
Geo log i cal Quar terly, 2017, 61 (1): 81–90
DOI: http://dx.doi.org/10.7306/gq.1311

En vi ron men tal changes dur ing the last mil len nium re corded in subfossil Cladocera,
di a toms and sed i ment geo chem is try from Lake El Sol (Cen tral Mex ico)

Edyta ZAWISZA1, 2, *, Estela CUNA2, Margarita CABALLERO2, Ana Carolina RUIZ-FERNANDEZ3, 
Krystyna SZEROCZYÑSKA1, Micha³ WOSZCZYK4 and Izabela ZAWISKA5 

1 Pol ish Acad emy of Sci ences, In sti tute of Geo log i cal Sci ences, Twarda 51/55, 00-818 Warszawa, Po land

2 Universidad Nacional Autónoma de México, Ciudad Universitaria, Instituto de Geofisica, D.F., Mex ico

3 Universidad Nacional Autónoma de México, Unidad Académica Mazatlán, Instituto de Ciencias del Mar, 
Calz. J. Mon tes Camarena s/n, 82040 Mazatlán, Mex ico 

4 Adam Mickiewicz Uni ver sity, De part ment of Qua ter nary Ge ol ogy and Palaeo ge ogra phy, Dziêgielowa 27, 
61-680 Poznañ, Po land

5 Pol ish Acad emy of Sci ences, In sti tute of Ge og ra phy and Spa tial Or ga ni za tion, Twarda 51/55, 00-818 Warszawa, Po land

Zawisza, E., Cuna, E., Ca bal lero, M., Ruiz-Fernandez, A.C., Szeroczyñska, K., Woszczyk, M., Zawiska, I., 2017. En vi ron -
men tal changes dur ing the last mil len nium re corded in subfossil Cladocera, di a toms and sed i ment geo chem is try from Lake
El Sol (Cen tral Mex ico). Geo log i cal Quar terly, 61 (1): 81–90, doi: 10.7306/gq.1311

High-al ti tude lakes, which are very sen si tive eco sys tems and re spond rap idly to cli ma tic changes, are one of the best tar gets
for palaeolimnological stud ies. Here, we pres ent the re cord of en vi ron men tal changes over the last mil len nium that are re -
corded in the sed i ments of El Sol, a trop i cal, high-al ti tude, vol ca nic crater lake on the Nevado de Toluca, Cen tral Mex ico.
Palaeolimnological re con struc tions are based on subfossil Cladocera, di a toms, mag netic sus cep ti bil ity and chem i cal anal y -
sis of the sed i ments. In gen eral, Cladocera oc cur ring in trop i cal re gions, and es pe cially at high al ti tude, have been stud ied
very lit tle. Our data in di cate that in the se quence stud ied, the spe cies di ver sity of subfossil Cladocera is very low. Only four
spe cies were re corded, and the as sem blage is dom i nated by lit to ral spe cies. Two Cladocera taxa, Alona manueli and
Ilyocryptus, found at Lake El Sol are en demic. Cladocera, di a toms and the sed i ment chem is try show changes in Lake El Sol
which are mostly re lated to cli mate. The most pro nounced cli ma tic sig nal was ob tained for the early Lit tle Ice Age
(1350–1625 AD). This cold ep i sode was ex pressed by a re duc tion in the fre quency of zoo plank ton (in di vid u als/cm2/yr) and
di a toms (valves/g of dry sed i ment) and by changes in the or ganic car bon con tent in the sed i ment. Our re sults show that hu -
man ac tiv ity was very lim ited through out the study pe riod. Ac cord ing to his tor i cal data the pres ence of hu mans at the lake
shore was mostly oc ca sional, usu ally for cer e mo nial and rit ual pur poses, and hu mans did not have an im por tant in flu ence on
the lake eco sys tem. Only one pe riod was iden ti fied when hu man ac tiv ity was im por tant. This pe riod cor re sponds to the in tro -
duc tion of fish into the lake at the be gin ning of the 20th cen tury.
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INTRODUCTION

In an era of rapid and dis tinc tive eco log i cal and cli ma tic
changes, the ef fects of which are ob served in mod ern times, re -
con struc tions of past cli ma tic changes have a spe cial sig nif i -
cance. Palaeolimnology and palaeo ec ol ogy are one of the most 
im por tant tools used for re con struc tion and pre dic tion of cli mate 
changes (Voigt, 2006; Bigler et al., 2007). How ever so far,
palaeolimnological and palaeo eco logi cal anal y ses us ing sub -

fossil Cladocera, have been mainly con ducted at high lat i tudes
(Eu rope, Rus sia, Can ada, and north ern parts of the USA). Only
a few stud ies on subfossil cladoceran fauna have been con -
ducted in the south ern hemi sphere (e.g., Brazil, Chile, Uru guay, 
and New Zea land; Serafim et al., 2003; Iglesias et al., 2007;
Coronel et al., 2007; Kotov et al., 2010; Kattel, 2010) and there
is only one re cord from trop i cal North Amer ica (Mex ico)
(Zawisza et al., 2012; Cuna et al., 2014). 

High-al ti tude lakes are par tic u larly sen si tive eco sys tems as
they re spond rap idly to cli ma tic changes. In these eco sys tems,
even very small dif fer ences in tem per a ture be tween warm and
cold pe ri ods can strongly af fect wa ter level, wa ter chem is try, the 
length of the grow ing sea son, and the com po si tion of aquatic
plant and an i mal pop u la tions (Koining et al., 2002; Cuna et al.,
2014). Ad di tion ally, high-al ti tude lakes are of ten con sid ered to
be pris tine, which makes them suit able ob jects for study ing past 
cli ma tic and en vi ron men tal changes (McCormack et al., 2009;
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Cuna et al., 2014). In ad di tion the de pos its of high-al ti tude lakes 
con tain bio-in di ca tor re mains that re flect en vi ron men tal
changes, spe cif i cally the re mains of Cladocera (Hofmann,
2000; Kamenik et al., 2007) and di a toms (Battarbee et al.,
2002). Fresh wa ter high-al ti tude trop i cal lakes are es pe cially im -
por tant for re gional, global, past and fu ture en vi ron men tal re -
con struc tions. Their sed i ments pro vide unique and valu able in -
for ma tion about cli mate change at low lat i tudes, of which rel a -
tively lit tle is known.

The main aim of this study was to trace eco log i cal changes
re corded in the sed i ments ac cu mu lated dur ing the last mil len -
nium in the high-al ti tude, trop i cal Lake El Sol (Cen tral Mex ico).
We pres ent the re sults of a palaeolimnological study of this lake 
based on subfossil Cladocera, di a toms, mag netic sus cep ti bil ity
and chem i cal analyses of the sediments. 

As with most al pine lakes, the lake is lo cated above the
treeline (4000 m a.s.l.) in a small catch ment area, there fore we
ex pect that these re sults should pro vide a “clear” eco log i cal and 
cli ma tic sig nal as high-al ti tude lakes are usu ally not af fected by
com plex soil and veg e ta tive re sponses to hu man ac tiv i ties in
their catch ments (Cuna et al., 2014). 

METHODS

STUDY AREA

Lake El Sol (The Sun Lake) is lo cated in Cen tral Mex ico, in
the Nevado de Toluca vol cano crater (19°06’13’’N,
99°45’20’’W, 4620 m a.s.l.), ca. 90 km SW from Mex ico City
(Fig. 1). The Nevado de Toluca is a dor mant stratovolcano
formed mainly by dacitic lava (García-Palomo et al., 2002). The
crater of the vol cano con tains two lakes: El Sol (big ger) and La
Luna (smaller) that are sep a rated from each other by the vol ca -
nic dome. Ac cord ing to Bloomfield and Valastro (1979),
Armienta et al. (2000) and Arce et al. (2003) the Nevado de
Toluca crater de vel oped af ter a Plinian erup tion dated to
10.5 14C ka BP (12 cal ka BP), and lakes lo cated in the crater
prob a bly de vel oped soon af ter this event. An other study
(Macias et al., 1997; Macias, 2005) sug gests that the vol cano
was last ac tive ca. 3.3 14C ka BP (ca. 3.6 cal ka BP), and the
lakes formed af ter that time. How ever, re cent re search in di -
cates that these lakes de vel oped ear lier than 4.5 cal ka BP
(Szeroczyñska et al., 2015). 
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Fig. 1. Lo ca tion of the study site, Lake El Sol

A – the lo ca tion of the study site in the ter ri tory of Mex ico; B – the pho to graph shows two lakes: (larger) El Sol and La Luna (smaller); Lake El
Sol is lo cated in the Nevado de Toluca crater and is sep a rated from La Luna by the vol ca nic dome; C – a Google Earth im age of the vol cano
Nevado de Toluca with the lakes El Sol and La Luna in the top of the im age; D – hypsometric map of the vol cano Nevado de Toluca with the
marked lakes El Sol and La Luna at al ti tude 4200 m a.s.l.



The mod ern cli mate at the peak of Nevado de Toluca is
cold, with a sum mer rainy sea son. The mean an nual tem per a -
ture is 4°C, with a max i mum in May (19°C) and a min i mum in
Jan u ary (–9°C) (Mex i can Me te o rol ogy Ser vice). The mean an -
nual pre cip i ta tion is around 1.250 mm. The veg e ta tion sur -
round ing the lake is mainly com posed of sev eral spe cies of
grasses. In the lower part of the moun tain, be low the tree line
(4000 m a.s.l.), the veg e ta tion con sists of Pinus sp. and Abies
sp. for ests (Gon za lez, 1984). The Nevado de Toluca vol cano
has been a pro tected area since 1936.

Lake El Sol is the larg est lake in the crater, with a sur face
area of ~200 000 m2. The max i mum depth of the lake is about
15 m, its pH ranges be tween 5.5 and 7.2 and the elec tri cal con -
duc tiv ity is be tween 19 and 60 mS/cm. The lake is oligotrophic,
warm polymictic and its wa ter is very clear (light pen e trates the
en tire wa ter col umn to the bot tom), and cold (<10°C) (Ca bal -
lero, 1996; Armienta et al., 2000; Alcocer et al., 2004; Dimas -
-Flores, 2005).

MATERIALS AND METHODS

A short (45 cm) sed i ment core was re cov ered in 2003 from
the cen tral and deep est part (11.5 m deep) of Lake El Sol us ing
a grav ity corer. In this pa per only the data from the top 27 cm
will be pre sented. The core was sealed in a plas tic tube and
moved to the Paleolimnology Lab o ra tory of the Geo phys ics In -
sti tute (UNAM, Mex ico), where mag netic sus cep ti bil ity (MS)
mea sure ments were taken at 2 cm in ter vals us ing a Bartington
MS2C Core Sen sor with a 10 cm in ter nal di am e ter. Af ter wards
the core was split into lon gi tu di nal halves and its li thol ogy was
de scribed. The core was then subsampled at 1 cm in ter vals for
bi o log i cal prox ies, in clud ing subfossil Cladocera, di a toms, bulk
geo chem is try, and dat ing. 

The chro nol ogy is based on 210Pb anal y sis and one AMS ra -
dio car bon date from a depth of 27 cm (Fig. 2). The 210Pb anal y -
sis was con ducted in the Lab o ra tory of Iso to pic Geo chem is try
and Geo chron ol ogy, In sti tute of Ma rine Sci ences and Lim nol -
ogy, UNAM, Mex ico, and the sam ple for ra dio car bon dat ing
(pol len ex tract) was sent to a com mer cial lab o ra tory (Beta An a -

lytic, Florida, USA). 210Pb ac tiv i ties were ob tained by mea sur ing 
its daugh ter prod uct, 210Po, as sum ing sec u lar equi lib rium be -
tween the two iso topes. Aliquots of 0.3 g of sed i ment were
spiked with 209Po as a yield tracer, and they were di gested in
SavillexTM PFA con tain ers in a 5:4:1 mix ture of HNO3 + HCl +
HF on a hot plate (~180°C) over night. The res i due was con -
verted to a chlo ride salt by re peated evap o ra tion with 12 M HCl
then dis solved in 0.5 M HCl with 2.5 g of H3BO4, and 0.2 g of
ascor bic acid was added to the so lu tion. Po iso topes were de -
pos ited on Ag discs at room tem per a ture over night on an or bital 
shaker, and the ac tiv ity was mea sured by a-spec trom e try us ing
ORTEC sil i con sur face bar rier de tec tors cou pled to a PC run -
ning Mae stro™ data ac qui si tion soft ware. Blanks were run in
par al lel to cor rect for any con tam i na tion. 

The prep a ra tion of sed i ments for subfossil Cladocera anal y -
sis was per formed us ing the stan dard method (Frey, 1986;
Szeroczyñska and Sarmaja-Korjonen, 2007). At least two
slides were pre pared (min i mum 200 re mains) from each sam -
ple (1 cm3 of sed i ment), con tain ing all the Cladocera re mains
found: headshields, shells, postabdomens, postabdominal
claws, and ephippia. The iden ti fi ca tion of Cladocera re mains
was based on Elias-Gutierrez et al. (1997, 2008), Cer van -
tes-Mar ti nez et al. (2000) and Sinev and Zawisza (2013). 

Di a tom sam ples were pre pared by heat ing with 30% H2O2

and 10% HCl (Battarbee, 1986). They were mounted on slides
us ing Naphrax® and sub se quently a min i mum of 500 valves
were counted per sam ple us ing a light mi cro scope with inter -
differential phase con trasts (Olym pus BX50 1000x) in or der to
de ter mine valve con cen tra tion (valves per gram of dry sed i -
ment) and spe cies rel a tive abun dance (%). Di a tom tax on omy
largely fol lowed Krammer and Lange-Bertalot (1986–1991,
1991). The re sults of both subfossil Cladocera and di a tom anal -
y sis are pre sented on the per cent age di a gram (Fig. 3) us ing the 
C2 soft ware (Jug gins, 2005, 2007). 

An el e men tal CNS anal y sis (Fig. 4) was per formed on the
sam ples from 1 to 24 cm depth us ing the VarioMax CNS
analyser (Elementar). Each sam ple was ana lysed in two runs:
one for to tal con tents of car bon (TC), ni tro gen (TN), sul phur
(TS), and the sec ond for the to tal or ganic C (TOC). For the TOC 
anal y sis, the pow dered sam ples were acid i fied with 1 M HCl in

sil ver foil to re move car bon ates. When the re ac tion
ceased, the sam ples were oven-dried at 105°C and
loaded into the analyser. The to tal in or ganic car bon
(TIC), rep re sent ing the con tent of car bon ates, was
cal cu lated as the dif fer ence be tween TC and TOC
(Fig. 4). The TOC/N ra tio was cal cu lated on a mo lar  
ba sis. Due to the small sam ple size, sin gle mea -
sure ments were per formed, and their qual ity was
con trolled with ref er ence ma te ri als (Sulfadiazine,
Nu tri ents in soil and Met als in sew age sludge).

The cladoceran and di a tom re sults were plot ted
on a rel a tive abun dance di a gram us ing C2 soft ware
(Jug gins, 2005, 2007), and zones were dis tin -
guished us ing stratigraphically Con strained In cre -
men tal Sums of Squares (CONISS) us ing Eu clid -
ean dis tance (Grimm, 1987). Detrended cor re spon -
dence anal y sis (DCA) was per formed us ing the rel -
a tive abun dance of Cladocera and di a tom spe cies
to eval u ate spe cies turn over through time and their
as so ci a tion with en vi ron men tal fac tors. This or di na -
tion tech nique was cho sen as it avoids arch ef fects
de rived from lin ear ity as sump tions. The or di na tion
units that are in this case stan dard de vi a tion (SD)
can be in ter preted as an eco log i cal turn over
(Gauch, 1982). In or der to ex plore re sults of chem i -
cal anal y sis of the sed i ments: TC, TN, TS, TOC and  
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Fig. 2. Depth pro file of 210Pb ac tiv i ties from a Lake El Sol sed i ment core

A – to tal 210Pb ac tiv i ties with as ter isks in di cat ing the AMS 14C age 
(880 +10/-100 AD); B – log a rith mic val ues of ex cess 210Pb 
ac tiv i ties and 210Pb-de rived sed i ment ac cu mu la tion rates



TIC and cor re spon dence anal y sis (CA) was
per formed to eval u ate changes through
time. Cor re spon dence anal y sis is a sta tis ti -
cal vi su al iza tion method for pic tur ing the as -
so ci a tions in the data set where the term cor -
re spon dence de notes a “sys tem of as so ci a -
tions” be tween the el e ments. The goal is to
have a global view of the data that is use ful
for in ter pre ta tion. Both anal y ses were per -
formed us ing R Pro ject (Team, 2009) pack -
age vegan (Oksanen et al., 2012).

RESULTS

LITHOLOGY

The top most 27 cm of the sed i ments of
Lake El Sol were mostly com posed of dark
grey silty clay. Through out the sed i ment se -
quence, we iden ti fied two silt bands of lighter
col our (26.0–26.5 and 9.5–10 cm) and a
wide black clayey band (10–15 cm). There
were also three ho ri zons of coarse sand and
gravel (7, 11 and 17 cm).

The high est val ues of mag netic sus cep ti -
bil ity (>8) were noted at depths 18–22 cm,
whereas the low est val ues (<8) oc curred be -
tween 2 and 10 cm (Fig. 4). Gen er ally, the
val ues of mag netic sus cep ti bil ity (MS) de -
pend on the con cen tra tion of mag netic min -
er als in the sed i ments. Those min er als are
usu ally trans ported into the lake from the
catch ment by pre cip i ta tion and sur face run -
off. Due to the char ac ter is tics of the catch -
ment and ba sin of this lake (poorly de vel -
oped veg e ta tion and soils), the mag netic
sus cep ti bil ity can be di rectly re lated to pre -
cip i ta tion (Cuna et al., 2014).

CHRONOLOGY

The sed i ment chro nol ogy, based on ex -
cess 210Pb (210Pbxs), was per formed us ing
the CFCS model (con stant flux and con stant
sed i men ta tion; Krishnaswami et al., 1971;
San chez -Cabeza and Ruiz-Fernández,
2012), which as sumes a con stant 210Pb at -
mo spheric flux and a con stant sed i ment ac -
cu mu la tion rate (SAR). The CFCS model
can be ap plied to dat ing if a sig nif i cant lin ear
cor re la tion is found be tween the log a rithm of
210Pbxs ac tiv i ties and the depth of the sed i -
ment core. Sig nif i cant lin ear cor re la tions
(t-Stu dent’s test, P <0.05) were found be -
tween the ln 210Pbex and depth in the sed i -
ment core col lected from Lake El Sol (Fig. 2), 
thus con firm ing the va lid ity of the CFCS hy -
poth e ses for the 210Pb chro nol ogy in the
lake. The ln 210Pbex depth pro file ob tained
from Lake El Sol is pre sented in Fig ure 2,
and the de ter mined age of the sed i ments at
7 cm depth was 1916 AD. The lower part of
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the core (27 cm) was dated by means of a con ven tional ra dio -
car bon method at 1170 ± 30 BP (Beta-357278), which, af ter
cal i bra tion (Calib 7; Stuiver et al., 2005; Reimer et al., 2013),
gave an age of 880 +10/–100 AD. The age-depth model was
built as sum ing a con stant sed i men ta tion date be tween the 7 cm 
ho ri zon dated at 1916 AD by the 210Pb chro nol ogy and the 14C
dated ho ri zon at 27 cm.

SUBFOSSIL CLADOCERA AND DIATOM ANALYSIS

The re mains of only four Cladocera spe cies: Daph nia longi -
spina-group (Müller), Ilyocryptus nevadensis (Cervantez-Mar ti -
nez, Gutierrez-Aguirre and Elias-Gutierrez), Alona manueli
(Sinev and Zawisza) and Chydorus cf. sphaericus (Müller), be -
long ing to three fam i lies were re corded in the sed i ments of
Lake El Sol: Daphniidae, Chydoridae, and Macrothricinae.
Through out the en tire stud ied sed i men tary se quence, only one
plank tonic spe cies of the Daph nia longispina-group was pres -
ent. The Cladocera com mu nity was dom i nated by lit to ral spe -
cies. Among them, Ilyocryptus nevadensis and Alona manueli,
are en demic and up to now have only been re corded at the
Nevado de Toluca crater lake (Cervantez-Mar ti nez et al., 2000;
Sinev and Zawisza, 2013). The fourth Cladocera taxa pres ent
in the sed i ments of Lake El Sol was Chydorus cf. sphaericus,
which is one of the spe cies most tol er ant of un fa vour able en vi -
ron men tal con di tions, es pe cially cold wa ter and nu tri ent scar -
city (Sarmaja-Korjonen, 2004; Bennike et al., 2004). 

A to tal of 23 di a tom spe cies were re corded (>2%). The spe -
cies com po si tion was dom i nated (>20%) by tychoplanktonic
[Aulacoseira distans (Ehren) Simonsen, Cavinula pseudo -
scutiformis (Hust.) D. G. Mann and Stickle] and the ben thic taxa 
[Cymbella gracilis (Rabenhorst) Cleve, Navicula NTB1 and
Psamothidium levanderi (Hust.) Bukht and Round]. The dom i -

nance of ben thic di a tom taxa is re lated to the high wa ter trans -
par ency of the lake that al lows photosynthetic ac tiv ity at the bot -
tom of the wa ter col umn. Navicula NTB is an un iden ti fied spe -
cies char ac ter is tic of mod ern lake El Sol that was re ported pre -
vi ously by Ca bal lero (1996). 

Zone III (880–1340 AD, 18–27 cm): the Cladocera ac cu mu -
la tion rate ex ceeded 60 in di vid u als/year/cm2. Four Clado cera
spe cies were iden ti fied. The dom i nant spe cies was the en demic
Alona manueli (mean 88%). Chydorus cf. shpaericus and the
plank tonic Daph nia longispina-group were con sis tently pres ent
at mean lower abun dances of <6 and <2%, re spec tively.
Ilyocryptus nevadensis was pres ent at very low rel a tive abun -
dances and was only in the old est part of this zone. The high est
di a tom con cen tra tion (nearly 8 x 109 valves/g, of dry sed i ment)
was also re corded at this zone. The dom i nant di a tom spe cies
were tychoplanktonic Aulacoseira distans (mean 20%) and
Cavinula pseudoscutiformis (mean 30%), both acidophilic spe -
cies. Navicula NTB, pos si bly en demic for the Nevado de Toluca
crater, was pres ent at its low est rel a tive abun dances (<10%). 

Zone II (1340–1730 AD, 11–18 cm): there was a sig nif i cant
de cline in Cladocera ac cu mu la tion rates (mean 30 in di vid u -
als/cm2/yr), par tic u larly of Alona manueli, Ilyocryptus neva -
densis, and the Daph nia longispina-group. The most abun dant
spe cies was Chydorus cf. sphaericus, which reached its high est 
per cent ages in the sed i ment core (27%). Di a tom con cen tra tion
also de clined (<2 x 109 valves/g) and the rel a tive abun dance of
both Aulacoseira distans and Cavinula pseudo scutiformis de -
creased, whereas the epiphytic taxa Cymbella gracilis and
Navicula NTB in creased.

Zone Ia (1730–1923 AD, 7–11 cm): the Cladocera ac cu -
mu la tion rates in creased to 130 in di vid u als/cm2/yr. Alona
manu eli was the pre dom i nant spe cies (>90%), whereas Chydo -
rus cf. sphaericus reached its min i mum abun dance in the core.
In the up per part of this subzone, there was a sig nif i cant de -
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Fig. 4. Chem i cal com po si tion of a Lake El Sol sed i ment core from 1050 AD un til 1966 AD

TN – to tal ni tro gen, TOC – to tal or ganic car bon, TIC – to tal in or ganic car bon, TS – to tal sul phur;
MS – mag netic sus cep ti bil ity; val ues in the sed i ments from 950 un til 2003 AD



crease in the Daph nia longispina-group and in
Ilyocryptus nevadensis. Di a tom con cen tra tion
de creased (<108 valves/g of dry sed i ment), the
most sig nif i cant de cline was in Cavinula psuedo -
scutiformis, how ever, rel a tive abun dances of
Aulaco seira distans and en demic Navicula NTB
in creased.

Zone Ib (1923–2003 AD, 0–7 cm): the
Cladocera ac cu mu la tion rate reached its high est 
val ues in the core (335 ind./cm2/yr), and Alona
manueli was dom i nant. In the be gin ning of this
phase, Ilyocryptus nevadensis re ap peared.
There was an un usual tem po rary dis ap pear ance of the
Daph nia longispina group at the be gin ning of the zone. Di a -
toms showed their low est con cen tra tion (9 x 106 valves/g of
dry sed i ment) and the Fragilaria sensu lato spe cies com -
plex reached its high est rel a tive abun dance.

CHEMICAL COMPOSITION OF SEDIMENTS

The sed i ments of Lake El Sol are char ac ter ized by rel a -
tively low con tents of TOC – be tween 3.0 and 3.5%. There
is one out lier at a depth of 17 cm, where the TOC is as low
as 1.7%. The TOC shows only mi nor vari a tions through out
the core, with an over all up ward in creas ing ten dency. The
ex cep tion to this trend cor re sponds to the be gin ning of the
Lit tle Ice Age (LIA), in the mid dle part of the 18th cen tury,
and in the early de cades of the 20th cen tury, when the TOC
dropped. 

The TN con tent is strongly pos i tively cor re lated to the
TOC (r = 0.83), and thus its tem po ral vari a tions are sim i lar
to the TOC, de scribed above. In the ma jor part of the pro file, 
the ra tio of TOC/TN is be tween 8.5 and 12, and only at
17 cm it is lower (ca. 7). To wards the top of the pro file, the
TOC/TN ra tio shows a slightly de creas ing trend. 

The TIC con tent is low in the ana lysed sed i ments
(<0.2%). Pos i tive shifts in TIC are seen in a few sam ples
from 1420 to 1530 AD and those from the last cen tury,
where the TIC con tents are 0.8 and 0.25–0.40%, re spec -
tively. The sul phur con tent of the sed i ments re mained very
low (<0.1%) prior to the 20th cen tury. From the on set of the
last cen tury un til the 1980s, sul phur in put steeply rose to ca
0.4% and then started to de crease in the up per most sed i -
ments. The palaeolimnological in ter pre ta tion of chem i cal
data is made with the as sump tion of good pres er va tion of
sed i men tary or ganic mat ter and only a mi nor in flu ence of
early diagenetic changes (Lami et al., 2000).

RESULTS OF STATISTICAL ANALYSIS

The sta tis ti cal prop er ties of the DCA anal y sis are shown in
Ta ble 1 and in Fig ure 5 we show the axis 1 scores of the sam -
ples along the strati graphic se quence (Fig. 5). DCA re sults for
Cladocera as sem blages show that the great est spe cies turn -
over hap pened be tween 1340 and 1730 AD, cor re spond ing to
zone II, but be fore 1340 AD and af ter 1850 AD Cladocera as -
sem blages were rel a tively sta ble. Di a tom DCA-axis 1 scores
show that the as sem blages were quite sta ble un til 1260 AD and 
since then many high fre quency changes oc curred with no par -
tic u lar pe riod stand ing out, but the high est scores are re corded
in mod ern times, since the be gin ning of the 20th cen tury.

The re sults of the CA per formed with the chem i cal data (TC, 
TN, TS, TOC and TIC) are shown in Fig ure 6. There are no sig -

nif i cant changes in chem i cal com po si tion of the core un til
1942 AD, since when sul phur con tent (TS) be came the stron -
gest fac tor dif fer en ti at ing the sam ples.

DISCUSSION

Dur ing the last mil len nium, Lake El Sol ex pe ri enced some
eco log i cal changes (Figs. 3 and 4). The com po si tion of
Cladocera, di a toms and the low con tents of TOC in di cate
oligotrophic con di tions in the lake. Through out the core, there
some short time pe ri ods are rep re sented when the re mains of
dom i nant en demic spe cies, Alona manueli, de creased,
whereas Chydorus cf. sphaericus in creased (e.g., the tran si tion
be tween zones III and II). Ilyocryptus nevadensis, the sec ond
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T a  b l e  1

Sum mary ta ble for DCA re sults of Cladocera and di a tom data 
for Lake El Sol sed i ments

DCA 1 DCA 2 DCA 3 DCA 4

Eigenvalues for Cladocera anal y sis 0.06458 0.03777 0.01505 0.039106

Axis length for Cladocera anal y sis 0.51911 0.39945 0.16786 0.393070

Eigenvalues for di a toms anal y sis 0.1110 0.05071 0.01899 0.02065

Axis length for di a toms anal y sis 1.2157 0.84844 0.41745 0.54402

Fig. 5. Di a gram show ing the DCA scores for axes 1 of Cladocera
and di a tom spe cies re trieved from the sed i ments of Lake El Sol

(Cen tral Mex ico) shown on the age and depth scale



en demic spe cies in the Nevado de Toluca lakes, was pres ent in 
low pro por tion. The hab i tat of Ilyocryptus nevadensis is quite
un usual for this ge nus for while other spe cies are in hab it ants of
a muddy sub strate, rich in or ganic ma te rial, this spe cies lives on 
sandy sub strates (Cer van tes-Mar ti nez et al., 2000). Alona
manueli in hab its the lit to ral zone and lives in as so ci a tion with
plants on sandy sed i ment. As sug gested by pre vi ous stud ies
(Zawisza et al., 2012; Sinev and Zawisza, 2013; Cuna et al.,
2014), both en demic spe cies pre fer ben thic hab i tats and are
tol er ant to low nu tri ent con cen tra tions and low pH val ues. How -
ever, the ecol ogy of these spe cies is still not well-known.

The old est stud ied sed i ment from Lake El Sol (Zone III,
880–1340 AD) was de pos ited dur ing the Me di eval Cli mate
Anom aly (MCA; 800–1350 AD) (Haug et al., 2003; Verschuren
and Charman, 2008). Ar chae o log i cally, this zone cor re sponds to 
the first half of the Mesoamerican Postclassic pe riod
(950–1521 AD). The Cladocera com po si tion, es pe cially the
high est per cent ages in the sed i ment core of the Daph nia
longispina-group, sug gests that dur ing the MCA, the lake was
deeper. The dom i nance of the plant-as so ci ated spe cies, Alona
manueli (>88%) in di cates the that lit to ral zone was colo nised by
macrophytes. These fea tures cre ated fa vour able con di tions for
zoo plank ton to de velop. The higher wa ter level in Lake El Sol
was con sis tent with the dom i nance of tychoplanktonic di a toms
(Aulacoseira distans and Cavinula psuedoscutiformis) that pre -
fer more di lute wa ters with lower pH val ues. The high val ues of
MS at the end of the MCA point to in creased at mo spheric pre cip -
i ta tion as the main cause of the lake level in crease (Cuna et al.,
2014). More over, the pre cip i ta tion-con trolled wa ter level ex plains 
the low trophic state and the low pH of the lake wa ters, sim i lar to
Lake La Luna (Cuna et al., 2014). How ever, the higher con tri bu -
tion of macrophytes in Lake El Sol is shown by the higher
TOC/TN ra tio. The link be tween the en hanced pre cip i ta tion and
the in crease in MS is in ten si fied ero sion in the catch ment dur ing
a more hu mid cli mate. The MS is likely to in crease ow ing to a de -

crease in TOC. How ever, in the pro file ana lysed
such an in ter pre ta tion seems un suit able be cause
the MS in crease com menced con sid er ably ear lier 
than the drop in TOC (ca. 1425–1450 AD). 

At the sec ond half of the 14th cen tury (be gin -
ning of zone II), ap pre cia ble changes in Lake El
Sol took place. The fre quency of macrophyte sed -
i ment-as so ci ated Cladocera (Alona manueli and
Ilyocryptus nevadensis) and plank tonic spe cies
(the Daph nia longispina-group) sig nif i cantly de -
creased, whereas the fre quency of the very tol er -
ant Chydorus cf. sphaericus in creased (Fig. 3). At 
the same time sig nif i cant changes oc curred in di -
a tom com mu ni ties, with a de cline in tycho plan -
ktonic taxa (Aulacoseira distans and Cavinula
psuedoscutiformis) and an in crease in epiphytic
ones (Cymbella gracilis and Navicula NTB). The
de crease in plank tonic spe cies of Cladocera and
tychoplanktonic di a toms in di ca tes a de crease in
rain fall and, in con se quence, a re duc tion in lake
level. Those changes in di cate un fa vour able en vi -
ron men tal con di tions, such as lower lake level
and tem per a ture. Those chan ges could have re -
sulted from cool ing dur ing the LIA (1350–1850)
(Lozano-Gar cia et al., 2007; Metcalfe and Davies, 
2007; Cuna et al., 2014). The LIA in Cen tral Mex -
ico was char ac ter ized by lower air tem per a tures,
lower pre cip i ta tion and lon ger and colder win ters
(Metcalfe and Davies, 2007). Lower MS val ues
in di cated a de cline in at mo spheric pre cip i ta tion in
the sur round ings of Lake El Sol, and the low er ing

of the lake wa ter level was cor rob o rated by a de crease in the fre -
quency of plank tonic and plant- and sed i ment-as so ci ated
Cladocera spe cies. Cli ma tic con di tions (long win ter, cold and
dry) fa voured in creas ing num bers of the tol er ant spe cies
Chydorus cf. sphaericus. A cold cli mate is also sug gested by
Cladocera DCA anal y sis where the high est value of axis 1, cor re -
lated with tem per a ture, is re corded in zone II. Dur ing the LIA,
shares of Alona manueli and of the Daph nia longispina-group
de creased, sug gest ing lower lake pro duc tiv ity at the time. The
de te ri o ra tion of the cli mate in the early part of the LIA
(1400–1450 AD) was re corded by the lower val ues of TOC and
TOC/TN (ca. 7). This in ter pre ta tion would mean that the cli mate
cool ing re sulted in more pro nounced oligotrophy of the lake and
in a more im por tant role of phytoplankton in pro duc ing sed i men -
tary or ganic mat ter. The role of higher plants (macro phytes) was
re duced. The en vi ron men tal changes dur ing the early LIA found
in Lake El Sol were sim i lar to those ob served in Lake La Luna
(Zawisza et al., 2012; Cuna et al., 2014). 

In the sec ond half of the 15th cen tury, geo chem i cal pa ram e -
ters of the sed i ments be came sim i lar to those dur ing the
pre-LIA pe riod. Car bon ate-free sed i ments with a higher TOC/N
ra tio (~10–13) in di cate di min ished con tri bu tion of phyto plan kton 
(and pos si bly a higher abun dance of macrophytes) in lake
bioproducivity (Meyers and Teranes, 2001). In the last de cades
of the 16th cen tury, the cli mate be came slightly more hu mid, as
shown by the higher val ues of MS. 

In the 18th cen tury, the plant- and sed i ment-as so ci ated
Cladocera (par tic u larly Alona manueli and Ilyocryptus neva -
densis) be came very abun dant. In subzone Ia, the rel a tive
abun dances of Chydorus cf. sphaericus reached its min i mum.
The in creas ing abun dance of Cladocera and the dis ap pear -
ance of Chydorus cf. sphaericus re mains might in di cate an im -
prove ment in cli ma tic con di tions and edaphic pro cesses af ter
the LIA. In this subzone the high est val ues of the tycho -
planktonic A. distans could in di cate a re turn to pre vi ous wa ter
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Fig. 6. Cor re spon dence anal y sis (CA) of sed i ment chem i cal com po si tion
from Lake El Sol (1050–2003 AD)

El lipse cor re sponds to the sam ples re lated with the oc cur rence of acid rains;
 for other ex pla na tions see text and Fig ure 5 



lev els in the lake. Now a days this spe cies is abun dant in mod ern 
al pine lakes. In creased rel a tive abun dance of this spe cies
could in di cate an in crease in the wa ter level, or al ter na tively can 
be thought to re flect the pres ence of a sea sonal (win ter) ice
cover on the lake (Wolfe and Härtling, 1996).

The fre quency of Cladocera in di vid u als sig nif i cantly in crea -
sed since the be gin ning of the 19th cen tury. The mag netic sus -
cep ti bil ity val ues were low, in di cat ing that zone Ia was a rel a tively 
dry pe riod. Ac cord ing to Iwasniszewski (1986), dur ing the 19th
cen tury, lo cal in dig e nous peo ple climbed to the Nevado de
Toluca crater and de pos ited cer e mo nial of fer ings in the lakes to
re quest rain. Be tween the mid-18th and the early de cades of the
20th cen tury, there was a clear de crease in pre cip i ta tion. At the
same time, bi o log i cal pro duc tiv ity in Lake El Sol in creased, as
shown by the in creas ing TOC val ues. In ad di tion to this in crease, 
the or ganic mat ter was pri mar ily pro duced by phyto plankton, as
shown by the TOC/N ra tio be tween 9 and 10. 

At the be gin ning of subzone Ib, there was a tem po rary ab -
sence of Daph nia longispina-group re mains in the sed i ments.
This sud den dis ap pear ance of Daph nia re mains may be cor re -
lated with the first in tro duc tion of fish to the lake. Ac cord ing to
his tor i cal data, dur ing the first part of the 20th cen tury there
were sev eral at tempts to in tro duce fish to Lake El Sol (Dimas -
-Flores et al., 2008). Cur rently, a small stunted pop u la tion of
trout ex ists in this lake.

Dur ing most of the 20th cen tury, the lake was ap pre cia bly
un sta ble. First, there was a drop in bioproductivity fol lowed by
an in crease in bio mass pro duc tion. This change was prob a bly
cau sed by in creased pri mary pro duc tion in the lake. The higher
con tents of TIC might have re sulted from a slight in crease in
pH. In creased pH is in di cated by an in creas ing share of di a -
toms, es pe cially spe cies whose op ti mum pH is close to 7 such
as Fragilaria spp. (Battarbee et al., 2011; http://craticu -
la.ncl.ac.uk/Eddi). This trend was also ob served in the Lake La
Luna (Cuna et al., 2014), and pos si bly in di cates the be gin ning
of the mod ern warm ing pe riod (Pienitz et al., 2006). How ever, it
is im por tant to men tion that this trend may also be a con se -
quence of fish in tro duc tion which in creases the trophic sta tus of
the lake. A high con cen tra tion of sul phur is pres ent in the sed i -
ments from this time (Figs. 4 and 6), which could be linked with
at mo spheric trans port re lated to anthropogenic ac tiv ity (Lami et 
al., 2000; Pienitz et al., 2006) and/or the de te ri o ra tion of re dox
con di tions in the lake (Doran et al., 2004). On the other hand,
the in crease in TIC ac com pa ny ing the en hanced S con tents ar -
gues against a sig nif i cant pH drop in lake wa ters. Palaeolimno -
logical and his tor i cal data in di cate that higher con cen tra tion of
sul phur in the sed i ments might be re lated to anthropogenic ac -
tiv ity. CA anal y sis sup ports also the oc cur rence of acid rain in
the sec ond part of XX cen tury (1942–1996) which can be cor re -
lated with the in dus trial de vel op ment of Mex ico City. The time
from 1940 till 1980 was the pe riod of the most im por tant in dus -
trial de vel op ment at the area (Sanchez-Almanza, 2012) and
from the end of the 1980s, sev eral en vi ron men tal mea sures
were im ple mented to con trol the emis sions of at mo spheric pol -
lut ants from in dus try and the trans port ser vices in the met ro pol i -
tan zone of Mex ico City. 

Dur ing re cent de cades, the con di tions of Lake El Sol have
been dif fer ent from the ma jor part of the last mil len nium. Be -
sides the trends pre sented in this pa per, Cuna (2014) also doc -

u mented a sig nif i cant in crease in al gal rem nants which may in -
di cate a trend to wards nu tri ent en rich ment in the lake. This in -
crease might be the re sult of fish in tro duc tion, which af fected
the con trol that zoo plank ton ex ert on al gal bio mass (top-down
con trol), which is typ i cal of nat u rally fish less lakes (Jeppesen et
al., 1998).

CONCLUSIONS

The re sults of subfossil Cladocera and di a tom anal y sis from 
the core sed i ments of Lake El Sol showed that dur ing the last
1000 years, the lake was rel a tively sta ble with re spect to en vi -
ron men tal con di tions. The changes in the lake were mainly con -
trolled by nat u ral (cli ma tic) fac tors, with the ex cep tion of the
20th cen tury, dur ing which some anthropogenic pres sure
affected the lake system. 

An cient pe ri ods of hu man ac tiv ity in both Nevado de Toluca
lakes were sug gested by Junco (2010) and Luna (2000) and
might have in flu enced the trophic sta tus. How ever, our re sults
do not sup port those sug ges tions. We were not able to dis tin -
guish hu man im pact on the Lake El Sol eco sys tem prior to the
20th cen tury. The re sults ob tained sug gest rather that ear lier
hu man ac tiv ity around the lake was very lim ited and prob a bly
was only oc ca sional (cer e mo nial and rit ual cel e bra tions). Within 
the last mil len nium, we iden ti fied only one pe riod when hu man
im pact was im por tant, the in tro duc tion of fish in the be gin ning of 
20th cen tury that is clearly re flected in the subfossil cladoceran
and di a tom com mu ni ties. In ad di tion, an in creased sul phur con -
tent pro vides ev i dence for de te ri o ra tion of red-ox con di tions. 

Dur ing the last mil len nium, the eco sys tem of Lake El Sol re -
sponded to changes in tem per a ture and pre cip i ta tion, which
were ex pressed by changes in the Cladocera and di a tom com -
mu ni ties and in the bulk geo chem i cal pa ram e ters. In gen eral,
eco log i cal changes re flected in the sed i ments of Lake El Sol fol -
lowed lo cal cli ma tic changes that oc curred in Cen tral Mex ico
(Metcalfe and Davies, 2007; Cuna et al., 2014). These re sults
pro vide new data that al lowed us to better un der stand these cli -
ma tic changes. The data pre sented, es pe cially the re sults of the 
subfossil Cladocera anal y sis, pro vide supplementation of the
cur rent re sults, and they re duce the ex ist ing knowl edge gap re -
gard ing zoo plank ton com mu ni ties in high al ti tude lakes. 
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