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ABSTRACT

In arid and semiarid regions of Central West Argentina, paleoenvironmental conditions and history of the
Holocene vegetation is still scanty. This paper presents the analysis of palynological records of two Mid-
to Late Holocene alluvial sequences (La Escala -LES- and Brazo Abandonado -BA-) in the fluvial basin of
the Arroyo La Estacada (33°27'S and 69°03'W), placed in the Cordillera Frontal central piedmont of
Mendoza province. Variations in pollen assemblages of the two sequences related to the environments
developed in the floodplains of the arroyo allowed us to infer the evolution of local plant communities.
Between the ca. 4000 and 3000 C years BP and between ca. 500 and 400 'C years BP, a larger
representation of hydrophytic communities related to environments with local water availability was
inferred; and between ca. 3000 and 500 '“C years BP an increase in shrubby xerophytic communities
related to environments with lower water availability was detected. These results led us to propose that
the Holocene pollen spectra fluctuations observed in the alluvial sedimentary sequences prove mainly
changes in plant communities of the floodplain environment in response to the fluvial dynamics of the

arroyo.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In arid and semiarid regions, low coverage of vegetation asso-
ciated with a low pollen production, in combination with high-
deposition rates of clastic sediments, hamper the production of
continuous, well-dated, high-resolution paleoenvironmental
archives to reconstruct past changes based on regional vegetation
(Horowitz, 1992). In addition, the palynology of fluvial systems has
been a discipline with little development as a paleoecological tool,
mainly because the sedimentary environments show different
sources of pollen grains and diverse taphonomic processes (depo-
sitional and post-depositional) that disguise the pollen record and
obstruct the interpretation of past changes in regional vegetation
(Fall, 1987; Hall, 1985, 1989; Solomon et al., 1982; Xu et al., 1996). In
central- west regions of Argentina, paleoenvironmental recon-
structions have been mainly based on the pioneering pollen studies
of D’Antoni (1983) and Markgraf (1983) on the record of the Gruta
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del Indio archaeological site in the piedmont of Bloque de San
Rafael (34°45'S and 68°22'W, 670 m asl) and the Salado (34°11’S
and 69°32'W, 3200 m asl) and Salina 2 (32°15’S and 69°20’'W, 2000
m asl) high meadows, both of them placed in the Andes cordillera.
Later on, the study of human settlement and paleoenvironmental
conditions of the Agua de la Cueva archaeological site located in the
Precordillera of Mendoza (32°37" and 69°09'W, 2900 m asl),
permitted to document regional vegetation changes during the
Pleistocene—Holocene transition (Garcia et al., 1999).

As a result of this limited knowledge, the need arises for
searching for new stratigraphic records mainly in the Andean
piedmont to obtain updated paleoenvironmental information that
enables a better understanding of the Late Pleistocene—Holocene
and Holocene paleoenvironmental evolution of this arid to semi-
arid region of Argentina.

Over the past 10 years, the central piedmont of Frontal cordil-
lera, an Andes cordillera morphostructural unit, in Mendoza
province, has been the subject of interdisciplinary studies, aimed to
reconstruct the regional paleoenvironmental and paleoclimatic
conditions of the Late Quaternary through the analysis of both
geological and biological proxies (Zarate, 2002a).

The knowledge of the Late Pleistocene and Holocene vegetation
history derived from alluvial records is commonly insufficient,
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discontinuous and with low temporal resolution; all of these
features are principally attributed to poor pollen preservation in
these arid sedimentary environments (Zarate, 2002a; Paez et al.,
2010). However, Holocene alluvial palynological analysis carried
out by doctoral studies at Mendoza piedmont (Guerci, 2011; Rojo,
2009) and the high Atuel river basin in the mountain area
(Navarro, 2011) of Mendoza province, have permitted to consider
new lines of interpretation and reevaluation of the pollen repre-
sentativeness in sedimentary sequences of arid and semiarid
regions (Paez et al., 2010).

In the Valle de Uco area, the sedimentary succession cropping
out in the cut banks of Arroyo La Estacada, a tributary of the
Tunuyan River, constitutes one of the main alluvial sedimentary
deposits studied in the region spanning at least the last 50,000
years BP (Toms et al., 2004; Zarate and Mehl, 2008). Among the
most relevant results, it can be highlighted 1) the geomorphological
framework of the fluvial valley of Arroyo La Estacada, where Zarate
and Mehl (2008) described a regional aggradational plain (RAP),
a fill terrace unit (FT) (according to Bull, 1990, 1991) and a present
floodplain (PF); and 2) a new lithostratigrafic framework for the
area (Zarate and Mehl, 2008) that reinterpret the previous strati-
graphic division by Polanski (1963). Besides, it could also be high-
lighted the results of malacological and palynological records of
Arroyo La Estacada providing paleoenvironmental information for
the Late Pleistocene and Pleistocene—Holocene transition (De
Francesco et al., 2007; Zarate and Paez, 2001, 2002).

The aim of this paper, framed in the interdisciplinary studies
mentioned, is to contribute to the knowledge of the vegetation
history in the Andean piedmont of Mendoza. For this, it analyzes
the palynological records of the Mid- to Late Holocene alluvial
sequences on the hypothesis that, alluvial sedimentary deposits
constitute appropriate palynological records to reconstruct the
history of regional vegetation. The hypothesis is based on prelimi-
nary work made for this purpose in alluvial sequences of the
Pampean region, in Buenos Aires province (Prieto, 1996; Prieto
et al., 2004; Quattrocchio et al., 2008, and references therein).
These studies suggest that the analysis of fluvial pollen can be used
as a paleoecological tool, particularly in those regions where other
sedimentary environments are not commonly available, as it
happens in arid and semiarid regions.

In order to achieve the proposed objective the geological-
geomorphological context of the study area is summarized and
the results of palynological analysis are reported in a stratigraphic-
sedimentological framework. Finally, paleoenvironmental infer-
ences as well as the scope and limitations of the palynological study
in alluvial sequences are discussed.

2. Physiographic frame
The Arroyo La Estacada fluvial basin (33°27’S and 69°03'W) is

located in the central piedmont of the Frontal cordillera — Men-
doza. Arroyo La Estacada is a tributary of the Tunuyan River (Fig. 1),
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the main collector of the river and arroyos systems draining this
piedmont area known as Valle de Uco. The arroyo, of perennial
discharge and meandering pattern — according to Brice and
Blodgett (1978) -, gets water inputs from Arroyo Anchayuyo and
Arroyo Guajardino, both of them fed by springs located along a fault
line. This piedmont area, one of the most important regional
production centers of greens and wine, composes a man-made
oasis densely inhabited and deeply modified by agriculture.

The region is mainly dominated by an arid-semiarid climate
(Burgos and Vidal, 1951), with mean annual temperature of 12.8 °C
and average annual rainfall of 350 mm (San Carlos meteorological
center, 33°46/S/69° W, 940 m asl, in Garleff, 1977). It is an area
included in the South American Arid Diagonal (Bruniard, 1982) —
a north-south climatic belt that registers the lowest humidity
contribution from Atlantic and Pacific anticyclones at these lati-
tudes-. The vegetation of the area consists of xerophytic shrublands
(“Jarillales del Monte”), dominated by Larrea divaricata- associated
to shrubs of Prosopis sp., Atriplex sp., Schinus sp. among others
(Cabrera, 1976). Particularly, at Arroyo La Estacada basin, this
association extends across the surface of the geomorphological
units identified —RAP, FT and in the highest sectors of the PF (Fig. 2a

and b.1)-. In the lower sectors of the PF, hydrophytic plant
communities develop linked to environments where water is
locally available, those areas are: 1) the vicinities of the stream
where communities of Cortaderia sp. (“cortaderales”) are observed
(Fig. 2a and b.2), 2) the cutoff environments where paludal
communities with Typha, rushes and sedges dominate (Fig. 2a and
c.3), and 3) the back swamp areas where paludal communities
mainly dominated by sedges are developed (Fig. 2a and d.4).

3. Geological and geomorphological setting

At the piedmont of Frontal cordillera of Mendoza the reference
frame for Late Cenozoic studies was established by Polanski (1963).
Specifically, at Arroyo La Estacada cut banks Polanski (1963)
defined La Estacada Formation, mainly a fluvial unit representing,
according to the author, the ending of the third cycle of fluvial
aggradation recorded at the Andean piedmont and assigned to the
Late Pleistocene. On top of these deposits, Polanski (1963)
described the El Zampal Formation, a unit of aeolian genesis
whose uppermost part holds present-day soil. Subsequent studies
in the area (De Francesco et al., 2007; Zarate, 2002a, 2002b; Toms
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Fig. 2. a- Geomorphologic scheme of Arroyo La Estacada valley (adapted from Zarate and Mehl, 2008). RAP, regional aggradational plain; FT, alluvial fill terrace; PF, present-day
floodplain. b- View of xerophytics shrublands (1) and cortaderales (2) in the PF. c- View of a cutoff (3) in the PF. d- View of a back swamp environment (4) in the PF.
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et al., 2004; Zarate and Mehl, 2008) provided radiocarbon and
Optically Stimulated Luminescence (OSL) dates that in accordance
with the geomorphological and sedimentological — stratigraphic
analysis permits to redefine the Late Pleistocene and Holocene
stratigraphical scheme of the Arroyo La Estacada basin and conse-
quently of the Andean piedmont (Zarate and Mehl, 2008). Based on
the lithological homogeneity of the deposits, the authors defined
a single unit called El Zampal Formation, that brings together the
two formations initially proposed by Polanski (1963) and could be
recognized in the three main geomorphological units -regional
aggradational plain, alluvial fill terrace and the present floodplain
(Fig. 2a)- identified in the Arroyo La Estacada fluvial valley. The
regional aggradational plain consists of a sedimentary succession
dominantly composed of silty sands. Its age was constrained by the
chronology of tephra layers included in the alluvial sequence
outcropping at the cut banks of Arroyo Las Torrecitas, reaching in
the lower exposed section of the sequence a date of circa 50.000 yrs
BP (Toms et al., 2004), and by several paleosols and organic matter
levels interbedded in the sedimentary record, the youngest dated at
ca. 3000 yrs BP (Zarate and Mehl, 2008) at Arroyo Anchayuyo
—a tributary of Arroyo La Estacada- (Fig. 1). The fill terrace unit is
formed by a fining upward sedimentary sequence encompassing an
aggradational period spanning from some moment before the
5270 + 65 'C years BP until ca. 435 + 25 '“C years BP. The present
floodplain, characterized by stacking of horizontal silty sand and
clayey silts beds, started its formation after the incision process that
led to the formation of the fill terrace unit likely after ca. 400 C
years BP (Zarate and Mehl, 2008).

4. Materials and methods

The studies were carried out at La Escala (LES) and Brazo
Abandonado (BA) alluvial sections, both located at Arroyo La
Estacada banks and belonging to the fill terrace geomorphologic
unit. The numerical ages of the analyzed alluvial deposits were
based on radiocarbon dating of the organic matter fraction included
in buried soils (Table 1); samples were taken from the uppermost
2 cm. The obtained radiocarbon ages represent minimum ages for
the ending of pedological processes, i.e. close to the burial of them.
Also the organic matter included at plant macrofossils and limnic
levels interbedded with the alluvial deposits were radiocarbon
dated (Table 1). Limnic levels are formed by both siliciclastic sedi-
ments and organic matter either transported in water suspension
or derived from decomposition of underwater and floating aquatic
plants (Soil Survey Staff, 2003; Miall, 2006).

Sedimentological analysis included textural composition,
thickness, limits -according to Catt (1990)-, colour (Munsell soil
color chart, 2000) and sedimentary structures of the deposits.
Paleosols identification followed the main criteria pointed out by

Table 1
AMS radiocarbon dates of studied sequences. OMS: organic matter on sediment
(uppermost 2 cm of buried soils); M: plant macrofossil remains.

Profiles '“CBPage Lab code d'3C(%,) Depth(m) Material dated
LES 435 + 25P NSRL12651 -244 1.05 Charcoal

540 + 25° NSRL12652 -15.8 15 OMS

3570 +20° NSRL12653 —23.1 73 OMS

3860 + 40° NSRL12654 —22.8 8.7 OMS

5270 + 65* NSRL12655 —23.4 14 M
BA 2500 + 40° NSRL12650 —24.4 15 OMS

3050 +25° NSRL12649 —22.1 3.9 OMS

3750 + 45° NSRL12648 —25.2 9.92 Charcoal

3780 + 45° NSRL12647 —23.0 10.97 Charcoal

@ Zarate (2002b).
b Zarate and Mehl (2008).

Catt (1990). Although pedogenetic features were the key criteria
used to identify paleosols, their characteristics were not analyzed in
detail in this work but they will be focused in future contributions.

Palynological studies of the fill terrace geomorphologic unit
were conducted by sampling both LES and BA alluvial sequences
according to their main lithostratigraphic characteristics; the upper
part of BA profile (0—1.5 m depth) was not accessible and as
a consequence it was not sampled. This fossil pollen sampling was
complemented with a surface sediments sampling of the different
plant communities identified at the present floodplain environ-
ment of the Arroyo La Estacada (Fig. 2). The comparison between
fossil and modern pollen results have permitted to interpret the
fossil pollen data in terms of present vegetation analogous (see
Discussion section).

The extraction of pollen grains from sediment samples taken in
the Arroyo La Estacada alluvial deposits was conducted at the
Laboratorio de Paleoecologia y Palinologia of the Universidad
Nacional de Mar del Plata (UNMdP), applying pollen extraction
techniques according to the standard protocol (Gray, 1965; Faegri
and Iversen, 1989). Between 10 and 15 g of sediment were
weighed and 2—3 tablets with Lycopodium spores (X = 10,679
spores, Stockmar, 1971) were added per sample to calculate pollen
concentration (grains/g). The physical-chemical treatment of each
sample consisted of filtering them with 125 and 200 microns
meshes; in each fraction the clays were deflocculated and the
humic acids present were eliminated using a solution of potassium
hydroxide (KOH) to 10% and a thermal bath at 100 °C for 10 min.
Then, calcium carbonates were removed with hydrochloric acid
(HCI) to 10%. The inorganic fraction was separated by the addition
of heavy liquids (Cl,Zn, 6 = 2 g/cm?), and silicates were removed by
digestion with hydrofluoric acid (HF) in cold for 24 h. Finally, the
cellulosic organic material was removed by acetolysis (reaction
mix: 9 parts acetic anhydride and 1 part sulfuric acid). The final
residue was poured into glass tubes of 5 cm? with the addition of
few drops of glycerin. Aliquots residue homogenized with vortex
were set and the preparation was sealed with paraffin.

For the identification of pollen types (1) the Pollen Reference
Collection of the Laboratorio de Paleoecologia y Palinologia
(UNMdP) and (2) specific atlas (Markgraf and D’Antoni, 1978;
Heusser, 1971; Wingenroth and Heusser, 1984) were used. Pollen
identification and counting of the samples were carried out with an
optical microscope Olympus BH-2, with maximum increases of
1000x. Those samples with amounts of pollen grains between 3
and 37 grains were considered sterile after failing an amount
representative. Over a total of 52 samples processed at LES section,
29 reached sums of between 262 and 924 grains; over a total of 29
samples processed at BA section, 10 were found to be sterile, while
the remaining 19 sums varied between 360 and 560 grains.

Identified pollen types were grouped according to the main
phytogeographic affinities of the region according to Roig (1960,
1972, 1982), Roig et al. (1992, 2000), Anderson et al. (1970), Pefia
Zubiate et al. (1998) and Bocher et al. (1972). These main groups
are the Andean-Patagonian (AP), Monte (M), Monte-Espinal (ME)
and Espinal (E). On the other hand, the group hydrophytes (H)
includes hydrophilous taxa and the group “Other herbs and shrubs”
(HA) brings together those pollen types widely distributed and/or
whose taxonomic determination did not fit any of the other groups.
The groups Andean-Patagonian and Monte-Espinal include those
pollen types with genera present in both phytogeographic forma-
tions, respectively. A typical case is the genus Prosopis, with shrub
and tree species distributed in both the Monte (mainly Prosopis
flexuosa) and the Monte-Espinal (Prosopis caldenia). In the analysis
of fossil pollen records of LES and BA sections percentage calcula-
tions and pollen concentration by weight (grains/g) were per-
formed, also diagrams were drawn using the program TGView 2.0.2
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(Grimm, 2007). In this contribution each taxon is expressed as
a percentage of the total pollen sum, percentages less than 1% are
referred to as traces. Also, a stratigraphically constrained cluster
analysis was made and the Edwards and Cavalli-Sforza’s chord
distance coefficient of dissimilarity (Overpeck et al., 1985) was
applied to identify pollen zones along alluvial sequences.

5. Results
5.1. LES and BA alluvial sedimentary record

LES and BA alluvial sedimentary deposits are fining upward-like
sequences liable to be related to deposition in a highly sinuous
stream. Both sequences encompass the Mid- to Late Holocene.
Thus, LES alluvial sequence, with a thickness of about 18 m, covers
the period from ca. 5270 + 65 to <435 + 25 '4C years BP; while at
BA, the alluvial sequence with nearly 13 m thick and a not exposed
base, involves the period spanning from ca. 3780 + 45 to at least
<2500 + 40 'C years BP (Fig. 3).

The lower part of LES sequence is composed of massive silt
deposits covered by a matrix-supported gravel deposit of ca. 1.5 m
thick (river channel bar gravels) showing an erosional unconfor-
mity at its base. These deposits pass to massive medium sand, with
gley and oxidization features at the lower and upper parts
respectively; macrofossil plant remains, with a radiocarbon age of
5270 + 65 1C years BP, were collected at a depth of 14 m from the
top surface of the deposits. Sand grades upward into fine sand and
fine silt levels that form the parent material of a paleosol (P
-paleosols-. LES1: horizons A, AC, Cca) of ca. 3860 = 40 C years BP,
buried by very fine silt and clayey silts layers, likely corresponding
to swamp deposits.

Both the river channel bar gravels and the massive sandy beds
likely indicate the occurrence of fluvial channel processes -e.g.
channel fills or build-up of point bars-, or deposition in the most
proximal channel belt floodplain area (Miall, 2006; Bridge and
Demicco, 2008). The buried soil of ca. 3800 '“C years BP could
indicate the interruption of the aggradational process probably

after the abandonment of a meander and the consequent stabili-
zation of the alluvial surface in that location.

Upward there is a sand massive bed, 0.9—1.4 m thick, with
humified plant remains. Then, the sequence grades upward into
interbedded silt and sandy silt levels including numerous limnic
levels and at least five buried soils (P.LES 2, P.LES 3, P.LES 4, P.LES 5
and P.LES 6) containing Succinea mollusk shells and non-defined
shell fragments related. The uppermost buried soil (P.LES 6) was
radiocarbon dated at 540 + 25 '#C years BP; it was buried by alluvial
silty sand deposits containing a thin level of transported charcoal
fragments, some of them dated at 435 + 25 '4C years BP (Fig. 3,
Table 1). Renewed aggradation, after the development of the ca.
3800 'C years BP paleosols, continued in a floodplain environment
affected by overbank depositional episodes and likely ox-bow-like
lake formation (Miall, 2006; Bridge and Demicco, 2008) followed
by soil forming intervals and alluvial sand and silty sand overbank
deposition. Alluvial aggradation was interrupted in relatively
recent times and the sequence was blanketed by sandy aeolian
deposits with pedogenetic features in its uppermost part, corre-
sponding to the present soil developed on the fill terrace surface.

In BA section, the lower part of the sequence is dominated by
sand deposits with gley features. Upward the succession consists of
fine sand, occasionally showing ripple cross-lamination and
climbing ripple cross-lamination and including two limnic levels,
located at 10 and 11 m of depth, and radiocarbon dated at
3750 + 45 '4C years BP and 3780 =+ 45 'C years BP, respectively.
These numerical ages allow us to correlate these levels with those
burying the alluvial soil of ca. 3800 'C years BP at LES alluvial
sequence. Sandy deposits could indicate the occurrence of over-
bank events sometimes with weak traction currents (Miall, 2006;
Bridge and Demicco, 2008).

The upper section of BA, not analyzed because of difficulties
getting access to the deposits, records a transitional change to finer
deposits, with silty beds grading into silty clay beds at the top. At
a depth of 3.9 and 1.5 m a limnic-like level and a buried soil (P.BA)
register radiocarbon ages of 3050 = 25 C years BP and 2500 =+ 40
14C years BP, respectively. Soil formation and limnic deposits
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Fig. 4. Pollen diagram and zonation of La Escala lithostratigraphic sequence.
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suggest the occurrence of a very low energy depositional envi-
ronment, probably back swamp-like and/or distal floodplain envi-
ronments, at least until ca. 2500 + 40 C years BP.

5.2. Pollen record from LES and BA alluvial sequences

In the lower section of LES profile (Fig. 4; 16—12.5 m), almost all
of the samples are sterile but one at 14 m depth, coinciding with the
plant macrofossil remain dated at 5270 + 65 year 'C BP, is char-
acterized by Capparis-type (40%) and Lycium-type (>30%), Cheno-
podiaceae (<10%), Brassicaceae (15%), Asteraceae subf.
Cichoroideae and Triglochin traces. In sterile samples taxa such as
Chenopodiaceae, Poaceae, Asteraceae subf. Asteroideae, Ephedra
spp., xerophytic species (Gochnatia, Zuccagnia, Capparis-type,
Acantholipia) and hydrophytics (e.g. Typha sp. and Cyperaceae)
were observed.

The following upward 12.5 m, cluster analysis shows the four
pollen zones associated to the LES alluvial sequence:

Zone 1 (10.5—7.5 m): characterized by dominance of Poaceae,
Asteraceae subf. Asteroideae, Ephedra spp. and Chenopodiaceae,
with numerous shrubby and herbaceous taxa. The basal spectrum
(10.4 m) is characterized by dominance of Poaceae (10%), Aster-
aceae subf. Asteroideae (<10%), Chenopodiaceae (<15%), Ephedra
spp. (<10%), Monte elements of Larrea (<15%) and Monte-Espinal
Prosopis (20%) and Senna-type (15%). Between hydrophytic taxa,
Typha is present with 5%. Two subzones could be recognized
according to clear different palynological trends between lower and
upper parts of the zone:

Subzone 1a (10.5—9.1 m): the top of this subzone corresponds
with the development of a paleosol (P.LES 1). In general, total pollen
concentration shows low values (<1000 grains/g). Poaceae (10%),
Asteraceae  subf. Asteroideae (15—40%), Chenopodiaceae
(<10—-35%) and Ephedra spp. (<2—25%) dominate in percentages.
Andean-Patagonian elements (Mulinum, Acaena), Monte (Larrea)
and Monte-Espinal (Prosopis and Senna-type) reach up to 5%.
Between hydrophytes, Typha and Cyperaceae are present with
values lower than 5%.

Subzone 1b (9.1-7.5 m): the highest total pollen concentration
(174000 grains/g) is registered in this subzone. It is characterized by
increases in percentages of Poaceae (20—<60%) and Ephedra spp.
(10—<40%), meanwhile Asteraceae subf. Aseroideae (<10%) and
Chenopodiaceae (15—35%) diminish, particularly in the middle
section (8—8.5 m). In this subzone, Monte elements (Larrea and
Zuccagnia) and Monte-Espinal (Prosopis, Senna-type and Condalia
microphylla) also increase, although with low values. Traces of
Andean-Patagonian taxa (Azorella, Caryophyllaceae and Nassauvia)
are observed. Hydrophytes rise with Cyperaceae and Typha reach-
ing up to 5% and less than 10% respectively.

Between 7.5 and 5.5 m of depth, sediment samples are sterile;
they correspond to massive sand deposits near 1 m thick, limited at
bottom and top by limnic-like levels with radiocarbon dates of
3570 + 20 “C years BP and 3570 + 45 '4C years BP (Table 1). Several
samples from this section record Poaceae, Asteraceae subf. Aster-
oideae, Chenopodiaceae, Prosopis, Capparis-type, Celtis, Brassica-
ceae and Cyperaceae.

Zone 2 (5—2.1 m): this zone coincides with the development of
several paleosols (P.LES 2 to P.LES 6) developed on silt to sandy silt
alluvial deposits. This zone shows a total pollen concentration
decrease to <1000 grains/g. Pollen percentages of Poaceae and
Ephedra spp. diminish while Chenopodiaceae (30—50%) increases.
Within Asteraceae subf. Asteroideae taxon, Tessaria-type shows
a peak of 25% in one sample. Monte elements reach 5% (Zygo-
phyllaceae and Larrea) and Monte-Espinal 10—30% (Prosopis, Senna-
type, C. microphylla and Geoffroea decorticans). The shrubby taxon
Schinus shows the highest values of the profile (<5—10%). Among

Andean-Patagonian elements, Menonvillea (<5%) is only present.
Hydrophytes (Typha and Cyperaceae) decrease to <5% values and
Triglochin (<5%) appears in one sample. In sterile samples Apiaceae,
Papilionoideae and Plantago are also registered.

Zone 3 (2.1-0.6 m): total pollen concentration rises up to 1000
grains/g in some samples. Poaceae (50%) and Ephedra spp. (5—45%)
proportions increase in association to a minor increase of Aster-
aceae subf. Asteroideae (5—20%). Chenopodiaceae (15—30%)
diminishes as well as Monte elements (Larrea), Monte-Espinal
(Prosopis) and Schinus. Traces of Zygophyllaceae, Bouganvillea,
Zuccagnia, Gochnatia and G. decorticans are observed in few
samples. Andean-Patagonian elements (Colliguaya, Mulinum,
Adesmia-type, Caryophyllaceae, Nassauvia and Polygala) increase in
diversity, reaching up to 5%. Malvaceae (<5—20%) and Lycium-type
(<5—40%) show sharp increments while Maytenus-type and Ona-
graceae appear for the first time in the alluvial record. Within
hydrophytes, Cyperaceae shows similar values to zone 2 while
Typha (up to 5%) increases showing a peak of 40% at the bottom of
the zone.

Zone 4 (0.6—0.1 m): total pollen concentration shows similar
values to that of zone 3. Percentages of Chenopodiaceae (50 to
<90%) increase, associated with lower Poaceae (<5—20%), Aster-
aceae subf. Asteroideae (<5%) and Ephedra spp. (5%) values. Among
Monte elements, Zygophyllaceae and Larrea traces are registered;
Monte-Espinal is represented in one sample by Prosopis (<10%).
Regarding Andean-Patagonian taxa, Caryophyllaceae is presented
at the bottom. In the rest of the shrubby and herbaceous taxa,
Lycium-type shows a peak (<20%) at the bottom. Hydrophytes,
Cyperaceae and Typha, diminish to values lower than 5%.

Regarding extraregional pollen taxa, Nothofagus dombeyi-type
and Podocarpus exhibit low values (<5%) in the whole profile.
Among Espinal elements, Celtis is registered with low proportions
(<5%) in zones 1—3, meanwhile Acacia traces are present in zone 2.
The most common taxa among “others herbs and shrubs” are
Brassicaceae, Plantago, Rosaceae, Asteraceae subf. Mutisiae, Aster-
aceae subf. Cichoroideae and Apiaceae, all of them expressed with
low values. Few samples exhibit traces of Euphorbiaceae, Cacta-
ceae, Rhamnaceae and Ranunculaceae.

At the BA section, the pollen record (Fig. 5) is dominated by
Poaceae, Asteraceae subf. Asteroideae, Chenopodiaceae and
Ephedra spp.; numerous sterile samples are observed. Cluster
analysis permitted to identify the three following pollen zones:

Zone 1 (12—8.7 m): total pollen concentration in this zone
fluctuates between 1000 and 30000 grains/g. Two limnic levels (at
11 and 10 m of depth) are registered in the bottom. Pollen spectra
are characterized by Poaceae (20%), Chenopodiaceae (20—60%) and
Ephedra spp. (10—40%), and Asteraceae subf. Asteroideae with
minor contributions (5—10%). According to Chenopodiaceae,
Ephedra spp. and some other taxa, three subzones are
distinguished:

Subzone 1a (12—11.3 m): this subzone is dominated by Cheno-
podiaceae (20—40%) at the bottom and Ephedra spp. (40%) at the
top. Within Monte elements, Larrea (<5%) is registered with stable
values while Zygophyllaceae and Zuccagnia are present in a few
samples; Monte-Espinal elements are represented only by Prosopis
and Senna-type (with its maximum percentage, 20%, in the profile).
Andean-Patagonian taxa (Colliguaya, Nassauvia, Caryophyllaceae
and Acaena) reach up to 5%. Hydrophytes (5%) are expressed by
Typha and Cyperaceae (in some samples).

Subzone 1b (11.3—10 m): Chenopodiaceae values (40—60%)
increase, meanwhile Ephedra spp. shows a decrease at the top.
Monte (Larrea and Zygohyllaceae) and Monte-Espinal (Prosopis,
Prosopidastrum globosum) elements do not overtake 5%. Andean-
Patagonian pollen grains (Nassauvia, Caryophyllaceae, Mulinum
and Colliguaya) show similar percentages to subzone 1la.
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Fig. 5. Pollen diagram and zonation of Brazo Abandonado lithostratigraphic sequence.
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Colliguaya, Polygala and Menonvillea). Hydrophytic taxa are
expressed by Typha (5%) and Cyperaceae with up to a maximum
proportion of 15% in this profile.

Zone 2 (8.4—3.9 m): total pollen concentration reaches the
highest values of the BA alluvial sequence (65000 grains/g) in the
middle section of this zone. Pollen spectra show that Ephedra spp.
and Poaceae decline and Chenopodiaceae and Asteraceae subf.
Asteroidea increase from the bottom to the top of the zone. Three
subzones could be identified:

Subzone 2a (8.3 m): it corresponds to the basal sample of the
zone which is distinguished by dominance of Chenopodiaceae
(45%) and Maytenus-type (40%). Poaceae, Asteraceae subf. Aster-
oideae, Ephedra spp., Senna-type (Monte-Espinal) and Car-
yophyllaceae (Andean-Patagonian) register low values (5%).

Subzone 2b (7.9—5 m): it is represented by samples of the
middle section of the zone, in which Ephedra spp. high proportions
(40%) decrease to the top. In comparison with zone 1, Asteraceae
subf. Asteroideae (15—25%) increases and Chenopodiaceae
(25—35%) decreases, meantime Poaceae (15—25%) presents similar
values. Monte (Larrea, Zygophyllaceae and Zuccagnia), Monte-
Espinal (Prosopis, Senna-type, C. praecox and P. globosum) and
Andean-Patagonian  (Nassauvia, Caryophyllaceae, Mulinum,
Colliguaya, Polygala and Menonvillea) are recorded with similar
values to zone 1.

Subzone 2c¢ (3.9 m depth): at the top of the zone, a limnic level is
present with a pollen spectrum dominated by Asteraceae subf.
Asteroideae (45%, its maximum percentage in the profile) and
Chenopodiaceae (40%), linked to Poaceae, Ephedra spp. and Typha
which are present with low proportions (5%). Asteraceae subf.
Mutisiae, Asteraceae subf. Cichoroideae and Apiaceae are also
recorded with minor contributions (<5%).

Zone 3 (3.9—1.5 m): this zone is represented by one sample, the
rest of them are sterile samples, belonging to the uppermost part of
a paleosol (P.BA) buried at ca. 2500 = 40 '“C years BP. The pollen
spectrum is dominated by Chenopodiaceae (95%), meanwhile
Asteraceae subf. Asteroideae, Ephedra spp., Colliguaya, Schinus,
Verbenaceae, Brassicaceae, Apiaceae and Solanaceae are registered
with low values (<5%).

L.D. Rojo et al. / Journal of Arid Environments 77 (2012) 110—122

Regarding other pollen taxa, traces of extraregional elements (N.
dombeyi-type and Podocarpus) are present along the profile except
in the upper section where they are absent. Traces of Espinal taxa
(Celtis and Acacia) are present in a few samples.

As regards the present floodplain environment of the Arroyo La
Estacada, the complementary sampling and pollen analysis of its
surface sediments (Fig. 2a) permitted to identify different plant
communities. The inferred pollen assemblages show a clear
differentiation between “cortaderales”, back swamps/cutoffs and
xerophytic Monte communities (Fig. 6), all of them related to
different topographic positions and water availability within the
floodplain (Fig. 2).

6. Discussion

6.1. Mid- to Late Holocene fossil pollen and current pollen
comparison

The palynological analysis carried out shows that both
sequences are characterized by fluctuations in the dominant taxa
Chenopodiaceae, Poaceae, Asteraceae subf. Asteroideae and
Ephedra spp. These taxa, except Ephedra spp., currently dominate
the regional and local records of Monte vegetation (Fig. 6) (Rojo,
2009).

In general, grasses have low values (<15%) in the modern local
spectra, with an exception of a 60% in a sample that comes from the
Cortaderia sp. community (“cortaderal”) growing at the present
floodplain by the edges of the present channel (Fig. 2b, 2). There-
fore, the highest values of grasses on alluvial records are probably
related to the pollen contribution from the “cortaderal”.

The dominance of Chenopodiaceae and Asteraceae subf. Aster-
oideae taxa, associated with the Monte (Bougainvillea, Gochnatia,
Larrea, Zuccagnia and Zygophyllaceae) and the Monte-Espinal (C.
praecox, C. microphylla, G. decorticans, Prosopis, Senna-type and P.
globosum) elements, which commonly reach up to 10% values,
represent the development of the Monte shrub communities in the
floodplain environment, but in a distal and much higher position in
relation to the main channel (Fig. 2b, 1). The high values (up to 50%)
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of Ephedra spp. observed in the sedimentary record of the fill
terrace contrast with the local and regional low current records (up
to 5%) of the area. At present, maximum proportions of Ephedra
(10%) are observed in Andean-Patagonian vegetation (Rojo, 2009),
located about 40 km to west of the study area and 1900 m asl,
where it is possible to find “efedrales”, i.e. plant communities
dominated by Ephedra genus (Roig, 1982) or with a higher abun-
dance in comparison with Monte elements (Gonzalez Loyarte,
2003). A similar behavior is evidenced by other fossil Andean-
Patagonian pollen taxa (Adesmia, Nassauvia, Caryophyllaceae,
Acaena, Azorella, Mulinum, Colliguaya, Polygala and Menonvillea)
which reach up to 5%, percentages higher than traces values
registered in current local and regional pollen spectra of the study
area. Taking into account that pollen vegetation source is developed
above 1900 m asl and that Ephedra genus is more abundant in that
location, it is possible to hypothesize that the higher proportions of
both Andean-Patagonian and Ephedra spp. pollen taxa in the allu-
vial sedimentary record would represent an altitudinal descent of
Andean-Patagonian vegetation toward the piedmont perhaps
associated with a decrease in temperature, and/or a fluvial input
coming from higher topographic reaches.

In the alluvial successions analyzed, pollen percentages of
hydrophytes Cyperaceae and Typha (<5—10%) are lower than the
values observed today (60%) in cutoffs (Fig. 2c, 3) and back swamps
(Fig. 2d, 4) areas of the floodplain. Fluctuations of these hydrophytic
taxa in the fossil record would be linked with fluctuating devel-
opment of paludal communities linked to water availability in the
floodplain environment.

Other features observed at the alluvial sedimentary record is
that extraregional Subantartic forest (N. dombeyi-type and Podo-
carpus) and Espinal (Celtis and Acacia) taxa are presented in traces,
with similar values to local and regional current records in the
study area.

Comparing fossil pollen records and modern pollen spectra of
the floodplain environment a lower overall similarity in pollen taxa
assemblages is observed. In fossil records, Poaceae-hydrophytes
taxa show an opposite trend to shrubby Monte, Monte-Espinal
and Chenopodiaceae taxa. While the increase in Poaceae-
hydrophytes would be linked to preponderance in communities
developed along the channel edges and paludal environments of
the present floodplain, the increase in shrubby xerophytic taxa
would be related to the predominant development of “jarillales” in
distal and/or topographical elevated settings of the floodplain
(Fig. 2b. 1) respect to more proximal positions to the channel of the
arroyo.

6.2. Mid —to Late Holocene vegetation and floodplain evolution of
the Arroyo La Estacada

The palynological and sedimentological analysis performed at
LES and BA alluvial sequences permitted to reconstruct the paleo-
environmental fluctuations of this fluvial basin during the Mid- to
Late Holocene. Accordingly, some intervals of the vegetation history
in the Arroyo La Estacada basin (Fig. 7) were inferred in connection
with pollen composition, percentages of pollen dominant taxa-
phytogeographic groups and the sedimentological features of
alluvial deposits. Radiocarbon ages from LES profile led to infer that
aggradation of the alluvial sequences observed at the fill terrace
unit began before circa 5270 + 65 'C years BP (Fig. 7a). In the
period ca. 5200—3800 'C years BP, sandy deposits accumulated in
the fluvial valley represent river channel and proximal main
channel floodplain environments where almost all pollen samples
are sterile. In the upper part of this interval, characterized by fine
sands and ending with the development of a soil at ca. 3800 C
years BP (Zone 1, Fig. 7a), a dominance of Asteraceae subf.

Asteroideae, Chenopodiaceae and Ephedra spp. associated with
Monte (Larrea) and Monte-Espinal (Prosopis and Senna-type) taxa
was observed, although they are present along the whole profile.
Between ca. 3800 and 3500 'C years BP (mid- to upper section of
Zone 1, Fig. 7a), high total pollen concentration — with low repre-
sentation of Monte (Larrea and Zuccagnia) and Monte-Espinal
(Prosopis, Senna-type and C. microphylla)- associates to channel
edges and paludal communities, in concordance to paludal-like
deposits possibly related to a cutoff or a back swamp environ-
ment. High proportions of Ephedra spp. in these deposits could be

a . Present (LES-Z4)

FT present-day soil

present floodplain (PF)

Creek.

b. ca. 540-400 years BP (LES-Z3)
floodplain

distal channel floodplain

d. ca. 3800-3000 years BP (LES-Z1; BA-Z1, BA-Z2)

floodplain

cutoffiback swamp

floodplain

proximal channel foodplain

v Y

Cutoff and back swamp hidrophylous / Channel edge hidrophylous plants egme Shrubby xerophytics
w plants (reed and sedges) (Cortaderia sp.) (Monte species)

RAP: regional aggradational plain; FT: fill terace

Fig. 8. Schematic representation of vegetation history and floodplain evolution from
Arroyo La Estacada, inferred from the pollen and stratigraphic records of La Escala and
Brazo Abandonado lithostratigraphic profiles. From (e) to (a), evolution of floodplain
and vegetation development according to the lateral migration of stream. LES-Z1 to
LEZ-Z4 and BA-Z1 to BA-Z3 indicate pollen zones. *No pollen zones associated with
this LES interval (see section 5.2.).
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linked mainly with fluvial inputs, i.e. pollen transported by Arroyo
La Estacada tributaries from higher areas of the basin. These levels
are buried by a 1 m thick sand massive stratum in which pollen
samples were sterile (section between Zone 1 and 2), that,
according to ages in the base (3570 = 20 C years BP) and the top
(3570 & 45 'C years BP), would represent an overbank flooding
event. Later, aggradational process continued linked to overbank
events in the floodplain environment interrupted by periods of
stability in the floodplain surface (development of P.LES 2-6 buried
soils); in these overbank deposits, almost all pollen samples are
sterile. Few records (Zone 2, Fig. 7a) show pollen assemblages
related to the development of shrubby xerophytic Monte commu-
nities; this association extends to sometime before ca. 540 'C years
BP. Between 540 'C years BP and <400 '“C years BP, fine sands
deposits evidence a slight increase in pollen concentration. A
change in the pollen record evidences the development of channel
edge and paludal communities associated with lower Chenopo-
diaceae and shrubby Monte (Larrea and G. decorticans) and Monte-
Espinal (Prosopis) taxa (Zone 3, Fig. 7a). In this period, Andean-
Patagonian (Caryophyllaceae, Colliguaya, Mulinum, Nassauvia,
Adesmia and Polygala) and Ephedra spp. show higher proportions
than the previous period which could be related mainly to fluvial
input coming from headwater high positions. A limnic level in the
upper section (ca. 435 “C years BP, about a meter depth) registers
a sharp increase in Lycium-type (20%) and Malvaceae (40%) which
would be synchronous with the introduction of cattle by the
Spanish communities into the Valle de Uco region (Cortegoso et al.,
2010). Taking into account the existence of introduced species of
the Malvaceae family in Argentina (Zuloaga and Morrone, 1999)
and the presence of Lycium species identified in disturbed lands
around Arroyo La Estacada basin (Leandro Rojo, personal observa-
tion), it is possible to consider the sharp increase of Malvaceae and
Lycium pollen types in relation to anthropogenic disturbances in
the area. In the top section of the fill terrace (Zone 4, Fig. 7a), cor-
responding approximately to 30 cm from present-day soil surface,

communities, similar to current regional xerophytic vegetation
developed in the area (“jarillales™).

At BA succession, limnic levels dated about 3700 C years BP
and probably related to floodplain back swamp environments,
show high pollen concentration. Pollen assemblages are associated
to channel edge and paludal communities (Zone 1, Fig. 7b). Monte
(Larrea, Bouganvillea, Zuccagnia, Zygophyllaceae) and Monte-
Espinal (Prosopis, Prosopidastrum globosum, Senna-type, C. prae-
cox) taxa are expressed with similar percentages but the diversity is
greater when comparing with those registered in LES alluvial
sequence between ca. 3800 and 3500 '%C years BP. In turn, Andean-
Patagonian taxa (Nassauvia, Caryophyllaceae, Acaena, Mulinum,
Colliguaya, Polygala and Menonvillea) show an increase in this
interval, which could be related to fluvial inputs. Upwards the
succession continues with low energy floodplain environments.
Previous to ca. 3000 C years BP (Zone 2, Fig. 7b), Asteraceae subf.
Asteroideae increase and Cyperaceae decrease could be explained
by a minor development of paludal communities. Between ca. 3000
and 2500 'C years BP, lower energy depositional conditions
dominated and the two pollen spectra mainly represented by
Chenopodiaceae and Asteraceae subf. Asteroideae (Zone 3, Fig. 7b)
would indicate the development of Monte shrub vegetation in
distal and elevated areas of the floodplain.

In summary, the mid- to late Holocene fill terrace sedimentary
and palynological records evidence the dynamics of plant
communities developed in different environments of the arroyo
floodplain (Fig. 8). The beginning of the deposition ca. 5200 C
years BP would be characterized by river channel and proximal
channel floodplain environments in which scarce pollen spectra
were registered (Fig. 8e, Table 2). Between ca. 3800—3000 C years
BP, hydrophytic communities developed, probably linked to cutoffs
and back swamp environments, associated to a low representation
of Monte shrub vegetation (Fig. 8d, Table 2). The interval between
ca. 3000 and 540 '4C years BP registers a predominance of Monte
vegetation and a concomitant decrease of hydrophytes in relation

pollen spectra show the predominance of Monte shrub to distal channel floodplain environments and soil formation
Table 2
Floodplain environments evidenced by pollen and sedimentological data.
Lithostratigraphic  '#C AP ages Sedimentary deposits Main pollen taxa Represented environment
sequence
LES Ca. 5200->3800 Gravels and coarse to medium sands No record (pollen grains absence) Channel bars
Ca. 3800—3500  Massive silts, horizontally bedded Dominant: Poaceae, hydrophytes and Ephedra spp.  Cutoff and/or swamp
or laminated. Diatomaceous content Associated: Chenopodiaceae, Asteraceae
subf. Asteroideae, Monte and Monte-Espinal
Ca. 3500—-540 Massive Clayey silts, silty clays, fine Dominant: Asteraceae subf. Asteroideae, Distal floodplain area
to very fine sands, horizontally bedded Chenopodiaceae, Monte (Larrea) y and paleosoils
and/or laminated. Pedological Monte-Espinal (Prosopis y Senna-type)
features presence. Associated: Poaceae, hydrohytes, Ephedra
spp. - No records in several levels
Ca. 540—435 Massive medium to fine sands, Dominant: Poaceae, hydrophytes, Ephedra Proximal floodplain area
horizontally bedded and interbedded spp., Andean-Patagonian
carbonaceous levels Associated: Chenopodiaceae, Asteraceae
subf. Asteroideae,
Monte and Monte-Espinal
<435-0 Massive and loose fine sands, horizontally Dominant: Chenopodiaceae Aeolian deposition
bedded. Pedological features presence. Associated: Poaceae, Ephedra spp., hydrophytes and soil formation in the
fill terrace surface
BA Ca. 3800—3000  Upward gradding medium to fine sands Dominant: Poaceae, hydrophytes, Ephedra spp, Swamp and/or cut off

and sandy silts. Interbedded limnics levels

Ca. 3000—-2500

Clayey silts and silty clays beds, horizontally
bedded. Development of pedological features

Chenopodiaceae, Andean-Patagonian
Associated: Asteraceae subf. Asteroideae,
Monte and Monte-Espinal

Dominant: Asteraceae subf. Asteroideae,
Chenopodiaceae

Associated: Poaceae, hydrophytes,
Ephedra spp.

Andean-Patagonian -No record

in several levels

Distal floodplain area
and paleosoil
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intervals (Fig. 8¢, Table 2). Circa 540—400 C years BP, it is recorded
a dominance of hydrophytic communities and a minor develop-
ment of Monte vegetation likely related to reactivation of aggra-
dational mechanisms that built up the upper deposits of the fill
terrace (Fig. 8b, Table 2). The aggradational process would have
culminated sometime after ca. 400 C years BP when the Mid- to
Late Holocene deposits were incised and later followed by the
renewal of aggradation in the present floodplain. The pollen record
of the fill terrace uppermost section mainly reflects the currently
Monte vegetation development on its surface (Fig. 8a, Table 2).

6.3. Pollen concentration and sterile samples from LES and BA
alluvial sequences

Pollen concentrations in both alluvial sections are variable,
ranging from 1000 grains/g to ca. 170000 grains/g (Figs. 4 and 5). In
present-day samples from Arroyo La Estacada, high pollen
concentrations are associated to alluvial sedimentary environ-
ments characterized by high water availability (Fig. 6), for example
back swamps and partially active meanders (or cutoffs). In turn, in
the sedimentary record sterile samples are frequent in sandy
deposits from LES basal sections and paleosols in both LES and BA
alluvial sequences (Figs. 4 and 5). In the modern record, sterile
samples were not registered.

This concentration variability, from high pollen concentration
samples to numerous sterile samples in both alluvial profiles,
suggests the existence of hydrodynamics and taphonomic
processes that would have influenced the pollen input to the
alluvial system and its preservation in the sedimentary record, as it
has been inferred to occur in alluvial sedimentary deposits from
other regions (Hall, 1985; Fall, 1987; Xu et al., 1996). According to
these studies, pollen input and preservation in alluvial sedimentary
archives could be controlled by pollen source, fluvial transport,
depositional processes, sedimentary facies involved and post-
depositional changes associated to weathering processes (e.g.
pedogenesis, percolation, groundwater level fluctuations). As an
example, the coarse sediment fraction -sand- from the LES basal
section could explain that pollen input transported by water was
not retained in this deposit because of the smaller size of pollen
grains that probably moved downstream. Besides, if some pollen
grains were retained in these coarse grain deposits they would be
eliminated by percolation after deposition. Other cases are related
to sterile samples coming from paleosols, where the absence of
pollen grains could be the result of soil forming processes and
associated weathering. Nonetheless, the existence of sterile
samples does not alter the general pollen trend that indicates the
continuous development of vegetation in relation to the different
environments of the floodplain during the Mid- to Late Holocene.

7. Concluding remarks

The results obtained from this study have permitted to infer that
the pollen spectra fluctuations observed in the alluvial sedimentary
succession of Arroyo La Estacada during Mid- to Late Holocene
would be mainly linked with variations in plant communities
developed in relation to the floodplain environment of the arroyo,
mainly in response to its fluvial dynamics and probably to pollen
inputs and preservation conditions in the record.

Previous pollen and sedimentological studies of alluvial
sequences record a major vegetation change during the Late
Pleistocene—Holocene climatic transition (shift from halophytic
plant communities toward Monte communities) in accordance
with the establishment of Holocene climatic conditions, in general
similar to the present ones (Zarate, 2002a, 2002b; Zarate and Paez,
2001, 2002). In contrast, the fluctuations observed in the pollen

record of the Mid- to Late Holocene fill terrace alluvial sequence
would not reflect changes in regional vegetation, but the prevailing
local paleoenvironmental fluctuations at the arroyo basin.

The different representativeness (local vs. regional) observed in
alluvial pollen record could probably be a consequence of the much
lower magnitude of environmental changes during the Mid- to Late
Holocene in comparison with those of the Pleistocene—Holocene
climatic transition (Prieto, 1996; Prieto et al., 2004; Quattrocchio
et al., 2008; Zarate, 2002a, 2002b; Zarate and Paez, 2001, 2002).
In addition, changes in regional vegetation are expected to be more
probably detected in sedimentary archives close to phytogeo-
graphic transitional vegetation (e.g. cordilleran peats located close
to Monte/Patagonian and/or Patagonian/Andean ecotones). Likely,
alluvial sedimentary records could only preserve regional vegeta-
tion modifications resulting from major climatic changes, for
example the change from glacial to interglacial conditions as
registered by Zarate and Paez (2001, 2002).

It is hoped that future contributions allow testing the hypothesis
that changes observed in the alluvial pollen record reflect local
variations in the vegetation communities mainly as a result of
sedimentary environment fluctuations in the floodplain of Andean
piedmont fluvial valleys. Also, it is necessary to carry out specific
taphonomic studies to assess the different causes that determine
the variability in pollen concentration and the low overall similarity
in percentages between fossil and modern pollen records.
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