followed, at *AD 1660, when the Chydorus cf.

sphaericus-dominated assemblage was established,

defining the coolest and driest episode during the LIA,

between *AD 1660 and 1760 (Zone 2). During that

time, longer and colder winters probably favored the

presence of rocky glaciers within the Nevado de

Toluca crater (Vázquez-Selem 2011; Vázquez-Selem

and Heine 2004) as well as a seasonal ice cover on

Lake La Luna.

Diatoms did not seem to respond to this cooling.

Rather, their main assemblage change occurred at the

end of the LIA. At the transition between colder and

warmer conditions, presence of the Cavinula pseudo-

scutiformis-dominated assemblage, along with the

decrease in acidophilic species Encyonema perpusill-

lum, Psammothidium helveticum and Stenopterobia

spp., defines a period with highest pH values in the

lake (pH [ 6) between *AD 1760 and 1910 (Zone 3).

At that time, the cladocerans show a gradual change

towards their previous (similar-to-modern) assem-

blage. Algae also reacted to this transition by reaching

their highest abundances, providing evidence that

nutrient levels and turbidity were also higher. This

period at the end of the LIA cooling suggests that

under a future global warming scenario, the pH of

water in Lake La Luna can be expected to increase.

After *AD 1910, a trend towards higher moisture

marks the end of the non-modern-analogue situation in

the diatom assemblage, with the establishment of

modern conditions that are very similar to those during

the MCA. The modern lake, however, seems to be

slightly less oligotrophic than during the MCA, as it

has higher chlorophyte populations today. Except for

the temporary loss of planktonic cladocerans around

*AD 1940, which may reflect failed attempts to

introduce fish, our data show little evidence for human

impact on the lake.

Comparison with other climate records

The LIA has been identified in several palaeoclimate

records as a period of colder, but variable climate
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conditions (Jones and Mann 2004; Mann et al. 2009).

Historical records from Mexico have shown this

climate variability as a series of drought events

between the fourteenth and nineteenth centuries

(Contreras-Servin 2005; Florescano 1980; Metcalfe

and Davies 2007; Therrel et al. 2004). Here we focus

on the continuous, well-dated paleoclimatic records

that cover the full LIA period in Mesoamerica. These

include the Ti records from Lakes Santa Marı́a del Oro

and Juanacatlán in western Mexico (Sosa-Nájera et al.

2010; Metcalfe et al. 2010), the dendrochronological

record from Barranca Amealco in central Mexico

(Stahle et al. 2011), the stalagmite record from

Juxtlahuaca Cave in southern Mexico (Lachniet

et al. 2012), diatom and pollen data from Lago Verde,

in east-central Mexico (Lozano-Garcı́a et al. 2007) and

the oxygen isotope data from a sediment core collected

in Aguada X’Caamal, Yucatan, Mexico (Hodell et al.

2005) (Fig. 1). Except for Lago Verde, all these

records are sensitive to precipitation rather than

temperature and correspond to areas with a net

hydrological deficit. Lago Verde is also sensitive to

temperature and corresponds to one of the wettest

regions in Mexico, with a positive hydrological

balance.

In Lake La Luna we identified the onset of the LIA

at AD 1360 as the beginning of a period of drier

conditions that lasted until AD 1910. In most of the

previously mentioned paleoclimate records from

Mesoamerica, the MCA to LIA transition is also

recorded as a change to drier conditions that is dated to

between AD 1365 and 1400, with a second dry spell

from 1650 to 1780 (Fig. 6). At Juxtlahuaca Cave, the

drying trend is delayed and its onset is not recorded

until * AD 1500. Only at Lago Verde is the beginning

of the LIA (ca. AD 1350) recorded by an increasing

trend in moisture. At this site, unlike the others, the

analyzed climate proxies are sensitive to both tem-

perature and moisture, and the record shows two deep-

water phases that follow the Spörer and Maunder

minima in solar activity (Lozano-Garcı́a et al. 2007).

Dry tropical climatic conditions during the LIA

have been explained by a more southerly position of

the Intertropical Convergence Zone (ITCZ), inferred

from low Ti concentrations between AD 1500 and

1800 in the marine Cariaco Basin record, north of

Venezuela (Haugh et al. 2001, 2005), and by the

prevalence of El Niño-like conditions (Lachniet et al.

2012; Mann et al. 2009). Both climate mechanisms

reduce summer precipitation over most of Mexico,

explaining the general agreement of most paleocli-

mate records with respect to dry conditions during the

onset of the LIA. The record from Lago Verde (Fig. 1)

(Lozano-Garcı́a et al. 2007) indicates that this reduced

summer precipitation signal will be evident as drought

conditions, depending of course, on the local water

balance, a factor that contributes to the different

timing of drought recorded at each site. In the central

Mexico highlands, where the water balance is usually

negative, the drought signal is expected during the

LIA, being more intense at sites with a higher water

deficit. At Los Tuxtlas, where the water balance is

positive, reduced summer precipitation was not suffi-

cient to generate drought. On the contrary, the LIA is

recorded as a wet period, given that more frequent

polar outbreaks brought higher winter moisture and a

more even distribution of precipitation throughout the

year (Jáuregui 1997; Lozano-Garcı́a et al. 2007). Lake

La Luna, a high-altitude water body, has a moister

climate than most other sites in central Mexico and

currently has a slightly positive water balance. This

allowed the relatively shallow lake (*10 m) to persist

even during the coolest and driest episode of the LIA.

The role of more frequent polar outbreaks is an

important climate factor to be considered, as it leads to

colder and more humid winters, bringing the necessary

moisture for the expansion of mountain glaciers on the

Fig. 6 Climate trends during the LIA identified in seven long,

continuous, well-dated paleoenvironmental records from central

Mexico. For site locations, see Fig. 1
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Transmexican Volcanic Belt, as documented by geo-

morphological evidence (Vázquez-Selem 2011), even

under reduced summer precipitation. According to the

La Luna record, cold winter conditions were estab-

lished by AD 1600, with the coldest period between

1660 and 1760, an interval that broadly corresponds

with the Maunder Minimum in solar activity, and

which also correlates with the second of the two deep-

water episodes at Lago Verde (Fig. 6). This interval is

also consistent with the timing of the coldest northern

hemisphere temperatures during the last millennium

(Jones and Mann 2004; Matthews and Briffa 2005).

We suggest that this period corresponds to the timing of

the LIA glacier advances in central Mexico.

Within this climate context, drier than usual years

during the LIA, recorded as famines and droughts in

historical records (Endfield and O0Hara 1997), could

correlate with years that had milder winters, less frequent

polar outbreaks and lower winter moisture. This condi-

tion would lead, subsequently, to particularly dry

springs. This climate scenario seems to explain the

period between 1760 and 1910, at the end of the LIA,

when less cold, but relatively dry conditions persisted at

La Luna. The regional signal during this time seems to be

less coherent among the long, continuous Mesoamerican

records, but is shared by at least some of them such as

Aguada X’Caamal (Fig. 6). This time correlates with the

historical reports of low winter rainfall, shorter rainy

seasons, and severe agricultural and cattle losses

predating the Mexican wars of Independence

(1810–1821) and Revolution (1910–1924) (Contreras-

Servin 2005; Florescano 1980; Kienel et al. 2009; Swan

1981).

Lake La Luna is a sensitive ecosystem that responds

rapidly to climate change. Biological assemblages that

showed rapid changes during the LIA have remained

relatively stable during the last few decades. These

modern assemblages resemble those in the lake

*500 years ago, during the MCA, supporting the

idea that MCA temperatures were similar to those

recorded during the twentieth century (Crowley and

Lowery 2000). This lake shows no clear evidence of

modern, human-induced environmental change,

which highlights the relevance of its frequent moni-

toring, as it can be considered a sentinel for future

global change impacts in central Mexico.
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Secretaria de Agricultura y Recursos Hidráulicos, México
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Psenner R (1998) Climate change as the primary cause for

ph shifts in a high alpine lake. Water Air Soil Pollut

104:167–180

Koining KA, Kamenik C, Schmidt R, Agusti-Panareda A, Ap-

pleby P, Lami A, Prazakova M, Rose N, Schnell ØA,

Tessadri R, Thompson R, Psenner R (2002) Environmental

changes in an alpine lake (Gossenköllesee, Austria) over
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narios de cambio climático: Registros del Cuaternario en
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Abstract 
High mountain lakes are located above the timberline, which in the tropics reaches between 3,500 and 
4,800 m a.s.l. They are polymictic and are exposed to high amounts of UV radiation. Their waters are 
poorly mineralized, acidic, and with low dissolved organic matter concentration. High mountain lakes 
are located in remote and undisturbed areas of the planet. Their environmental conditions turn these 
lakes vulnerable to acid rain, air pollutants, and climate change. This “susceptibility” makes them 
natural sentinels of global change. However, to be used as sensors of global or local change it´s 
necessary to know their natural variability to be able to differentiate it from the anthropogenic change. 
We analyzed the interannual variability of two tropical, high mountain lakes, “El Sol” and “La Luna”, 
by studying two annual cycles with a temporal separation of 5 years: 2000-2001 and 2006-2007. We 
measured physical and chemical parameters [temperature, pH, dissolved oxygen (DO), conductivity 
(K25), percent of photosynthetically active radiation reaching the bottom (%SPAR), nutrients nitrites 
(N-NO2), nitrates (N-NO3), ammonium (N-NH4), dissolved inorganic nitrogen (DIN), soluble reactive 
phosphorus (P-PSR), soluble reactive silica (Si-SiSR), and Redfield ratio (DIN:P-PSR)] as well as 
phytoplankton biomass expressed as chlorophyll a (Chl-a) concentration. We found no differences in 
the water temperature between the lakes or sampling periods. Differently, both lakes  increased their 
pH and DO concentration, while decreased in N-NO3 and Chl-a concentration from 2000-2001 to 
2006-2007. The variations found between lakes and sampling periods do not seem to be related with 
anthropic impacts or climatic change but seem to be related to natural process of the lakes. 

 
Resumen 
Los lagos de alta montaña se ubican por encima de la timberline que en el caso de los tropicales 
alcanza los 3,500 a 4,800 m s.n.m. Son polimícticos y están sujetos a fuertes dosis de radiación UV,  
son pobres en minerales y materia orgánica; su pH es ácido. Se encuentran en sitios remotos y poco 
perturbados del planeta. Son sensibles al cambio global y excelentes centinelas de éste. Sin embargo, 
para utilizarlos como sensores de dicho cambio es preciso reconocer sus procesos naturales para 
distinguirlos de los cambios antrópicos. En este proyecto se caracterizó la variabilidad  interanual de 
los dos lagos ubicados en el cráter del volcán Nevado de Toluca, “El Sol” y “La Luna”, comparando 
dos ciclos anuales con una separación temporal de 5 años (2000-2001 y 2006-2007). Se midieron 
variables físicas y químicas [temperatura, oxígeno disuelto (OD), pH, conductividad (K25), porcentaje 
de la radiación fotosintéticamente activa que alcanza el fondo (%SPAR), nitritos (N-NO2), nitratos (N-
NO3), amonio (N-NH4), nitrógeno inorgánico disuelto (NID), fósforo soluble reactivo (P-PSR), sílice 
soluble reactivo (Si-SiSR), cociente de Redfield (NID:P-PSR)] y concentración de clorofila “a” (Clor-



a). La temperatura no presentó cambios entre lagos ni entre 2000-2001 y 2006-2007. En ambos lagos 
hubo un aumento en el pH, OD y una disminución de N-NO3 y Clor-a hacia el segundo periodo de 
muestreo. Las variaciones encontradas entre lagos y entre periodos de muestreo  no parecen estar 
relacionadas con impactos antrópicos o cambio climático, más bien parecen variaciones intrínsecas a 
procesos naturales en los lagos. 
 
Palabras clave: Cambio climático, parámetros fisicoquímicos, biomasa fitoplanctónica. 

Introducción 

     Los lagos de alta montaña se caracterizan por ubicarse por arriba de la cota de crecimiento de la 
vegetación arbórea o “timberline”. En latitudes tropicales esta cota se localiza entre los 3,500 y los 
4,800 metros sobre el nivel del mar (Margalef, 1983). Debido a su elevada altitud, los lagos tropicales 
de alta montaña tienen condiciones climáticas similares a los lagos templados y árticos. Ejemplos de 
esto son las bajas temperaturas del agua (3 a 10° en la superficie), la presencia de nieve y, en ocasiones, 
una capa de hielo que cubre la superficie del lago (Löffler, 1964,  Margalef, 1983). Sin embargo, el 
patrón de radiación solar diario y anual es diferente entre ellos; en los trópicos hay una radiación  de 
intensidad similar durante todo el año, motivo por el cual no se observa una estacionalidad tan marcada 
como en las regiones templadas (Lewis, 1996). Debido a que la mayoría son someros presentan una 
circulación frecuente y un régimen térmico más uniforme durante todo el año  por lo que se describen 
como polimícticos ya sea cálidos o fríos. Además, se caracterizan por presentar aguas poco 
mineralizadas, pH bajo –ácido- y concentración de materia orgánica reducida (Sommaruga, 2001). Sus 
cuencas están conformadas por una cubierta vegetal muy pobre y la escasa presencia de suelos 
(Granados et al., 2006). 
     Los cuerpos de agua de las regiones de alta montaña se cuentan entre los sitios más remotos y 
menos perturbados del planeta. Sin embargo  a pesar de lo apartado de su ubicación, estas regiones no 
se encuentran exentas de las amenazas producto del cambio global. Los lagos localizados en estas 
regiones resultan ser especialmente sensibles a los factores de cambio local o global. Debido a esta 
sensibilidad son excelentes sensores de dicho cambio. Sin embargo, es preciso reconocer primero la 
variabilidad natural en sus procesos fisicoquímicos y biológicos para poder distinguirlos de aquellos 
cambios inducidos antropogénicamente. Por lo anterior en este proyecto se planteó reconocer y 
comparar la dinámica fisicoquímica y de la biomasa fitoplanctónica de los dos lagos de altura ubicados 
en el cráter del volcán Nevado de Toluca, así como los cambios ocurridos entre dos ciclos anuales 
separados temporalmente 5 años (2000-2001 y 2006-2007). 
 

Área de estudio 

     El volcán Nevado de Toluca se encuentra ubicado en el estado de México,  a 19° 10´ N y 99° 45´ O; 
dentro de su cráter,  a una altitud de 4,200 m s.n.m., se encuentran dos lagos de alta montaña: “El Sol” 
y “La Luna” (Fig. 1), ubicados aproximadamente 200 m por encima de la línea de crecimiento arbóreo.  
“El Sol” tiene una superficie de 237,321 m2, una profundidad máxima de 15m y una profundidad 
promedio de 6m, mientras que “La Luna” tiene una superficie de 31,083 m2, una profundidad máxima 
de 10m y una profundidad promedio de 5m (Alcocer et al., 2004). 



 

Figura 1. Ubicación geográfica de los lagos cráter “El Sol” y “La Luna”, Nevado de Toluca, México (Tomada y 
modificada de Google Earth y Google Maps). 

          La zona presenta un clima frío de tundra alta y semifrío húmedo en las faldas del volcán. La 
temperatura media anual es de 4.28°C (Alcocer et al., 2004). La precipitación varía a lo largo del año 
con un promedio anual de 1,200 mm; la evaporación promedio anual es de 990 mm (CONABIO, 
2014). El tipo de vegetación cercana a los lagos es muy escasa, típica de la tundra alta y del tipo 
zacatonal alpino, compuesta por algunas especies de musgos, pastos y líquenes (Rzedowski, 1981; 
Banderas et al., 1991).  
 
Material y Métodos 
     Se estableció una estación de muestreo en la zona central y más profunda de cada uno de los lagos. 
Se realizaron muestreos mensuales durante dos ciclos anuales (marzo de 2000 a marzo de 2001 y 
agosto de 2006 a octubre de 2007). En cada salida de campo se realizaron las siguientes mediciones in 
situ: a) perfiles verticales metro a metro de temperatura (T°), oxígeno disuelto (OD), conductividad 
(K25) y pH utilizando una sonda multiparamétrica (Hydrolab Datasonde 4) y b) medición del 
porcentaje de radiación fotosintéticamente activa (PAR) en el fondo de los lagos mediante un 
perfilómetro de fluorescencia natural (Biospherical PNF-300), Asimismo, se obtuvieron muestras de 
agua para la determinación de la concentración de nutrientes (N, P y Si). Para el análisis de nutrientes 
se tomaron muestras de agua a tres profundidades (superficie, media agua y fondo) con ayuda de 
botella muestreadora UWITEC de 5 L. Cada muestra se pasó por una filtro de 0.45 µm de apertura de 
poro  (Millipore) y se analizó en un autoanalizador de flujo segmentado (Skalar) para obtener la 
concentración de nitritos (N-NO2), nitratos (N-NO3), amonio (N-NH4), nitrógeno inorgánico disuelto 
(NID), fósforo soluble reactivo (P-PSR) y sílice soluble reactivo (Si-SiSR). Se midió además la 
biomasa fitoplanctónica expresada a través de la concentración de clorofila “a” (Clor-a). De las mismas 
muestras de agua tomadas como se indicó en el apartado anterior se filtraron volúmenes de 250 ml a 
través de un filtro de fibra de vidrio (Whatman GF/F) con apertura de poro nominal de 0.7 µm. La 
extracción y cuantificación de la Clor-a se realizó siguiendo el método 445.0 de Arar y Collins (1997).  
     Con los datos obtenidos de las mediciones de los parámetros fisicoquímicos y biomasa 
fitoplanctónica se graficó la dinámica presentada a lo largo de los periodos de muestreo con ayuda del 
programa Sigma Plot versión 10.0. Para las comparaciones entre ciclos y entre lagos se realizaron 
gráficos de  caja y bigote con ayuda del programa SPSS versión 18. Para analizar la presencia de 
cambios entre los dos ciclos anuales en cada uno de los parámetros, en primer lugar se verificó si los 
datos se ajustaban a la distribución normal con la ayuda de las pruebas Kolmogorov-Smirnov ( n>30) o 
Shapiro Wilk (n<30). En las comparaciones en las que los datos se ajustaron a la normal, se analizó su 



homocedasticidad con la prueba F de Fisher; cuando las varianzas fueron homogéneas se realizaron por 
medio de t de student con un intervalo de confianza del 95%, de lo contrario se compararon mediante la  
prueba U de Mann-Whitney con un intervalo de confianza del 95%. Para analizar los cambios entre los 
lagos “El Sol” y “La Luna” en cada uno de los parámetros, se realizó el mismo tratamiento estadístico 
descrito en el párrafo anterior. Para reconocer si los datos se agrupan influidos por la estacionalidad 
(p.ej., periodos de lluvias y secas) se realizó un análisis de cúmulos tomando en cuenta únicamente los 
valores de los parámetros ambientales registrados como se detalló anteriormente (T°C, pH, O.D. y 
K25). 
 
Resultados 
Comparación entre periodos de muestreo 
 
     En “El Sol” la temperatura fue el único parámetro que no presentó variación entre periodos de 
muestreo.  Del resto de los  parámetros  evaluados,  el pH, OD, K25, P-PSR y Si-SiSR aumentaron en el 
periodo  2006-2007  respecto  al 2000-2001, mientras que el %SPAR, N-NO2, N-NO3, N-NH4, NID y 
Clor-a disminuyeron para el periodo 2006-2007. Por su parte el cociente NID:P-PSR se invirtió 
denotando que el nutriente limitante pasó de ser el fosforo en 2000-2001 a ser el nitrógeno en 2006-
2007 (Tlabla 1). 
 
Tabla1. Valor promedio (± desviación estándar) de los parámetros fisicoquímicos y biomasa fitoplanctónica en 
el lago “El Sol”. (Est = Significancia de la prueba estadística, N.S. = No significativo. S = Significativo, Dif = 
diferencia registrada en el valor promedio entre periodos de muestreo). 

Variable 
2000-2001 2006-2007 

Est. Dif. 
X ± d.e. X ± d.e. 

Temperatura (°C) 9.2±1.5 8.1±1.9 N.S. 
	
  OD (mg L-1) 6.6±0.6 7.3±0.7  S 0.7±0.1  

pH 5.5±0.3 6.7±1.2 S 1.2±0.9  
K25 (µS cm-1) 16±0.7 58.1±6.2  S 42.1±5.5  
%SPAR en el fondo 10±5 1±1 S 9±4 
N-NO2 ( µg L-1) 2.7±3.2  0.85±0.21  S 1.85±2.99  
N-NO3 ( µg L-1) 66.0±44.3 7.27±8 S 58.73±36.3  
N-NH4 ( µg L-1) 38.06±21.4  21.94±23.1  S 14.12±1.7  
NID ( µg L-1) 106.7±57.7  30.06±26.9  S 76.64±30.8 
P-PSR ( µg L-1) 5.8±3.6 14.3±9.6  S 8.5±6  
Si-SiSR ( µg L-1) 68.9±56.6 2,138.2±409 S 2,069.3±352.4  
NID:P-PSR 37±44 3±1 S 34.6±42.6  
Clor-a ( µg L-1) 1.67±1.55 1.6±0.53  S 0.02±1.02 

 

En “La Luna”  tampoco se registró variación en el comportamiento de la temperatura entre periodos de 
muestreo. Adicionalmente, el N-NH4, P-PSR y el cociente NID:P-PSR se mantuvieron sin cambios. 



Dentro de los parámetros que registraron valores más altos en el periodo 2006-2007 se tienen el pH, 
OD, N-NO2 y Si-SiSR. Por otro lado la K25, %SPAR, N-NO3, NID y Clor-a disminuyeron para ese 
segundo periodo de muestreo (Tabla 2). 

Tabla 2. Valor promedio (± desviación estándar) de los parámetros fisicoquímicos y biomasa fitoplanctónica en 
el lago “La Luna”. (Est = Significancia de la prueba estadística, N.S. = No significativo. S = Significativo, Dif = 
diferencia registrada en el valor promedio entre periodos de muestreo).   

Variable	
  
2000-2001 2006-2007 

Est. Dif. 
X ± d.e. X ± d.e 

Temperatura (°C) 8.5±1.7 8.65±1.6 N.S.  
OD (mg L-1) 6.8±0.8   7.0±0.6 S 0.2±0.2 
pH 4.7±0.3 5.4±0.7 S 0.7±0.4 
K25 (µS cm-1) 13.7±0.8  6.1±2.5  S 7.6±1  
%SPAR en el fondo 44±12 26±13 S 18.9±1 
N-NO2 ( µg L-1) 0.5±0.2  1.8±0.7  S 1.3±0.5 
N-NO3 ( µg L-1) 316.7±28 146.38±34.67 S 170.32±6.67 
N-NH4 ( µg L-1) 39.02±20.66  44.48±23.32 N.S. 

	
  NID ( µg L-1) 356.4±23.6  192.66±48.53 S 163.74±24.93 
P-PSR ( µg L-1) 3.97±4.5  2.52±1.18 N.S. 

	
  Si-SiSR ( µg L-1) 17.3±28.4  79.96±70.8  S 62.66±42.1  
NID:P-PSR 244±256 89.85±40.76 N.S 

	
  Clor-a ( µg L-1) 0.6±0.35  0.37±0.17  S 0.23±0.18 
 

Comparación entre lagos 
 
     La comparación del comportamiento de las variables evaluadas entre ambos lagos en el periodo 
2000-2001 arrojó que los parámetros que no presentan diferencias son la temperatura, el OD y el N-
NH4. Por su parte, el pH, K25, N-NO2, P-PSR, Si-SiSR y Clor-a fueron mayores en “El Sol”; el 
%SPAR, N-NO3, NID y NID:PSR fueron mayores en “La Luna”.  El cociente NID:P-PSR indica que el 
nutriente limitante en ambos lagos en el periodo 2000-2001fue el fosforo (Tabla 3). 
     Por otro lado, la comparación de los parámetros entre los lagos en el periodo 2006-2007 muestra 
que el único parámetro que no varió fue la temperatura. Aquellos que presentaron valores mayores en 
“El Sol” fueron el pH, OD, K25, P-PSR, Si-SiSR y Clor-a. Por su parte los que se presentaron más 
elevados en “La Luna” fueron él %SPAR, N-NO2, N- NO3, N-NH4 y el NID. El cociente NID:P-PSR 
indica que el nutriente limitante en “La Luna” en este periodo fue el fósforo, mientras que en “El Sol” 
fue el nitrógeno (Tabla 4). 
 
 
 
 
 



Tabla 3. Valor promedio (± desviación estándar) de los parámetros fisicoquímicos y biomasa fitoplanctónica en 
el periodo de muestreo 2000-2001. (Est = Significancia de la prueba estadística, N.S. = No significativo. S = 
Significativo, Dif = diferencia registrada en el valor promedio entre periodos de muestreo).   
 

Variable 
"El Sol" "La Luna" 

est dif X ± d.e. X ± d.e. 
Temperatura (°C) 8.5±1.7 8.65±1.6 N.S.   

OD (mg L-1)    6.8±0.8   7.0±0.6 S 0.2 ± 0.2  
pH 4.7±0.3 5.4±0.7 S 0.7 ± 0.4  

K25 (µS cm-1) 13.7±0.8  6.1±2.5  S 7.6±1  
%SPAR en el fondo 44±12 26±13 S 18.9 ±1  

N-NO2 ( µg L-1) 2.7±3.2  0.5±0.2  S 2.2 ± 3 

N-NO3 ( µg L-1) 66.0±44.3 316.7±28 S 250.7 ± 16.3  

N-NH4 ( µg L-1) 38.06±21.4  39.02±20.66  N.S. 
 NID ( µg L-1) 106.7±57.7  356.4±23.6  S 332.8 ± 34.1  

P-PSR ( µg L-1) 5.8±3.6 3.97±4.5  N.S. 
 Si-SiSR ( µg L-1) 68.9±56.6 17.3±28.4  S 51.6 ± 28.2 

NID:P-PSR 37±44 244±256 N.S 207 ± 212 

Clor-a ( µg L-1) 1.67 ± 1.55 0.6 ± 0.35  S 1.07 ± 1.2 
   
 
Tabla 4. Valor promedio (± desviación estándar) de los parámetros fisicoquímicos y biomasa fitoplanctónica en 
el periodo de muestreo 2006-2007. (Est = Significancia de la prueba estadística, N.S. = No significativo. S = 
Significativo, Dif = diferencia registrada en el valor promedio entre periodos de muestreo)   
 

Variable 
"El Sol" "La Luna" 

est dif X ± d.e. X ± d.e. 
Temperatura (°C) 8.1±1.9 8.65±1.6 N.S. 

 OD (mg L-1) 7.3±0.7  7.0±0.6 S 0.3±0.1  
pH 6.7±1.2 5.4±0.7 S 1.3±0.5  

K25 (µS cm-1) 58.1±6.2  6.1±2.5  S 52±3.7  
%SPAR en el fondo 1±1 26±13 S 25±  12 

N-NO2 ( µg L-1) 0.85±0.21  1.8±0.7  S 0.95±0.49  

N-NO3 ( µg L-1) 7.27±8 146.38±34.67 S 139.1±26.67   

N-NH4 ( µg L-1) 21.94±23.1  44.48±23.32 S 22.54 ± 0.22 

NID ( µg L-1) 30.06±26.9  192.66±48.53 S 162.6 ± 21.63 

P-PSR ( µg L-1) 14.3±9.6  2.52±1.18 S 11.78 ± 8.42   

Si-SiSR ( µg L-1) 2,138.21±409 79.96±70.8  S 2058.25 ± 338.2  
NID:P-PSR 3±1 89.85±40.76 S 86.85 ± 39.76  

Clor-a ( µg L-1) 1.6 ± 0.53  0.37 ± 0.17  S 1.23 ± 0.38  
 
 



Estacionalidad en 2000-2001 
 
     El análisis de cúmulos con los parámetros ambientales en ambos lagos forma tres grupos de meses. 
El agrupamiento en cada lago es diferente, pero presentan características comunes. Es decir, incluyen 
meses que comparten características similares. Por ejemplo, El primer grupo en “El Sol” abarca de 
abril a octubre de 00, mientras que en “La Luna” abarca de mayo a octubre 00. En ambos casos 
concuerda con los meses de mayor precipitación en la zona (> 24.7 mm y > 78.7 mm mensuales 
respectivamente). Otro grupo  incluye en “El Sol” diciembre y enero de 01, y en la luna diciembre 00, 
enero 01 y marzo 01, lo que concuerda con los meses que presentan valores más bajos en la 
temperatura atmosférica (< 4.6ºC y <3°C respectivamente).  El tercer grupo abarca meses con baja 
precipitación, sin ser los más bajos y temperaturas intermedias. En “El Sol” está formado por 
noviembre 00, febrero, marzo 01 y marzo 00 mientras que en “La Luna” esté integrado por marzo, abril 
y noviembre 00 y marzo 01(Fig. 2). 
 

 
Figura 2. Análisis de cúmulos de los parámetros ambientales medidos en los lagos en el periodo de muestreo 
2000-2001. A) “El Sol”. B) “La Luna”. 

Estacionalidad en 2006-2007 
 
     El análisis de cúmulos en los parámetros ambientales dio como resultado tres grupos en “El Sol”. El 
primero abarca de marzo a octubre de 2007 y corresponde a un periodo donde se registraron valores 
variables en la precipitación con predominancia de valores altos (de 25.1mm a 208.5 mm mensuales). 
Además coinciden con los registros de los valores más elevados de la temperatura ambiente (> 4ºC). El 
segundo cúmulo está formado por enero y febrero de 2007 el cual corresponde  a un periodo de menor 
precipitación (< 7.7 mm mensuales) y donde se registraron  los valores más bajos en la temperatura 
ambiente (< 3.6ºC). El tercer cúmulo va de agosto a diciembre de 2006, este parece ser un periodo de 
transición puesto que corresponde con meses en los cuales la precipitación va decayendo 
paulatinamente (desde 254.5 mm a 1.5 mm; Fig. 3). En “La Luna” el análisis generó los mismos 
cúmulos apreciados en “El Sol”. Es decir están influidos por las mismas condiciones de precipitación y 
temperatura ambiental. 



     Este análisis nos permitió conocer cómo se agrupan los meses del año de acuerdo con la similitud en 
los parámetros ambientales ahí registrados. Con esto se pudo determinar que, a pesar de las diferencias 
en los valores de los mismos entre los lagos, a lo largo del año presentan un comportamiento que 
fuertemente sugiere que está influido por eventos estacionales. 

 

 

   Figura 3. Análisis de cúmulos de los parámetros ambientales medidos en los lagos en el periodo de muestreo 
2006-2007. A) “El Sol”. B) “La Luna”. 
 
Discusión 
 
     El parámetro que destaca por la variación que presentó entre periodos de muestreo es el pH. Este 
parámetro en ambos lagos aumentó sus valores. Es decir, ambos lagos se basificaron en el periodo de 
cinco años transcurridos entre ambos periodos de muestreo. Estas observaciones resultan sumamente 
intrigantes ya que el impacto esperado con base en los múltiples reportes en la literatura mundial, era 
una acidificación de los cuerpos de agua producto de la contaminación urbana e industrial, de la 
precipitación ácida y/o del incremento en la concentración de CO2 atmosférico. Sin embargo se 
observó justamente el efecto contrario. 
     Dentro de los fenómenos asociados con o que explicarían un aumento en el pH se encuentran la 
asimilación de NO3 (Brewer and Goldman 1976) y la captación de CO2 (Uusitalo, et al., 1996). Tanto la 
asimilación del NO3 como la captación de CO2 son procesos asociados con aumento en la actividad 
biológica (Hofslagare et al., 1983). Si bien en este estudio no se realizaron mediciones de CO2, si se 
realizaron mediciones de N- NO3. En este sentido, en concordancia con el aumento en el pH, en ambos 
lagos se presentó una disminución en las concentraciones de N- NO3; es decir, el aumento en el pH de 
los lagos coincide con una disminución del N-NO3. Esta disminución en la concentración del NO3 
podría estar asociada con un incremento en la actividad biológica. En este estudio se realizó la 
comparación de la concentración de Clor-a como medida indirecta de la biomasa fitoplanctónica. En 
ambos lagos ésta aumentó discreta pero significativamente entre los dos periodos de muestreo. Así 
pues, siguiendo esta línea de análisis, en ambos lagos hubo un aumento en la biomasa fitoplanctónica, 
lo cual pudo haberse reflejado en la disminución del NO3 y por ende, en la basificación del sistema.  
     Con relación a la temperatura, que es la variable que se espera mostrara una variación indicativa de 
cambio climático, no se presentaron cambios entre periodos de muestreo, ni entre lagos. De hecho fue 



el parámetro más estable. Dado que la temperatura del agua es influida por la temperatura atmosférica, 
el no haber encontrado cambios sugiere que, al menos en el área de estudio no hay evidencia de cambio 
climático. La falta de evidencia clara de cambio climático en este estudio, es coincidente con Cuna et 
al. (2014) quienes no encontraron evidencias de cambios ambientales “modernos” (i.e., 1910 a la 
fecha) inducidos por el hombre en su análisis de un núcleo sedimentario procedente de La Luna. 
 
 
Conclusiones 
      
     Al comparar el comportamiento de los parámetros ambientales y biomasa fitoplanctónica entre los 
dos periodos de muestreo, entre lagos y a lo largo de cada periodo de muestreo, se encontró que existen 
variaciones pero, al parecer, ninguna de esa variaciones responden a los cambio asociados con cambio 
climático, precipitación ácida o depósito de contaminantes atmosféricos. Por lo tanto, las variaciones 
encontradas, probablemente sean intrínsecas a los procesos limnológicos naturales de cada lago. 
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