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Diatom-based reconstruction of Middle to Late Holocene paleoenvironments in Lake Lonkoy,
southern Pampas, Argentina

GABRIELA S. HASSAN

Grupo de Ecología y Paleoecología de Ambientes Acuáticos Continentales, Instituto de Investigaciones Marinas y Costeras,
CONICET-UNMdP, Mar del Plata, Buenos Aires, Argentina Mar del Plata, Buenos Aires, Argentina

Diatoms recovered from shallow Lake Lonkoy sediment core in southern Pampas, Argentina, were studied in order to assess past environ-
mental conditions. A total of 47 samples were selected from a 1.42-m long core that spans the last 4840 cal. years. Diatoms were extracted
by chemical cleaning and studied under light and scanning electron microscopy. A total of 89 diatom taxa were recorded, including
36 taxa that reached > 2% relative abundance and were used in statistical analyses. A cluster analysis allowed five significant diatom
association zones (DAZ) to be defined. DAZ I (142–92 cm) was dominated by Cyclotella meneghiniana Kützing, Cocconeis placentula
Ehrenberg and Nitzschia hustedtiana Salah, and a low abundance of aerophilic taxa, indicating brackish water conditions probably related
to the Holocene sea-level high stand. DAZ II (90–48.5 cm) was dominated by C. meneghiniana and Aulacoseira granulata (Ehrenberg)
Simonsen, representing a period of high nutrient loading and turbid conditions in the lake, associated with higher water levels and lower
salinities than the environmental conditions in DAZ I. The upper 50 cm of the core (DAZ III to V) showed an increase in the dominance of
brackish epiphytic and hypereutrophic benthic taxa, indicating an increase in nutrient concentrations associated with agricultural human
impacts in the basin. Overall, diatoms allowed major paleoenvironmental changes to be inferred for the lake during the Holocene.

Keywords: shallow lake, paleoecology, Holocene, southern Pampas, Argentina

Introduction
Diatoms are powerful and reliable paleoenvironmental indi-
cators, mainly as a consequence of their durability, the high
preservation potential of their siliceous frustules, high abun-
dance and diversity, and differences in species responses to
environmental conditions (Battarbee 1986, Battarbee et al.
2001, Julius & Theriot 2010). In freshwater environments,
they have played a major role in the reconstruction of past
climate changes, being used as proxy indicators to recon-
struct Holocene climate variability on every continent (e.g.,
Kilham et al. 1996, Gasse et al. 1997, Smol & Cumming
2000, Mackay et al. 2003).

Most diatom-based paleoclimatic records come from
North America and Europe, while the number of studies
in South America is considerably lower (e.g., González &
Maidana 1998, Jenny et al. 2002, Markgraf et al. 2003,
Tapia et al. 2003, Moro et al. 2004, Fey et al. 2009). Hence,
many questions regarding the natural climatic cycles and the
strength of human-induced changes remain unanswered for
vast regions of South America (Villalba et al. 2009). This is
the case for the Pampa plain, an area in which the prevailing
flat geomorphology promotes the occurrence of numerous
shallow lakes that contain archives of Holocene environ-
mental changes (García-Rodríguez et al. 2009). Most of
these water bodies are small and shallow (< 500 ha in
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surface area and up to c. 4 m deep), and characterized by
conductivity ranging from oligo- to hyperhaline, naturally
high nutrient concentrations, and dense and rich macro-
phyte communities (Giorgi et al. 2005). Their dynamics
are intricately linked to climatic conditions and anthro-
pogenic activities (Fernández Cirelli & Miretzky 2004), as
is evident from the pronounced hydrological variability that
characterized these water bodies during the twentieth cen-
tury (e.g., lake-level fluctuations, varying river discharges,
extension of flooded lowlands, see García-Rodríguez et al.
2009). Despite their abundance and climatic sensitivity,
only one Holocene paleoenvironmental change study has
used diatom analysis on these systems (Stutz et al. 2010).

Recently, a series of studies performed in shallow
lakes from southern Pampas provided Holocene paleoen-
vironmental reconstructions based on pollen, non-pollen
palynomorphs and plant macroremains (Stutz et al. 2010,
2012). The diatom assemblages preserved in one of these
cores from Lake Lonkoy are presented here (Stutz et al.
2012). The main objective of this study is to assess the
Holocene paleoclimatic and paleoenvironmental changes
that occurred on the southern Pampa plain using diatom
analysis. The results are compared with those obtained by
Stutz et al. (2010, 2012) and are discussed in a paleolimno-
logical context.

© 2013 The International Society for Diatom Research
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Material and methods
Field and laboratory methods
In April 2009, a sediment core was recovered from the cen-
ter of the small (200 ha) and shallow (< 1.5 m deep) Lake
Lonkoy (37◦37′S, 57◦25′W) in the southeastern Pampa
plain, Argentina, using a modified Livingston corer (Fig. 1).
The lake was sampled during a dry (La Niña) year and con-
sequently was completely dry. The chronology of the core
was determined using accelerator mass spectrometry radio-
carbon dating (Stutz et al. 2012). Seven dates were obtained
on Heleobia parchappii gastropod shells (Table 1) and three
lithological units were recognized (Stutz et al. 2012). The
lowermost sediment core (142–75 cm) consisted of clayey
silt with abundant mollusk shells and low organic matter
content (< 10%), which increased slightly towards the top
of the unit. From 75 to 15 cm depth, the core consisted of

Fig. 1. Location of the study area in Lake Lonkoy, southern
Pampas, Argentina.

sandy silt, with organic matter increasing gradually up to
40% at 30 cm depth. The topmost 15 cm were character-
ized by black silty sediments and the highest percentage of
organic matter (80%). In the laboratory, the core was sec-
tioned at contiguous 1-cm intervals. A total of 47 samples
were selected for diatom analysis.

In the laboratory, samples were oxidized with 30%
hydrogen peroxide and 10% hydrochloric acid, washed
several times with distilled water and diluted to a total
volume of 100 mL. After complete homogenization, a sub-
sample was transferred to a coverslip and air-dried, and
permanent slides were made using Naphrax®. On each
slide, at least 300 diatom valves were counted across
random transects using a Leica DM500 light microscope
(LM) at ×1000 magnification. Light micrographs were
taken using a Leica ICC50 digital camera. For scan-
ning electron microscopy (SEM), cleaned material was
mounted on 3-μm pore polytungstate membrane filters,
sputter-coated with 12 nm gold using a Denton Vacuum
Desk II evaporator (Denton Vacuum LLC, Moorestown,
NJ, USA) and examined using a Jeol JSM6460LV SEM
(JEOL Ltd, Tokyo, Japan) operating at 15 kV. Diatom
taxa were identified according to Lange-Bertalot et al.
(1996), Krammer & Lange-Bertalot (1997, 1999, 2004a,
b), Metzeltin & Lange-Bertalot (1998, 2007), Rumrich et al.
(2000), Metzeltin et al. (2005), Levkov (2009) and Sar et al.
(2009). Diatom taxa were characterized according to their
salinity tolerances and life form following the ecologi-
cal classifications by Vos & de Wolf (1993), Van Dam
et al. (1994), and modern data available for the pam-
pean region (Izaguirre & Vinocur 1994a, b, Hassan
et al. 2009, 2011).

Data analyses
Diatom relative abundance data were square root trans-
formed prior to statistical analyses in order to stabilize
their variances (Bigler et al. 2006). Only taxa with > 2%
relative abundance in at least one sample were used in
data analyses. Diatom zones in the fossil sequences were
defined using constrained hierarchical clustering based on
Bray–Curtis distance matrices, with clusters constrained

Table 1. Accelerator mass spectrometry radiocarbon dates from Lake Lonkoy. All dates were
performed on shells of the gastropod Heleobia parchapii.

Sample depth 14C age Cal. yrbp Laboratory
(cm) bp (2σ range) no. Source

47–48 247 ± 21 200 (151–308) UBA20715 This work
79–80 770 ± 35 670 (570–730) AA87091 Stutz et al. (2012)
89–90 1310 ± 35 1200 (1080–1280) AA89347 Stutz et al. (2012)
100–101 1830 ± 35 1700 (1600–1820) AA92536 Stutz et al. (2012)
110–111 2300 ± 35 2240 (2150–2280) AA92537 Stutz et al. (2012)
120–121 3540 ± 40 3760 (3640–3870) AA89348 Stutz et al. (2012)
142–143 4325 ± 40 4840 (4650–4970) AA87092 Stutz et al. (2012)
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Diatom-based reconstruction of Middle to Late Holocene 475

Fig. 2. Relative abundance of the dominant diatom taxa in the Lake Lonkoy sediment core, with diatom association zones (DAZ I to V)
obtained from cluster analysis (see text) and seven radiocarbon dates (see text and Stutz et al. 2012).

by stratigraphic order. The statistical significance of the
diatom zones was assessed using the ‘broken stick’ model
(Bennett 1996).

A detrended correspondence analysis (DCA) was used
to summarize the multivariate data (Hill & Gauch 1980).
This analysis allows multivariate paleolimnological data
sets to be presented as low-dimensional plots of sample
points on the principal axes 1 and 2, and as stratigraphical
plots of major ordination axis sample scores. The ‘compos-
ite curves’ are based on many taxa that contribute to the
major axes of variation or underlying latent structure in the
total data, thus providing a useful summary of the major
patterns of variation within the data (Birks 2012). Changes
in the sample scores on the major ordination axes are used
to interpret the gradual and often complex transitions from
one assemblage to another and to assess results of zona-
tion techniques. DCA calculates the length of the species
gradients (DCA axis 1 scores), which describe the degree
of species turnover. A 50% change in species composition
occurs at c. 1.0–1.4 standard deviation (SD) units and gra-
dient lengths more than 4 SD indicate a complete turnover
of species (Heino & Soininen 2005).

All analyses and graphs were made using the software R
version 2.12.2 (R Development Core Team 2011), including
the packages ‘vegan’ version 1.17–8 (Oksanen et al. 2011)
and ‘rioja’ version 0.5–6 (Juggins 2009).

Results
A total of 81 diatom taxa were identified along the
Lonkoy sequence (Fig. 2). Light and scanning electron

microphotographs of dominant taxa are presented in
Figs 3–51. Only 36 of these taxa reached > 2% relative
abundance and were used in the cluster analysis. Results of
the cluster analysis (Fig. 2) allowed five significant diatom
association zones (DAZ I to V) to be defined.

DAZ I (142–92 cm) was dominated by Cyclotella
meneghiniana Kützing, Cocconeis placentula Ehrenberg
and Nitzschia hustedtiana Salah (Fig. 2), accompanied
by low abundance of Hippodonta hungarica (Grunow)
Lange-Bertalot, Metzeltin & Witkowski, Hyalodiscus sub-
tilis Bailey and Surirella striatula Turpin. This zone was
characterized by the dominance of brackish/freshwater
plankton intercalated with peaks of brackish benthos
and aerophilic taxa (Fig. 52). Samples from DAZ I
formed a defined cluster in the DCA ordination plot,
showing low compositional variability. DCA axis 1 scores
were very stable, ranging between -0.5 and -1, indicat-
ing a stable specific composition of the diatom assem-
blages along the main axis of the variation (Fig. 53).
However, the variability in DCA axis 2 scores was
larger (0 to −1.5).

DAZ II (90–48.5 cm) was also dominated by C. menegh-
iniana, but with an increase in the abundance of Aulacoseira
granulata (Ehrenberg) Simonsen (Fig. 2). According to
their ecological characteristics, this diatom assemblage is
composed mainly of freshwater/brackish (salinity of 0.2–
0.9) and brackish/freshwater (salinity of 0.9–1.8) plank-
tonic taxa (Fig. 52). From the DCA analysis, there was no
significant turnover of taxa in this zone or among DAZ I
and DAZ II. These two zones formed discrete clusters in
the ordination plot, separated mainly by DCA axis 2 scores
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Figs 3–17. Dominant diatom taxa from Lake Lonkoy sediment core, LM. Fig. 3. Aulacoseira granulata. Fig. 4. Aulacoseira sp. Figs 5, 15.
Pseudostaurosira subsalina in valve and girdle views, respectively. Fig. 6. Hyalodiscus subtilis. Fig. 7. Cyclotella meneghiniana. Fig. 8.
Pseudostaurosira brevistriata. Fig. 9. Cocconeis placentula, raphe valve. Fig. 10. Cocconeis placentula, rapheless valve. Fig. 11. Lemni-
cola hungarica, raphe valve. Fig. 12. Lemnicola hungarica, rapheless valve. Fig. 13. Staurosira elliptica. Fig. 14. Staurosirella pinnata.
Fig. 16. Planothidium hauckiana, raphe valve. Fig. 17. Planothidium hauckiana, rapheless valve. Scale bars = 5 μm (Figs 3–7, 9–12,
15–17); 1 μm (Figs 8, 13–14).

(Fig. 53). Again, the differences between these zones are
given by shifts in the relative abundance of the dominant
taxa rather than by the changes in the specific composition
of the assemblages.

DAZ III (45.5–37 cm) was characterized by an increase
in the abundance of C. placentula, accompanied by the

hypereutrophic Nitzschia amphibia Grunow and low abun-
dance of C. meneghiniana (Fig. 2). According to their
ecological preferences, the diatom assemblage in this zone
is dominated by epiphytic taxa of freshwater/brackish water
preference (Fig. 52). DCA shows an abrupt species turnover
in this zone, with DCA axis 1 scores showing an increasing
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Diatom-based reconstruction of Middle to Late Holocene 477

Figs 18–28. Dominant diatom taxa from Lake Lonkoy sediment core, LM. Fig. 18. Caloneis westii. Fig. 19. Navicula peregrina. Fig. 20.
Craticula sp. Fig. 21. Craticula cuspidata. Fig. 22. Anomoeoneis sphaerophora. Fig. 23. Navicula brasiliana var. platensis. Fig. 24.
Mastogloia elliptica. Fig. 25. Navicula cincta. Fig. 26. Hippodonta hungarica. Fig. 27. Luticola mutica. Fig. 28. Fallacia pygmaea. Scale
bars = 10 μm (Figs 18–22); 5 μm (Figs 23–28).
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478 Hassan

Figs 29–40. Dominant diatom taxa from Lake Lonkoy sediment core, LM. Fig. 29. Epithemia adnata. Fig. 30. Epithemia argus. Fig. 31.
Rhopalodia gibberula. Fig. 32. Amphora copulata. Fig. 33. Halamphora veneta. Fig. 34. Halamphora tumida. Fig. 35. Encyonema sile-
siacum. Fig. 36. Surirella striatula. Fig. 37. Amphora pediculus. Fig. 38. Nitzschia hustedtiana. Fig. 39. Nitzschia amphibia. Fig. 40.
Nitzschia vitrea. Scale bars = 20 μm (Fig. 36); 5 μm (Figs 29–35, 38–40); 1 μm (Fig. 37).
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Diatom-based reconstruction of Middle to Late Holocene 479

Figs 41–51. Selected diatom taxa from Lake Lonkoy sediment core, SEM external (Figs 41, 43–47, 52–53) and internal (Figs
42, 48, 51) views. Figs 41–42. Pseudostaurosira subsalina. Fig. 43. Pseudostaurosira brevistriata. Fig. 44. Staurosira elliptica.
Fig. 45. Cyclotella meneghiniana. Fig. 46. Amphora copulata. Fig. 47. Amphora pediculus. Fig. 48. Nitzschia hustedtiana. Fig. 49.
Nitzschia amphibia. Fig. 50. Luticola mutica. Fig. 51. Fallacia pygmaea. Scale bars = 5 μm.
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480 Hassan

Fig 52. Distribution of the relative abundance (%) of the main life form and salinity groups of diatom taxa along the Lake Lonkoy
sediment core. AE: aerophilic taxa. Dotted lines indicate the diatom zones defined by cluster analysis based on taxa relative abundances
(see Fig. 2).

trend and reaching positive values at the top of the zone
(Fig. 53). Samples of this zone were ordered separately
from those of DAZ I and DAZ II in the DCA ordination
plot, probably as a consequence of the decrease in the
relative abundance of C. meneghiniana and the increase
in the proportion of epiphytic taxa (Fig. 52).

DAZ IV (34–8 cm) was characterized by a high abun-
dance of Navicula peregrina (Ehrenberg) Kützing, a robust
diatom characteristic of shallow brackish waters, accompa-
nied by low abundance of C. meneghiniana, C. placentula,
N. amphibia, Epithemia adnata (Kützing) Brébisson, Pseu-
dostaurosira brevistriata (Grunow) Williams & Round and
Navicula brasiliana var. platensis Frenguelli (Fig. 2). Over-
all, this zone was dominated by benthic taxa of brackish
water preference, accompanied by a low proportion of
epiphytic taxa (Fig. 52). DCA shows that the tendency
for species turnover that characterized DAZ III continues
towards the top of DAZ IV (Fig. 53).

DAZ V (6–0 cm) was dominated by benthic and epi-
phytic taxa, such as Pseudostaurosira subsalina (Hustedt)
Morales, P. brevistriata, Staurosira elliptica (Schumann)
Williams & Round, Halamphora tumida (Hustedt) Lev-
kov, Navicula veneta Kützing and Lemnicola hungarica
(Grunow) Round & Basson (Fig. 2). According to the DCA,
the specific composition of the assemblages reached their
highest turnover values in this zone, which represents the
culmination of a change initiated at the top of DAZ II; a

total difference of c. 2.5 SD occurred in the top 60 cm of the
core (Fig. 53).

Discussion
The fluctuations in the relative abundances of diatom taxa
and the changes in specific composition of the assemblages
preserved in Lake Lonkoy indicate clear paleoenviron-
mental changes that occurred during the Middle and Late
Holocene. According to the cluster analysis of the diatom
assemblages, it was possible to identify five different zones
in the evolution of the lake.

The first zone, DAZ I, clustered samples span
c. 3500 years of lake history, between c. 4800 and
1200 cal. yr bp (Stutz et al. 2012). The zone is dominated
by C. meneghiniana, a planktonic euryhaline species that
can be found in a variety of habitats, ranging from freshwa-
ter to marine conditions (Tuchman et al. 1984, Håkansson
& Chepurnov 1999, Roubeix & Lancelot 2008). This is
one of the most widely distributed species in the mod-
ern diatom flora of the pampean shallow lakes, where it
dominates under alkaline (pH 8–10.5), slightly brackish (1–
7 mS·cm−1) and eutrophic to hypereutrophic conditions
(Vouilloud 2003, Hassan et al. 2009, 2011). Neverthe-
less, it is also found in lakes with low phosphate (PO3−

4 )

concentrations (between 0 and 430 mg L−1, Hassan et al.
2011). The species is also common in estuaries of the
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Diatom-based reconstruction of Middle to Late Holocene 481

Fig 53. (A) Plot of DCA axis 1 scores along the Lake Lonkoy DAZ zones and (B) DCA ordination plot of Lake Lonkoy samples.
Showing shifts in species composition through time. Symbols indicate the different diatom zones (DAZ I–V) defined by cluster analysis
and presented in Figure 2.

region and a salinity optimum of 6.3 ± 7.5 for this species
was calculated by weighted averaging methods (Hassan
et al. 2009). The fluctuations in abundance of C. menegh-
iniana, together with the co-occurring salt-tolerant and
non-planktonics C. placentula and N. hustedtiana and
occasional presence of brackish H. subtilis indicate peri-
ods of high water conductivity (Frenguelli 1945, Bracco
et al. 2005).

The brackish affinity of DAZ I dominant taxa may sug-
gest marine influences in the basin during the Middle
Holocene. The proposed sea level was then c. 2 m above the
modern level (Isla & Espinosa 1998), which may have ele-
vated the water table and induced groundwater salinization
in the southern Pampas region. Hence, ingress of ground-
water marine brines into the lake is likely responsible for
the high conductivity inferred for this period. Similarly,
Stutz et al. (2002, 2006, 2010) inferred brackish condi-
tions dominating two other pampean lakes, Nahuel Rucá
and Hinojales, during the Middle Holocene and interpreted
these as seawater intrusion during the last sea-level high
stand; these two lakes are compared with Lake Lonkoy
in Fig. 54. Pollen and non-pollen palynomorph data from
Lake Lonkoy also suggest brackish to saline conditions in
the lake during this period (Stutz et al. 2012; Fig. 54).
Moreover, diatom assemblages in Lake Nahuel Rucá are

also dominated by saline taxa, such as Campylodiscus
clypeus (Ehrenberg) Ehrenberg, S. striatula and Caloneis
formosa (Gregory) Cleve, suggesting environmental con-
ditions similar to Lake Lonkoy (Fig. 54). However, Lake
Lonkoy is situated further inland (Fig. 1) and the possi-
bility that surface seawater directly affected the lake seems
unlikely. As well as groundwater changes, it is possible that
higher evaporation–precipitation ratios prevailed during the
Middle–Late Holocene in the Pampa plain as a consequence
of the eastward displacement of the arid–semiarid region
(Mancini et al. 2005, Stutz et al. 2012). The absence of
truly marine planktonic diatom taxa, such as Actinoptychus
spp. or Paralia sulcata (Ehrenberg) Cleve, which have been
indicated as stratigraphic indicators of transgressive pro-
cesses in the pampean coast (Espinosa & Isla 2011, Hassan
et al. 2011), also argues against a direct effect of
marine tides into the Lonkoy basin. Therefore, the
combination of an increased input of brackish ground-
water and evaporation is suggested as an explanation
for lake permanency and its salinization during the
Middle Holocene.

DAZ II was also dominated by C. meneghiniana, but
with the co-dominance of A. granulata. The latter is a
freshwater/brackish planktonic taxon indicative of high
nutrient concentrations and low light availability, common
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482 Hassan

Fig 54. Comparison of the environmental history between Lake Lonkoy and Lake Nahuel Ruca based on pollen, non-pollen palynomorphs
(Stutz et al. 2012) and diatom analyses (information for Lake Nahuel Ruca from Stutz et al. 2010).

in a wide variety of shallow and well-mixed aquatic
systems (Kilham & Kilham 1975, Anderson 2000, Fritz
et al. 2012). It has heavy silicified cells with a high sink-
ing rate, and requires turbulence to maintain its presence
in the water column (Bradbury 1975). Increasing turbu-
lence (sometimes corresponding to nutrient increases) in
a lake can favor this genus over other planktonic species
(Dong et al. 2008). Aulacoseira granulata and its vari-
eties are widely distributed in the pampean region (see
references in Vouilloud 2003), being common in turbid
and eutrophic shallow lakes (e.g., Izaguirre & Vinocur
1994a, b, Gómez 1995, Gabellone et al. 2001, Hassan
et al. 2011, G.S. Hassan, unpubl. data). A similar diatom
assemblage, almost exclusively composed of C. meneghini-
ana and A. granulata, was recorded in Lake San Antonio,
an alkaline (pH 9.4), freshwater/brackish (conductivity =
4 mS cm−1) and eutrophic (430 mg PO3−

4 L−1) turbid shal-
low lake, with low macrophyte development (Hassan et al.

2011). Hence, DAZ II represents a period of higher nutrient
loadings and turbid conditions, and lower salinities than
DAZ I. This change in the limnological conditions occurred
c. 1000 cal. yr bp and was also detected in Lake Nahuel Rucá
(Fig. 54), where a shift to a C. meneghiniana and A. gran-
ulata diatom assemblage occurred c. 800 cal. yr bp (Stutz
et al. 2010). In both cases, the changes in diatom assemblage
may be related to higher nutrient and lower light availabil-
ity, characteristic of turbid organic-rich lakes (Bennion et al.
2010). Synchronicity in the past responses of both lakes
Lonkoy and Nahuel Ruca (as compared in Fig. 54) suggests
an external cause rather than isolated responses to local con-
ditions at each lake site. There are also similar responses
in pollen, non-pollen palynomorphs and plant macrofos-
sils in lakes Lonkoy, Nahuel Rucá (Fig. 54) and Hinojales
(5 km north of Lake Nahuel Rucá; see Stutz et al. 2012),
which indicate changes in nutrient availability during the
Holocene.
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Two environmental factors might have caused the
observed changes. First, the full retreat of the sea to its
present level may have decreased the amount of brine
entering the basin so allowing the development of fresh-
water environments more suitable for the growth of A.
granulata. Second, increases in precipitation might have
triggered the shift towards permanent freshwater condi-
tions in the lake basins, with the consequent development
of macrophytes and increases in phytoplankton biomass.
Recent pollen-based precipitation reconstructions for the
southeastern Pampas propose values c. 200 mm lower than
present at c. 1200 cal. yr bp, followed by a sudden increase
of 150 mm by c. 1000 cal. yr bp (Peña 2012). This precipita-
tion change might have carried sediments and nutrients from
the surrounding catchment into the lake. As a result, light
limitation would have induced a decrease in submerged
macrophytes (see Fig. 54), causing a shift from macrophyte-
dominated clear water to a microalgae dominated turbid
state (Stutz et al. 2012). Moreover, the dominance of A.
granulata also indicates a strong influence of wind on the
lake catchments, which would have ensured the prevalence
of a well-mixed water column and prevented the sinking of
A. granulata cells.

The upper 50 cm of the core (DAZ III to V) showed
an increase in the dominance of brackish epiphytic and
benthic taxa, accompanied by a decrease in the relative
abundance of the planktonic diatoms, C. meneghiniana and
A. granulata, towards the top of the core. The dominant
diatoms, i.e., N. peregrina, C. placentula, N. amphibia,
P. subsalina, P. brevistriata, S. elliptica and N. brasil-
iana var. platensis, are usually associated to periphytic and
benthic habitats. Some species (i.e., P. brevistriata, S. ellip-
tica) indicate higher nutrient loadings and hypereutrophic
conditions (Van Dam et al. 1994, Brenner et al. 1996).
Replacement of the planktonic meso- to eutrophic Aulaco-
seira taxa by small hypereutrophic fragilarioid taxa has been
reported elsewhere (e.g., Stoermer et al. 1992, Brenner et al.
1996, Korponai et al. 2010) and interpreted as indicat-
ing human agricultural impact. Intensive farming activities
have developed in the Pampas during the last century, lead-
ing to increased nutrient loads and inorganic turbidity in
shallow lakes highly exposed to intense land use of their
drainage basins (Rennella & Quirós 2006). Higher loading
of sediment and wind-induced resuspension would reduce
light penetration preventing the development of planktonic
diatoms and allowing the expansion of tychoplankton (frag-
ilarioid) taxa. Pollen and non-pollen palynomorphs also
recorded the development of modern lake conditions in this
zone, with a high diversity of emergent macrophytes and
free-floating plant species. The low abundance of plank-
tonic algae and the development of free-floating plants
suggested by pollen analyses support the hypothesis of
human impact in Lake Lonkoy (Stutz et al. 2012). A similar
change was recorded in Lake Nahuel Rucá, where the top-
most 20 cm were also interpreted as representing modern

lake conditions (Stutz et al. 2010), with a dominance of
epiphytic and brackish diatom taxa (Fig. 54)

Conclusion
The regional synchronicity of changes in diatom assem-
blage composition evidenced by comparison of Lonkoy
and Nahuel Rucá lake records supports the hypothesis of a
predominance of external triggers over intrinsic processes
as causes of the main paleoenvironmental changes. The
main environmental forces affecting these lakes seem to
be related indirectly to the Holocene marine transgression
and to recent human impacts. In addition to the evidence
provided here, it remains imperative to increase the number
of records in order to evaluate the regional extension and
magnitude of these changes during the Holocene.

Besides the coincidence in the main shifts in the diatom
composition between Lonkoy and Nahuel Rucá lake cores,
the records also revealed variations of lower magnitude
and specific differences between the lakes, the significance
of which cannot yet be clearly addressed. The observed
patterns are probably related to intrinsic differences in the
nature and variability of the lakes of the region, which vary
widely in their seasonal and interannual dynamics. Little
is known about the modern dynamics of diatom communi-
ties inhabiting these lakes and, more importantly, about the
patterns of distribution and preservation of their remains
in surface sediments. In fact, the degree to which seasonal
and long-term changes in diatom assemblages (as well as
other biological indicators) are recorded in modern lakes is
poorly known. Moreover, taphonomic alterations need to
be addressed. Recent studies have demonstrated biases in
the fossil diatom record associated with silica dissolution,
which can be particularly important in saline lakes (Flower
& Ryves 2009, Ryves et al. 2009). Hence, although the
complex nature of pampean shallow lakes poses great
challenges for paleolimnologists, it also opens the way
to explore new and promising lines of work includ-
ing better integration of ecological and paleoecological
studies.

Acknowledgements
I would like to thank the GEPaCo Team (S. Stutz, D. Navarro, M.
Tonello, C. De Francesco, M. A. González Sagrario, E. Tietze, P.
Cristini and L. Ferrero) for their support in the core extraction and
sampling, as well as for the long and inspirational discussions.
Mónica Oppedisano assisted in SEM microphotography. Jose-
fina Pueyrredón de Lanús gave us permission to work on Lake
Lonkoy. C. De Francesco, S. Stutz, R. Flower and two anony-
mous reviewers made helpful commentaries on earlier versions
of this manuscript. Financial support for this work was provided
by Agencia Nacional de Promoción Científica y Tecnológica
(PICT 2008-0088), CONICET (PIP 2010-0063), and University
of Mar del Plata (EXA 587/12). G.S.H. is a member of the Scien-
tific Research Career of the Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET).

D
ow

nl
oa

de
d 

by
 [

G
ab

ri
el

a 
S.

 H
as

sa
n]

 a
t 0

8:
52

 0
6 

N
ov

em
be

r 
20

13
 



484 Hassan

References
Anderson N.J. 2000. Diatoms, temperature and climatic change.

European Journal of Phycology 35: 307–314.
Battarbee R.W. 1986. Diatom analysis. In: Handbook of

Holocene palaeoecology and palaeohydrology (Ed. by B.E.
Berglund), pp. 527–570. John Wiley & Sons Ltd., New York.

Battarbee R.W., Jones V.J., Flower R.J., Cameron N.G. &

Bennion H. 2001. Diatoms. In: Tracking environmental
change using lake sediments. Volume 3: Terrestrial, algal,
and siliceous indicators (Ed. by J.P. Smol, H.J.B. Birks
& W.M. Last), pp. 155–202. Kluwer Academic Publishers,
Dordrecht.

Bennett K.D. 1996. Determination of the number of zones in
a biostratigraphical sequence. The New Phytologist 132:
155–170.

Bennion H., Sayer C.D., Tibby J. & Carrick H.J. 2010. Diatoms
as indicators of environmental change in shallow lakes. In:
The diatoms: Applications for the environmental and earth
sciences (Ed. by J.P. Smol & E.F. Stoermer), pp. 152–173.
Cambridge University Press, Cambridge.

Bigler C., Heiri O., Krskova R., Lotter A.F. & Sturm M.

2006. Distribution of diatoms, chironomids and cladocera in
surface sediments of thirty mountain lakes in south-eastern
Switzerland. Aquatic Sciences 68: 154–171.

Birks H.J.B. 2012. Analysis of stratigraphical data. In: Tracking
environmental change using lake sediments (Ed. by H.J.B.
Birks, A.F. Lotter, S. Juggins & J.P. Smol), Vol. 5, pp. 355–
378. Springer, Dodrecht.

Bracco R., Inda H., del Puerto L., Castiñeira C., Sprechmann

P. & García-Rodríguez F. 2005. Relationships between
Holocene sea-level variations, trophic development, and cli-
matic change in Negra Lagoon, Southern Uruguay. Journal
of Paleolimnology 33: 253–263.

Bradbury J.P. 1975. Diatom stratigraphy and human settlement
in Minnesota. Geological Society of America, Special Paper
171: 1–74.

Brenner M., Whitmore T.J. & Schelske C.L. 1996. Paleolim-
nological evaluation of historical trophic state conditions in
hypereutrophic Lake Thonotosassa, Florida, USA. Hydrobi-
ologia 331: 143–152.

Dong X., Bennion H., Battarbee R., Yang X., Yang H. & Liu E.

2008. Tracking eutrophication in Taihu Lake using the diatom
record: potential and problems. Journal of Paleolimnology
40: 413–429.

Espinosa M. & Isla FI. 2011. Diatom and sedimentary record
during the mid-Holocene evolution of the san blas estuarine
complex, northern Patagonia, Argentina. Ameghiniana 48:
411–423.

Fernández Cirelli A. & Miretzky P. 2004. Ionic relations:
a tool for studying hydrogeochemical processes in Pam-
pean shallow lakes (Buenos Aires, Argentina). Quaternary
International 114: 113–121.

Fey M., Korr C., Maidana N.I., Carrevedo M.L., Corbella

H., Dietrich S., Haberzettl T., Kuhn G., Lücke A., Mayr

C., Ohlendorf C., Paez M.M., Quintana F.A., Schäbitz

F. & Zolitschka B. 2009. Palaeoenvironmental changes
during the last 1600 years inferred from the sediment record
of a cirque lake in southern Patagonia (Laguna Las Viz-
cachas, Argentina). Palaeogeography, Palaeoclimatology,
Palaeoecology 281: 363–375.

Flower R.J. & Ryves D.B. 2009. Diatom preservation: differential
preservation of sedimentary diatoms in two saline lakes. Acta
Botanica Croatica 68: 381–399.

Frenguelli J. 1945. Las diatomeas del Platense. Revista del
Museo de La Plata, Nueva serie III, Botanica 15: 213–334.

Fritz S.C., Baker P.A., Tapia P., Spanbauer T. & Westover

K. 2012. Evolution of the Lake Titicaca basin and its
diatom flora over the last ∼ 370,000 years. Palaeogeography,
Palaeoclimatology, Palaeoecology 317/318: 93–103.

Gabellone N.A., Solari L.C. & Claps M.C. 2001. Planktonic
and physico–chemical dynamics of a markedly fluctuat-
ing backwater pond associated with a lowland river (Sal-
ado River, Buenos Aires, Argentina). Lakes & Reservoirs:
Research & Management 6: 133–142.

García-Rodríguez F., Piovano E., del Puerto L., Inda H.,

Stutz S., Bracco R., Panario D., Córdoba F., Sylvestre

F. & Ariztegui D. 2009. South American lake paleo-
records across the Pampean Region. PAGES News 17:
115–117.

Gasse F., Barker P., Gell P.A., Fritz S.C. & Chalié F.

1997. Diatom-inferred salinity in paleolakes: an indirect
tracer of climate change. Quaternary Science Reviews 16:
547–563.

Giorgi A., Feijoó C. & Tell G. 2005. Primary producers in a
Pampean stream: temporal variation and structuring role.
Biodiversity and Conservation 14: 1699–1718.

Gómez N. 1995. Observaciones de la composición diatomológica
en una laguna pampeana: San Miguel del Monte, provincia
de Buenos Aires, Argentina. Gayana 52: 83–88.

González M.A. & Maidana N.I. 1998. Post-Wisconsinian pale-
oenvironments at Salinas del Bebedero basin, San Luis,
Argentina. Journal of Paleolimnology 20: 353–368.

Håkansson H. & Chepurnov V. 1999. A study of variation
in valve morphology of the diatom Cyclotella meneghini-
ana in monoclonal cultures: effect of auxospore forma-
tion and different salinity conditions. Diatom Research 14:
251–272.

Hassan G.S., Espinosa M.A. & Isla F.I. 2009. Diatom-based
inference model for paleosalinity reconstructions in estuaries
along the northeastern coast of Argentina. Palaeogeography,
Palaeoclimatology, Palaeoecology 275: 77–91.

Hassan G.S., Tietze E., De Francesco C.G. & Cristini P.A.

2011. Problems and potentialities of using diatoms as paleo-
climatic indicators in Central Argentina. In: Diatoms: Ecol-
ogy and life cycle (Ed. by J.C. Compton), pp. 185–216. Nova
Science Publishers, New York.

Heino J. & Soininen J. 2005. Assembly rules and community mod-
els for unicellular organisms: patterns in diatoms of boreal
streams. Freshwater Biology 50: 567–577.

Hill M.O. & Gauch H.G. 1980. Detrended correspondence anal-
ysis: An improved ordination technique. Plant Ecology 42:
47–58.

Isla F.I. & Espinosa M.A. 1998. Modelo sedimentario de
colmatación de pequeños estuarios dominados por limo,
Provincia de Buenos Aires. In: VII Reunión Argentina de
sedimentología-Actas (Ed. by V.M. Hanne), pp. 24–36.
Asociación Argentina de Sedimentología, Salta.

Izaguirre I. & Vinocur A. 1994a. Algal assemblages from
shallow lakes of the Salado River Basin (Argentina). Hydro-
biologia 289: 57–64.

D
ow

nl
oa

de
d 

by
 [

G
ab

ri
el

a 
S.

 H
as

sa
n]

 a
t 0

8:
52

 0
6 

N
ov

em
be

r 
20

13
 



Diatom-based reconstruction of Middle to Late Holocene 485

Izaguirre I. & Vinocur A. 1994b. Typology of shallow lakes of
the Salado River basin (Argentina), based on phytoplankton
communities. Hydrobiologia 277: 49–62.

Jenny B., Valero-Garcés B.L., Villa-Martínez R., Urru-

tia R., Geyh M. & Veit H. 2002. Early to Mid-Holocene
aridity in central Chile and the southern westerlies: the
laguna Aculeo record (34◦S). Quaternary Research 58:
160–170.

Juggins S. 2009. Rioja: analysis of quaternary science data, R
package version 0.5–6. Available from http://cran.r-project.
org/package=rioja [Accessed March 2011].

Julius M.L. & Theriot E.C. 2010. The diatoms: a primer. In:
The diatoms: Applications for the environmental and earth
sciences (Ed. by J.P. Smol & E.F. Stoermer), pp. 8–22.
Cambridge University Press, Cambridge.

Kilham S.S. & Kilham P. 1975. Melosira granulata (Ehr).
Ralfs: morphology and ecology of a cosmopolitan freshwa-
ter diatom. Verhandlungen Internationalen Vereinigung für
theoretische und angewandte Limnologie 19: 2716–2721.

Kilham P., Theriot E.C. & Fritz S.C. 1996. Linking planktonic
diatoms and climate change in the large lakes of the Yel-
lowstone ecosystem using resource theory. Limnology and
Oceanography 41: 1052–1062.

Korponai J., Braun M., Buczkó K., Gyulai I., Forró L., Nédli

J. & Papp I. 2010. Transition from shallow lake to a wetland:
a multi-proxy case study in Zalavári Pond, Lake Balaton,
Hungary. Hydrobiologia 641: 225–244.

Krammer K. & Lange-Bertalot H. 1997. Bacillariophyceae
2. Teil: Bacillariophyceae, Epithemiaceae, Surirellaceae.
In: Süsswasserflora von Mitteleuropa (Ed. by H. Ettl, J.
Gerloff, H. Heynig & D. Mollenhauer), Vol. 2/2. Spektrum
Akademischer Verlag, Stuttgart, 610 pp.

Krammer K. & Lange-Bertalot H. 1999. Bacillariophyceae
1. Teil: Naviculaceae. In: Süsswasserflora von Mitteleu-
ropa (Ed. by H. Ettl, J. Gerloff, H. Heynig & D. Mollen-
hauer), Vol. 2/1. Spektrum Akademischer Verlag, Stuttgart.
876 pp.

Krammer K. & Lange-Bertalot H. 2004a. Bacillariophyceae 3.
Teil: Centrales; Fragilariaceae, Eunotiaceae. In: Süsswasser-
flora von Mitteleuropa (Ed. by H. Ettl, J. Gerloff, H. Heynig &
D. Mollenhauer), Vol. 2/3. Spektrum Akademischer Verlag,
Stuttgart. 596 pp.

Krammer K. & Lange-Bertalot H. 2004b. Bacillariophyceae
4. Teil: Bacillariophyceae, Epithemiaceae, Surirellaceae.
In: Süsswasserflora von Mitteleuropa (Ed. by H. Ettl, J.
Gerloff, H. Heynig & D. Mollenhauer), Vol. 2/4. Spektrum
Akademischer Verlag, Stuttgart. 468 pp.

Lange-Bertalot H., Külbs K., Lauser T., Nörpel-Schempp

M. & Willmann M. 1996. Diatom taxa introduced by
Georg Krasske documentation and revision. Iconographia
Diatomologica 3: 1–358.

Levkov Z. 2009. Amphora sensu lato. In: Diatoms of Europe:
Diatoms of European inland waters and comparable habitats
(Ed. by H. Lange-Bertalot), Vol. 5, ARG Gantner Verlag KG,
Ruggell. 916 pp.

Mackay A.W., Jones V.J. & Battarbee R.W. 2003. Approaches
to Holocene climate reconstruction using diatoms. In: Global
change in the Holocene (Ed. by A.W. Mackay, R.W. Bat-
tarbee, H.J.B. Birks & F. Oldfield), pp. 294–309. Arnold,
London.

Mancini M.V., Paez M.M., Prieto A.R., Stutz S., Tonello

M. & Vilanoba I. 2005. Mid-Holocene climatic variability
reconstruction from pollen records (32◦–52◦S, Argentina).
Quaternary International 132: 47–59.

Markgraf V., Bradbury P., Schwalb A., Burns S.J., Stern

C., Ariztegui D., Gilli A., Anselmetti F.S., Stine S. &

Maidana N.I. 2003. Holocene palaeoclimates of southern
Patagonia: limnological and environmental history of Lago
Cardiel, Argentina. The Holocene 13: 581–591.

Metzeltin D. & Lange-Bertalot H. 1998. Tropical diatoms of
South America I. About 700 predominantly rarely known or
new taxa representative of the neotropical flora. Iconographia
Diatomologica 5: 1–695.

Metzeltin D. & Lange-Bertalot H. 2007. Tropical diatoms
of South America II. Special remarks on biogeo-
graphic disjunction. Iconographia Diatomologica 18:
1–876.

Metzeltin D., Lange-Bertalot H. & García-Rodríguez F.

2005. Diatoms of Uruguay compared with other taxa from
South America and elsewhere. Iconographia Diatomologica
15: 1–736.

Moro R.S., de Mattos Bicudo C.E., de Melo M.S. & Schmitt

J. 2004. Paleoclimate of the late Pleistocene and Holocene at
Lagoa Dourada, Paraná State, southern Brazil. Quaternary
International 114: 87–99.

Oksanen J.F., Blanchet G., Kindt R., Legendre P., O’Hara

R.B., Simpson G.L., Solymos P., Stevens M.H.H. & Wag-

ner H. 2011. Vegan: community ecology package. R pack-
age version 1.17–8. Available from http://CRAN.R-project.
org/package=vegan [Accessed March 2011].

Peña L. 2012. Reconstrucción de la historia reciente de los
lagos someros del SE de la llanura Pampeana a partir del
análisis de múltiples indicadores. M.Sc. Thesis, Universidad
Nacional de Mar del Plata, La Plata. 47 pp.

R Development Core Team. 2011. R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna. Available from (http://www.R-project.
org/) [Accessed March 2011].

Rennella A.M. & Quirós R. 2006. The effects of hydrology
on plankton biomass in shallow lakes of the Pampa plain.
Hydrobiologia 556: 181–191.

Roubeix V. & Lancelot C. 2008. Effect of salinity on growth,
cell size and silicification of an euryhaline freshwater diatom:
Cyclotella meneghiniana Kütz. Transitional Waters Bulletin
1: 31–38.

Rumrich U., Lange-Bertalot H. & Rumrich M. 2000. Diatoms
of the Andes. From Venezuela to Patagonia/Tierra del Fuego.
Iconographia Diatomologica 9: 1–673.

Ryves D.B., Battarbee R.W. & Fritz S.C. 2009. The dilemma
of disappearing diatoms: Incorporating diatom dissolution
data into palaeoenvironmental modelling and reconstruction.
Quaternary Science Reviews 28: 120–136.

Sar E.A., Sala S.E., Sunesen I., Henninger S. & Montastrut

M. 2009. Catálogo de los géneros, especies y taxa intrae-
specíficos erigidos por J. Frenguelli. In: Diatom monographs
(Ed. by A. Witkowski), Vol. 10. Koeltz Scientific Books,
Koenigstein. 419 pp.

Smol J.P. & Cumming B.F. 2000. Tracking long-term changes in
climate using algal indicators in lake sediments. Journal of
Phycology 36: 986–1011.

D
ow

nl
oa

de
d 

by
 [

G
ab

ri
el

a 
S.

 H
as

sa
n]

 a
t 0

8:
52

 0
6 

N
ov

em
be

r 
20

13
 

http://cran.r-project.org/package=rioja
http://cran.r-project.org/package=rioja
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
http://www.R-project.org/
http://www.R-project.org/


486 Hassan

Stoermer E.F., Andresen N.A. & Schelske C.L. 1992. Diatom
succession in the recent sediments of Lake Okeechobee,
Florida, U.S.A. Diatom Research 7: 367–386.

Stutz S., Prieto A.R. & Isla F.I. 2002. Historia de la vegetacion
de la laguna Hinojales, sudeste de la provincia de Buenos
Aires, Argentina. Ameghiniana 39: 85–94.

Stutz S., Prieto A.R. & Isla F.I. 2006. Holocene evolution of
the Mar Chiquita coastal lagoon area (Argentina) indicated
by pollen analysis. Journal of Quaternary Science 21: 17–28.

Stutz S., Borel C.M., Fontana S.L., del Puerto L., Inda H.,

García-Rodríguez F. & Tonello M.S. 2010. Late Holocene
climate and environment of the SE Pampa grasslands,
Argentina, inferred from biological indicators in shallow,
freshwater Lake Nahuel Rucá. Journal of Paleolimnology
44: 761–775.

Stutz S., Borel C.M., Fontana S.L. & Tonello M.S. 2012.
Holocene changes in trophic states of shallow lakes from
the Pampa plain of Argentina. The Holocene 22: 1263–
1270.

Tapia P.M., Fritz S.C., Baker P.A., Seltzer G.O. & Dun-

bar R.B. 2003. A late quaternary diatom record of tropical
climatic history from Lake Titicaca (Peru and Bolivia).

Palaeogeography, Palaeoclimatology, Palaeoecology 194:
139–164.

Tuchman M.L., Theriot E. & Stoermer E.F. 1984. Effects
of low level salinity concentrations on the growth of
Cyclotella meneghiniana Kütz. (Bacillariophyta). Archiv für
Protistenkunde 128: 319–326.

Van Dam H., Mertens A. & Sinkeldam J. 1994. A coded checklist
and ecological indicator values of freshwater diatoms from
the Netherlands. Netherlands Journal of Aquatic Ecology 28:
117–133.

Villalba R., Grosjean M. & Kiefer T. 2009. Long-term
multi-proxy climate reconstructions and dynamics in South
America (LOTRED-SA): state of the art and perspectives.
Palaeogeography, Palaeoclimatology, Palaeoecology 281:
175–179.

Vos P.C. & de Wolf H. 1993. Diatoms as a tool for
reconstructing sedimentary environments in coastal wet-
lands; methodological aspects. Hydrobiologia 269/270:
285–296.

Vouilloud A.A. 2003. Catálogo de diatomeas continentales
y marinas de Argentina. versión 1.0, Digital Publication.
Asociación Argentina de Ficología, La Plata. 310 pp.

D
ow

nl
oa

de
d 

by
 [

G
ab

ri
el

a 
S.

 H
as

sa
n]

 a
t 0

8:
52

 0
6 

N
ov

em
be

r 
20

13
 


	Acknowledgements

