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Abstract

We interpret Holocene environmental conditions isudantarctic high Andean valley
from palynological and diatom analysis, peat graphy, and local geomorphology.
The multiproxy data from Las Cotorras mire (54° 43" S; 68° 02’ 51” W; 420 m
a.s.l.) indicate the development of a soligenougnais a result of a fine grained tephra
layer deposition over the mineral soils sometimérpto 8000 cal yr BP. The
paleoecological conditions in the mire after 80@0D yr BP show a rapid succession
from a limnic to a telmatic stage as the mire iboized by sedges (Cyperaceae) and
herbaceous communities. The upland vegetation @uhrigpm cushion and shrub
heaths to an expansion bthofagudforest at high altitudes after 6500 cal yr BP. The
peat is interbedded with clastic sediment thatioaiggs from mass wasting events or
floods. These depositional changes affected the etosystem water-table level and
nutrient status (oligotrophic and/or eutrophic dtinds). Maxima in total pollen influx

at about 2800, 1100 and 700 cal yr BP coincide wiightened mineral flux, and these
changes are related to precipitation and slopeegss®s. The major vegetational change
registered in the pollen record is the decliné&othofaguspollen after 1000 cal yr BP,
which reaches a minimum betweea. 680 and 300 cal yr BP. This minimum was
likely caused by cool, wet conditions that coincideth the Little Ice Age (LIA) in the
Southern Hemisphere. Our results indicate the sehgiof subantarcticNothofagus

forest and mire ecosystems to changes during theckioe.

Keywords multi-proxy analyses, paleoenvironments, paleosatic changes, Holocene,

Tierra del Fuego



1. Introduction

Late Cenozoic paleoecological conditions from derfei del Fuego, southernmost
Patagonia, are largely based on palynological d=calong the Beagle Channel
(Heusser, 1989a, 1989b, 1990, 1995, 1998, 2003 kdviar 1993; Borromei and
Quattrocchio, 2001, 2007, 2008; Pendall et al.,120Bew studies exist for sites in the
inner valleys of the Fuegian Andes (Borromei, 1988rromei et al., 2007) or at high
elevation (Markgraf, 1993).

We summarize the palaeoenvironmental and paleotitimeonditions that
prevailed during the Holocene for a high elevatimoime north of the Beagle Channel.
The 1 ha mire, informally named ‘Las Cotorras’ (84° 13.53” S; 68° 02’ 51.42” W,
420 m a.s.l.) lies at the foot of a west-facingoslin the Las Cotorras valley, about 20
km northeast of the city of Ushuaia (Figure 1). Tinee is near the present-day tree line
and in close proximity to a cirque glacier. Denaegical studies orNothofagus
pumilio populations found at the upper treeline in Tiedled Fuego and Isla de los
Estados (Boninsegna et al., 1989; D’Arrigo andalila, 2000; Massacceci et al., 2008)
as well as in southern Chile at 55°S (Aravena.e802), indicate that the tree-growth
may be negatively affected by lower temperaturest l@gher precipitations related to
more extended snowfall seasons and snow accumulthtiough the spring.

Due to the mire’s elevation and proximity to a praglacier, this study brings up
the opportunity to infer temperature and preciptatchanges that are pertinent to
fluctuations of nearby glaciers. Although Neogladiactuations have been recognized
by geomorphological studies in the surroundingexall(Coronato, 1995; Rabassa et al.,
2000; Planas et al., 2001), absolute chronologse® mot been established yet in this
region due to the lack of datable material. Evigewnt climate conditions favoring

Neoglacial expansion of alpine glaciers are nartyeidentified by pollen records from



the Beagle Channel coast (Heusser, 1989a, 198%8),1But the Mediaeval Warm
Period (MWP) and the Little Ice Age (LIA) have beelentified by Mauquoy et al.
(2004) and Chambers et al. (2007) from palaeoenmiental evidence from peat-cores

taken in a low, inner Andorra valley (175 m a.$:lgure 1).

2. Physical setting

Las Cotorras is a NW-SE hanging glacial valleyhe Sierras de Alvear range 4.3
km long. The mire reported in this study is locabedthe valley floor at the foot-slope
of the west facing slope (Figure 2).

Cryoplanation surfaces and patterned ground argepteat the summits of the
valley heads (1010 m above sea level; Valcarcef-Btaal., 2006) and on the terraces
close to the col (Valcarcel-Diaz et al., 2005). &bones are present and many of the
slopes in proximity to the mire are mantled withand colluvium.

West of the valley heads there is a W-E orientequei hosting the Alvear Este
Glacier, a proglacial lake and roche-mountonnéufeat The outlet of the small lake
forms Las Cotorras Creek at 750 m a.s.l.

Above 600 m a.s.l., convex slopes are dominant @dteistraight and concave
segments are common on the middle and low slogessibpe value range between 14°
- 33% The studied mire is located at the foot dfl@e with a gradient of 35° and
concave shape, two characteristics which sustaiss meaasting processes. Past and
present evidence of landslides, rockslides, snoataaches scars and debris deposits
can be observed in both slopes of the valley. ®raand mass-wasting deposits
accumulated along the foot-slopes are colonizetichgns, mosses, grasses, herbs and

trees.



The hanging valley where the mire is located waigted by an alpine-type
glacier which joined the Carbajal-Lasifashaj glaca@most at 200 m a.s.l. This
mountain ice network joined the main regional Bedaghannel palaeoglacier (Figure 2)
50 km down ice-stream. Unfortunately, no absolutdesl are yet available in
sedimentary deposits of these hanging valleyswioatid help in the understanding of
Quaternary glacial dynamics. Nevertheless, regiatatlies suggest that the Last
Glacial Maximum took place &ia. 25 cal ka BP (McCulloch et al., 2005; Coronato and
Rabassa, 2007) and the ice receded from the irafles\slopes at around 10.3 — 8

ka BP (Coronato, 1995; Borromei et al., 2007).

3. Modern climate and vegetation

The climate in the southern Fuegian ranges is moitperate and it is influenced
predominantly by the seasonal shifts of the Potanfand the cyclonic activity related
to the southern westerlies. Frequent heavy raimstetrike the Pacific coastal sector
and Patagonian Andes and become diverted southadsty the axial trend of the
Andes (Pisano, 1977). Meteorological informationbassed on instrumental records
from 2003-2004 from neighboring Mt. Krund slope @46 a.s.l., Figure 1). Daily mean
air temperature between October and April was €6With a daily maximum and
minimum of 14.4 °C and -1.8 °C respectively. Mealative air humidity is 73 % (A.
Moretto, pers. comm.).

Prevailing winds originate from the W-SW and aresiiequent during spring
and summer. Although NW-N-NE winds are less frequiney develop higher intensity
and blow strongly down-slope to the bottom of tladleys. Precipitation is regularly
distributed through the year, as a consequenceafrpund passage of humid and cold

air-masses crossing the mountain barriers. Pratigit as snow occurs between April



and November, and frozen ground may occur betwgeil &nd September (Tuhkanen,
1992).

Vegetation at lower altitudes is dominated by thahtarctic Deciduous Forest
(Pisano, 1977; Moore, 1983). It is characterizediwy speciesNothofagus pumilio

(“lenga”) andN. antarctica(“fire”), which grow from sea level to tree-linB50-600 m
a.s.l.) and become dominant where precipitationlres.between 400 and 800 mm/year.
Between the treeline and snowline, Andean Tundvaldps (Pisano, 1977; Roig, 1998;
Heusser, 2003). It is made up of cushion heattufesf Bolax gummiferaassociated
with Azorella lycopodioidesColobanthus subulatuand Drapetes muscosu®warf
shrub heath is variably dominated Mympetrum rubrum Pernettya pumilaand
Myrteola nummularialnhabiting open ground in the feldmark &tassauvia latissima
N. pygmaeaSaxifraga magellanicand Senecio humifususAlpine meadows can be
found along drainage courses fed by melting snowherreceding glacier. These are
sites for herbaceous communities rich in species Abrotanella linearifolig Caltha
appendiculataand Plantago barbata with less frequent associates suchAzsena
antarcticg Ourisia fuegiana Primula magellanica Cardamine glacialis Tapeinia

obscuraand Hamadryas magellanicaVhere mires occur, plant cover is a mixture of

grasses, sedges and rushes (Heusser, 2003).

4. Materials and methods

We collected peat samples with a Russian peat ¢cnember length 0.5 m and 5
cm diameter). Sampling at the site was extremetfycdit since the thick layers of
mineral soils hindered penetration of the corer.tvdasported the core to the Goteborg
University laboratories (Sweden) where we describedstratigraphy and sub-sampled

the core at 5 cm resolution for analysis discusssaw.



The volcanic grains were mounted in epoxy resin polished to a flat surface
using 1 micron diamond slurry (Table 1). The eletreeralyses were performed with a
LINK Oxford energy dispersive spectrometer with a @etector, mounted in a Zeiss
DSM 940 scanning electron microscope. A cobaltdsdeh linked to simple oxide and
metal standards was used to monitor drift of thetriiment. Accelerating voltage of
25kV, sample current about 1 nA and counting liveet of 100 sec were used.
Precision reproducibility of analyses was typicaligtter than 1-4% (Schmitz and
Haggstrom, 2006). We used 21 grains for elemerysisaof major oxides.

Eight peat samples provided chronologic controltfe core. The NSF-Arizona
AMS Laboratory, U.S.A undertook the radiocarbonlgsia on the samples, and we
converted the radiocarbon ages to calendar yearasBfg the program CALIB 5.0.2
(Stuiver et al., 2005) and the South Hemisphergec&HCal04) (McCormac et al.,
2004) (Table 2). We used a second-term polynomialecto construct an age-depth
model for the core (Figure 3).

We prepared 82 samples from the core for palynoddganalysis according to
standard Faegri and Iversen (1979) techniqugsopodiumspore tablets added to each
sample prior to treatment (Stockmarr, 1971) allowesl to calculate the pollen
concentration per gram of sediment and the accuimonlaates (influx). Frequencies
(%) of tree, shrub and herb pollen of terrestriaia were calculated from sums mostly
of > 300 grains. Pollen of aquatic plants and cryptagamre calculated separately and
related to the sum of terrestrial pollen. Fossllggodata are plotted in Figures 4 and 5
showing the main pollen taxa percentages and adatiorates (influx), respectively;
other herbs include taxa with low values, such amy@phyllaceae, Rubiaceae,
Valeriang Gentiang Myrteola nummularia Brassicaceae, Scrophulariaceae,

Cichorioideae, ChenopodiacedisodendrumandPlantaga Using the Cavalli-Sforza



Distance (TGView 2.0.2, Grimm, 2004), we appliedcstaatigraphically constrained
cluster analysis to distinguish pollen zones basedaxa that reached percentages of
>1% of the sum of terrestrial pollen.

We combined pollen from the evergreen speblebetuloidesand the deciduous
specieN. pumilioandN. antarcticagiven the difficulty in species separation andorép
these pollen asNothofagus dombeyype”. Another special case ESnpetrum rubrum
and Gaultheria/Pernettya(Ericaceae), which are morphologically similar.eTlatter
sometimes is included together wiEmpetrumwhen its surface sculpture is not well-
defined. We also compared our fossil pollen spewith regional pollen spectra from
surface soil samples (Heusser, 1989a) and witheptetay vegetation from Tierra del
Fuego (Pisano, 1977; Roig, 1998; Heusser, 2003).

Non-pollen palynomorphs (NPPs) are numbered aaegrii an informal “Type”
denomination used in van Geel (1978), van Gedl €1881) and van Geel et al. (1983).
Several NPPs types still have no taxonomic ideatiion, but a large amount of
information about their indicator value and stregjghic distribution has been published,
and they can also be used for palaeoecologicanstieation (van Geel, 2001). We
calculated the frequency (%) of non-pollen palyngohs (NPPs) on the total sums of
pollen and spores (Figure 6). The most common NP&shown in Figures 7 and 8.

We also analyzed the diatom content of inorgandinsents present in the peat
core. Warm hydrogen peroxide oxidized organic nmatevithin the samples selected
for analysis, and these were then mounted ontoosgope slides following standard
procedures (Battarbee, 1986). We prepared duplipgienanent slides for light
microscopy with Naphrax resin, and we counted aimum of 400 valves per slide to
calculate relative frequencies (Figure 9). Ideadfion of the diatom taxa at species

level or variety was based on various studies (8san, 1987; Rumrich et al., 2000,



among others). Nomenclature followed criteria dgghbd by Round et al. (1990). The

most abundant diatom taxa are shown in Figure 10.

5. Results
5.1.Mire stratigraphy

The mire at Las Cotorras site consists of approteiyeb m of massive peat in
various stages of decomposition that is interbeda#d silt, sand, and gravel units
(Figure 4). The peat consists primarily of bryomsyt Sphagnum fimbriatum
Drepanocladuspp.) and vascular plan&Sdrexand grasses).

Thick clastic units in the peat occur at 185-2705-120 and 55-85 cm while
thinner beds are centered at 470, 450, 410 ana®@1@epth (Figure 4). The clastic bed
at 185-270 cm depth is interpreted to be a delog fleposit based on its poor sorting
and coarse grain size. The origin for the othestmaunits is unknown, but these
sediments may be distal deposits from mass wastiagts or floods.

The basal tephra at Las Cotorras mire consistsltedized glass shards and mineral
matter. Seventy-seven percent of the particlesfinez than 61 um, and the median
grain size is 15 um. Peat directly above this tepielded a calibrated radiocarbon age
of 7821 cal yr BP (Table 2). The geochemical prbesrof the tephra (Table 1)

coincide well with the thick high-K-andesite tepliigposits recorded in Harberton Bog
located southeast on the Beagle Channel coastafizEn, unpublished data). At the
time of the basal tephra deposition in the mirgjarally widespread Holocene tephra
layers have been recorded in the southernmost étatagoming from the southern

portion of the Andean Southern Volcanic Zone (S\6cated at 33-46° S (Stern, 2008).

The analyzed tephra have similar geochemical sigmahe Hudson volcano one, at



10

2,600 m altitude, 46°20°S and 73°00°W, as it wasnted by Naranjo and Stern (1998)

and Stern (2008).

5.2. Palynological analysis

Cluster analysis recognized four main zones: LO-L@-4 based on conspicuous
changes in the pollen stratigraphy (Figure 4). Zdo@-1 and LC-2 are divided into two
subzones, respectively. In order, from the loweth® upper part of the section, they

are:

Zone LC-1(480-270 cmga. 8000-2800 cal yr BP)

Pollen

Nothofagus dombeyype is the dominant pollen taxon throughout theezand often
reaches 90%. Cyperaceae fluctuates between 20%/0%ndith several marked peaks.
Among the herbaceous taxa, Poaceae (8%gena(7%) andEmpetrumiricaceae (4%)
are recorded. Meanwhilézorella grains prevail in the Subzone LC-1b and reach a
peak of 11%. Other taxa (Caryophyllaced@altha Ranunculaceae, Rubiaceae,
Gunnera Apiaceae, Valeriang Nassauvia Asteroideae, Drapetes muscosus
Brassicaceae, Chenopodiaceae) are present with flequencies (<3%). In the
lowermost part of Subzone LC-la (Figure 5), totallgn influx is low (<1600
grains/gr/yr), and increases at the end of thizeub (<50,000 grains/gr/yr) contributed
mainly by Nothofagus dombeyype. Total influx decreases at 410 cm depth (5000
grains/gr/yr) coincident with a mineral layer. Dnhgithe following Subzone LC-1b
(Figure 5), total influx increases and shows higt aariable values peaking at 320 and
295 cm depth (~53,500 grains/gr/yr) and towardseheé of the subzone, at 275 cm

depth (236,000 grains/gr/yr).
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Non-pollen palynomorphs (NPPs)

In the lowermost part of the section (Subzone LCEigure 6), the relative abundance
of Rivulariatype (Type 170) (Cyanophyceae) associated withnggtptaceae like
Mougeotiasp. (Type 313) andygnemasp. (Type 314) suggests oligo-mesotrophic
(poor to moderate nutrient) conditions in the nfwan Geel et al., 1981; Lopez Saez et
al., 1998, 2000) related to high water-table level.

The gradual decrease Rivulariatype (Cyanophyceae) and Zygnemateaceae -
Mougeotiasp. (Type 313) and&ygnemasp. (Type 314)-, along with increases in
Spirogyrasp. (Type 315) (Zygnemataceae), Type 16 and Typdréguencies (van
Geel, 1978; Lopez Saez et al., 1998; van Geel grttbét, 2006) points to changes in
the trophic conditions towards mesotrophic or melggetrophic conditions. The record
of ascospores of coprophilous speciesCimetomiumsp. (Type 7A),Sordaria sp.
(Type 55A) andSporormiellasp. (Type 113) (van Geel, 1978, 2001; Graf and @am
2006; van Geel and Aptroot, 2006) throughout thetiee are indicative of dung
produced by herbivorous animals (Loépez Sé&ez andezodWlerino, 2007). Drier
conditions are indicated by the presence of fufiggles 810, 811, 812 and 813, along
with Type 5 andClasterosporium caricinunfType 126). The existence of transient
shallow ponds on the mire surface is suggestedhbyrécord of spermatophores of
Copepoda (Type 28) (van Geel, 1978; van Geel arttidddorp, 1988).

During Subzone LC-1b (Figure 6) gradual changeméso-eutrophic (moderate to rich
in nutrients) or eutrophic conditions are suggedigdthe decline ofRivularia-type
(Type 170) and the presenceSyirogyrasp. (Type 315) associated with microremains
of invertebrate animals as oocytes produced by taguatworms of Turbellaria

(Neorhabdocoelp(Type 353) (Haas, 1996). According to this authtbe presence of
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Type 353 indicates nutrient-rich environments. [@ase in spermatophores of
Copepoda (Type 28) suggests a reduction of seasbaldbw ponds on the mire surface
(van Geel, 1978; van Geel and Middeldorp, 1988) Técord of Type 411, a bog

species fungal parasite, indicates the presensedufe-like vegetation.

Diatoms

Inorganic levels at 470-450 cm, 410 cm and 310espectively, were diatom sterile.

Zone LC-2200-90 cm¢a. 2400-680 cal yr BP)

Pollen

Nothofagus dombeyiype maintains its dominance (98%) in Subzone BC-But
decreases within Subzone LC-2b (90%). The herbacémta are primarily Poaceae
(6%) and Acaena (9%) accompanied by peaks oGunnera (10%) and
EmpetrunfEricaceae (8%). There are low values of Cyperate@&o) in Subzone LC-
2a which subsequently increase abruptly in the r@&xizone LC-2b, reaching their
highest frequency values (21%). Total pollen inf{igure 5) records high values (up
to 56,000 grains/gr/yr) and reaches maximum (1@Ddkains/gr/yr) towards the end of
Subzone LC-2a. Total influx declines (20,500 gragngr) during Subzone LC-2b and
increases at the end of this subzone (77,000 dgaing. Deposition times decrease to
18 yr/gr during Subzone LC-2a, and reach low valiés6 yr/gr) during the following

subzone when the mineral layer was deposited.

Non-pollen palynomorphs (NPPs)
The trophic conditions changed throughout Subzabe?a likely due to changes in the

local groundwater table. The presenceWfcrothyriumsp. (Type 8B), Type 411 and
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oocytes of TurbellariaNeorhabdocoelp(Type 353) along with the absencespiores

of Spirogyra sp. (Type 315)Rivularia-type (Type 170) and Type 28 suggest eu-
mesotrophic conditions, lower water levels and rdre®nditions. The record of
Spirogyrasp. (Type 315), algae Type 128A, Type 28 akdella sp. (Type 352)
(Testaceae), which proliferate in freshwater shalfmols, reflect meso-eutrophic or
mesotrophic conditions associated with a gradsal of water-table level. The increase
in Rivulariatype (Type 170) and Type 225 (van Geel et al.,9)%8gal microfossil
abundance and the decline $ipirogyrasp. (Type 315) percentages are indicative of
meso-oligotrophic conditions driven by a rise intevaable level.

During Subzone LC-2b (Figure 6) the recordSgiirogyrasp. (Type 315) and oocytes
of Turbellaria Neorhabdocoelg(Type 353) along with spermatophores of Copepoda
(Type 28) suggests meso-eutrophic conditions aatamtiwith seasonal shallow ponds
probably related to sealed substrata due to deposif debris-flow sediments over the

mire.

Diatoms

At a depth of 240 cm and between 200-190 cm (Fi§uréhe diatoms are abundant and
the dominant forms arEragilaria capucinavar. vaucheria(Kitz.) L.-Bert. (benthic)
and Planothidium lanceolatunBréb.) Round & Bukht. (epiphytic, frequently athacl

to sand grains).

Between 120-100 cm, the samples are most heterogehevel (Figure 9). At 120
cm, with scarce, highly eroded and fragmented nafethe dominant form is
Staurosirella pinnatgdEhr.) Williams & Round. This species has a widletance and it
can be found in different environments, under \@egecological conditions (Paull et

al., 2008). Some paleoenvironmental studies sudgesa pioneer species after a cold
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period (Stoermer, 1993). At 115 cm depth, the nundibdaxa increasesS. pinnatais
replaced byPsammothidium abundarisanguin) Bukht. et Round andichnanthidium
minutissimum(Kitz.) Czarn. At 110 and 100 cm depthRragilaria capucina var.
vaucheriaandDistrionella germainiivar. aosta(L.-Bert.). Moraleset al. are dominant
along withPlanothidium lanceolatumAll these species are common in slightly acid to
circumneutral aquatic environments with low to made conductivity (Van de Vijver
and Beyens, 1997; Van de Vijver al, 2008). The identified diatom assemblages could
indicate a colonizer succession in aquatic envirmi subject to disturbances such as

cold period.

Zone LC-3(90-25 cmgca. 680-300 cal yr BP)

Pollen

Nothofagus dombeytype has the lowest values (50%) in the entiret peae, and
Cyperaceae decreases sharply down to 3%. Amortetiv@ceous taxécaenareaches
maximum values of 34% accompanied by Poaceae (Rajjunculaceae (6%),
Apiaceae (6%) and cushion-forming plantsfapetes muscosu§%). Fern spores
(Polypodiaceae) are also presdaiinneraincreases its proportions in the upper part of
this zone (16%). Total pollen influx values are igimto that of previous zone, although
Nothofagusdecreases (<9000 grains/gr/yr) with peaks of <a@®,Qrains/gr/yr and
shrubs and herbs show higher values than duringptie®ious zone (Figure 5).
Deposition times decrease reaching their lowesteg(3-7 yr/gr) when inorganic strata

are deposited.

Non-pollen palynomorphs (NPPs)
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The increase irRivulariatype (Type 170) percentages during this zone (€igh)
indicates meso-oligotrophic conditions with a highter level. At the same time, the
significant rise of spermatophores of Copepoda €T3®) andSpirogyrasp. (Type 315)
are probably related to a period of mesotrophicddt@mns with moderate nutrients
availability associated with shallow and slow-mayiineshwater environments (Lépez
Saez et al., 1998). At this point eggs of the taatieMacrobiotus ambiguusype are
also registered. This tardigrade is recorded frogh Hatitudes of the Northern
Hemisphere (Jankovska, 1991) and Antarctica (Croeteal., 2008). Towards the
uppermost part of this zonRivularia-type (Type 170) percentages decrease as a
consequence of changing trophic conditions towadider and meso-eutrophic
conditions in the mire. AlsoJstulina deusta(Type 44), a tree parasite fungus (van
Geel, 1978; van Geel et al., 1981), is listed. Adow to van Geel and Aptroot (2006)
there is a strong relation between this parasitguds record and the establishment of

arboreal elements.

Diatoms

Between 85-60 cm, the dominant speciesFagilaria capucinavar. vaucheriaand
Planothidium lanceolatum(Figure 9). The co-dominants ar®sammothidium
incognitum(Krasske) Van de Vijver and. abundansThe former species is commonly
associated with submerged mosses in lakes and miowstteams from Chile (Krasske,
1939)and subantarctic lakes (Van de Vijver and BeyefS,/)L The identified diatom

assemblages might be related to bog environmemisvariable water levels.

Zone LC-4(25-0 cm,ca. 300-0 cal yr BP)

Pollen
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Nothofagus dombeyiype shows an increase in its percentages (90@)galvith
Azorella (10%), Cyperaceae (9%), Poaceae (7%) and peakfassauvia(13%). A
considerable increase in total pollen influx valués68,000 grains/gr/yr) and
depositional times (10 yr/gr) are observed durimg zone compared with the previous

zone (Figure 5).

Non-pollen palynomorphs (NPPs)

The decline in the percentages Rivularia-type (Type 170) and the presence of
Spirogyra sp. (Type 315) andMougeotia sp. (Type 313) suggest mesotrophic
conditions. Peaks of spermatophores of Copepodae(P$) might be associated with

transient shallow pools related to deposition dfrdeflow sediments over the mire.

Diatoms
At 30 cm depth (sample 6) the diatom valves arececand highly fragmented (Figure
9). There is a very low number of species (8), talirosirella pinnatas the dominant

form (47.4%).

6. Discussion
6.1.Paleoenvironmental evolution at Las Cotorras mire

Las Cotorras mire records rapid changes in Holo@maronmental conditions
that can be used to infer broader scale changabddfuegian Andes. The stratigraphy
of the mire is indicative of a soligenous mire wahluctuating groundwater table and
an environment that episodically receives inputctdstic sediments. The clastic
sediments are primarily silt-sized materials thatoably reached the site through mass

wasting events (e.g. distal debris flow depositsjluring floods such as those that can
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occur during autumn precipitation events or dusngwmelt and then deposited over a
very short time scale.

The mire formed ata. 8000 cal yr BP. The initial pollen assemblage @&g-1,
Figure 4) suggests Bothofagusforest in association with communities of alpine
meadow vegetation (Poaceascaena Caltha Gunnerg, cushion heathsAgorellg),
dwarf shrub heathEEMmpetrunEricaceae) and mires of sedge (Cyperaceae). 1a spi
the high frequencies dflothofaguspollen, the initial low influx values imply limite
numbers ofNothofagustrees between 8000 amd. 6500 cal yr BP (Subzone LC-1a,
Figure 5). The development of an opothofagusforest at this high elevation site
suggests warm and dry conditions. This plant askeyalresembles the present forest-
steppe ecotone of the central part of Tierra detgey with annual precipitation
estimated at 400-500 mm and summer temperaturesibposaveraged 10-11°C
(Heusser, 1989a).

The initial environmental conditions at the mica.(8000-7500 cal yr BP, Figure
6) corresponded to a limnic stage, relatively poonutrients (oligo-mesotrophic) and
with a high water-table level that favored the feohtion of cyanobacteria of the
Rivularia-type. After 7500 cal yr BP, as the telmatic sthggins, the mire gradually
became drier and was colonised by sedges and graséeso-oligotrophic to
mesotrophic conditions prevailed with a lower grdwater table. The absence of
diatoms in the inorganic strata at 470-450 cm ak@len depth suggests that sediments
were rapidly deposited. Inorganic detritus depositover the mire by superficial runoff
would have favored the development of transienli@higoonds as are indicated by the
record of Copepoda (Type 28) (Figure 6). The opeest and warm and dry conditions
during the early Holocene probably favored the agref herbivorous grazers (most

likely, “guanaco”,Lama guanicogin the valley as can be inferred by the record of
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coprophilous fungi such a&haetomiunsp. (Type 7A),Sordariasp. (Type 55A) and
Sporormiellasp. (Type 113) (Figure 6).

The development of a closébthofagudorest afteica 6500 cal yr BP as revealed
by the increase in arboreal pollen influx (Subzb@elb, Figures 4 and 5), suggests an
increase in effective moisture. Today, denBethofagus forest occurs where
precipitation range between 500 and 800 mm/year meadn annual temperature
average 6.5°C in the south of Tierra del FuegoafRis 1977; Heusser, 1998). The
Cyperaceae mire vegetation reflects enhanced nimeioc conditions, probably due
to an increase of water at the foot of the slope.

According to the non-pollen palynomorphs recorde timire paleoecological
conditions changed to meso-eutrophic to eutropbiditions with a variable but lower
water level (Subzone LC-1b, Figure 6) as indicdtgdhe decrease in cyanobacteria
(Rivularia- type) and the presence of Type 411 driven bydinelopment of sedges.
The low record of spermatophores of Copepoda (Bg)ealso suggests a reduction in
the seasonal shallow ponds on the mire surface.

At 2800 cal yr BP a major mass wasting event isnded at 270-185 cm depth,
likely due to an extreme runoff event. The diatoomtent from the inorganic strata at
240 and 200-190 cm depth (Figure 9) suggests tlsteexe of local streams or water
transported from nearby diatom rich freshwatersndufrequent small debris flows or
floods. That water transported diatoms should bposiged over the mire during
frequent small debris flows or floods. This indestan increase of mass wasting
processes along the slopes or even, a runoff iserda any case, changes in effective
moisture, particularly in the high slopes and sutapshould be considered as the cause

of the slope processes activity.
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After 2400 cal yr BP, highiNothofagusconcentrations occur with a maximum
betweenca. 1300 and 1000 cal yr BP (Subzone LC-2a). Thesa slaggest a closed-
canopy forest under environmental conditions coplar to those of the previous
subzone (LC-1b). The increase in percentagesAcdena and the decline in the
abundance of Cyperaceae along with peaksGafhnera and EmpetruniEricaceae
indicate disturbed open ground with wetland andtsead shrub heath communities on
the landscape.

During this subzone (LC-2a), the non-pollen palyngohs (Figure 6) indicate
high variability in the water-table level at thereiThe fluctuations from low to high
water-table level led to changes in the nutrieatust, which in turn drove transitions
among eu/meso/oligotrophic conditions.

After ca. 1000 cal yr BPNothofaguspollen declines (Subzone LC-2b, Figure 5)
and later, rises to a maximum valuecat 700 cal yr BP, at the end of this subzone.
Betweenca. 680 and 300 cal yr BP (Zone LC-3, Figure 5), loalues of arboreal taxa
and high values of herbaceous and cushion heaghindicate a more opéwothofagus
forest at the site, suggesting a lowering of tleeline under cooler conditions than
today. The identified diatom assemblages at 1201&@dcm depth (Figure 9) suggest
disturbed aquatic environments under cold condstiofhus, the abrupt decline of
Nothofagusforest led to a greater exposure of the slopeschwimay have enhanced
debris flows or mass wasting processes.

Decreased percentages of Cyperaceae following @ sterval of abundance in
Subzone LC-2b, occurred in conjunction with inceshspercentages oRfcaena
Ranunculacead;altha Apiaceae, fern spores and peak valueSwohneraindicating

damp environments for the mire surface with shalfmols or slow-moving streams



20

(Zone LC-3).Drapetes muscospa typical cushion-forming species, is recordemgn
the upland taxa.

A high groundwater table at the mire is also r@fldcby the cyanobacteria
proliferation Rivularia-type) under meso-oligotrophic conditions (Figurg &he
increase in water depth would have impeded Cypaeacgrowth. Towards the
uppermost part of the Zone LC-3, debris-flow deposiover the mire favored the
development of shallow ponds with the alg&eirogyra sp. and the tardigrade
Macrobiotus ambiguysa species of cold freshwater environments, unuesotrophic
conditions with moderately nutrients supply (Fige The diatom content of the
inorganic strata at 85-60 cm (Figure 9) could bateel to wetlands with variable water
levels.

After 300 cal yr BP (Zone LC-4), vegetation compdsgrasses with cushion
heaths ofAzorellaand communities dassauviaoccupying rock debris or fell-fields.
The development of a mire dominated by Cyperaceggests increased nutrient supply
by surface runoff derived from slow-melting snowtgbees (Moore, 1983; Coronato et
al., 2006). Meanwhile, the increasedthofaguspollen implies forest expansion and
warm conditions for tree growth. Today, this vegeta unit resembles the Andean
Tundra governed by exposure to wind, water avditgband physical nature of the
substrata (Pisano, 1977; Heusser, 2003) and séasmvacover.

The paleoecological conditions in the mire areswhumid as those in Zone LC-2
(Figure 6). Lower water-table levels and mesotroptonditions are reflected by the
decline of cyanobacteriaR{vulariatype) frequencies and the expansion of mire
vegetation (Cyperaceae) along with the small gtiaatand poor preservation of diatom

valves found at 30 cm in the core (Figure 9).
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6.2. Regional implications

We summarize the Holocene climate from Southerrad®atia and Fuegian
Archipelago as recorded in selected peat and lakesqFigure 11). Las Cotorras mire
developed an opedothofagudorest under warm and dry conditions betwear8000-
6500 cal yr BP. Similar conditions are mirrored time pollen record from Paso
Garibaldi valley site (54° 43’ S; 67° 50° W, 500ans.l., Markgraf, 1993), 14 km east of
the mire (Figure 1), and from low elevation sitésng the Beagle Channel at Ushuaia,
Lapataia, Puerto Harberton, Bahia Moat and Calétaal® sites (Figure 1) (Heusser,
1989a, 1995, 1998). These conditions are also dedaoin the interior, forested valleys
of the Fuegian Andes such as the Valle de Andonc Valle Carbajal (Figure 1,
Borromei, 1995; Borromei et al., 2007). The highfest activity has been recorded in
the present areas dominated by deciduous and rfoxests of Tierra del Fuego when
the forest-steppe ecotone prevailed under moraarimoisture conditions (Huber et
al., 2004; Pendall et al., 2001).

Presently, precipitation over the Fuegian Archigela&comes from the Pacific
Ocean carried by the Southern Hemisphere Westarigsy although the Polar Front
also promotes precipitation in the southern parth&f archipelago. Thus, the drier
climatic conditions recorded betweea. 8000 and 6500 cal yr BP would be related to
reduced southwesterlies during the early Holoceaenth.

Warm and dry conditions lasted unté. 6500 cal yr B.P and were followed by
the onset of cold and wet environmental conditionsas Cotorras mire leading to the
establishment of closed-canopy forestNathofagus At this time, fire frequency in
southern Tierra del Fuego decreased dramaticattyiging additional evidence for
increased and less variable precipitation (Markgrad Anderson, 1994; Pendall et al.,

2001). The increase in arboreal pollen influx, withxima betweera. 4000 and 2800
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cal yr BP, indicates increased levels of effectmeisture. Pollen records from the
Beagle Channel area (Heusser, 1998; Pendall éx04l1), interior valleys (Borromei et
al., 2007), Paso Garibaldi high elevation site (dgaaf, 1993), Lago Fagnhano record
(Waldmann et al., 2008) and also from western Stakland (54.4° S; 64° W) (Ponce,
2009) all record wetter conditions during this tinkairther north, in the forest-steppe
ecotone zone of SW Argentinean Patagonia (50°%h8)increase imNothofaguspollen
betweenca. 5800 and 3200 cal yr BP indicates moist conditiviancini, 2009). In
Chilean Patagonia (51° S), the development of seddothofagudorest at 6800 cal yr
BP, punctuated by step-wise increases at 5100 40@ 2al yr BP, are indicative of
prominent increases in precipitation, probably afsterly origin (Villa-Martinez and
Moreno, 2007).

All these paleoclimate data indicate intensificatior latitudinal shifts in the
regional westerlies between 50-54° S during the-lHatbcene, affecting the Southern
Patagonian and Fuegian Andean climate and favaneljothofagudorest expansion.

The onset of the Neoglacial advances in SouthetagBaia and Tierra del Fuego
is well correlated with the increase in westerleqgpitation as well as decreased
temperature (Waldmann et al., 2008; Moy et al.,.8200oreno et al., 2009). Data from
South Patagonian glaciers showed Neoglacial maketaveen ~5180-4700, ~4500-
3900, ~3080-2200, ~1400-1050 cal yr B.P., and dutfire Little Ice Age (LIA, ~600-
100 cal yr B.P.) (Moreno et al., 2009). When cormpathe timing of these events with
our pollen data, we note concordance for cool, clietate conditions ata. 3080-2200
cal yr B.P. Total pollen influx peaks at about 280000 and 700 cal yr BP (Figure 5)
are followed by mass wasting events. This mighicetg more pollen input via surface
runoff related to precipitation and slope procesddajor changes in our pollen

stratigraphy, concurrent with the LIA event, ocbetween 680-300 cal yr BP including
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a drop ofNothofaguspollen coupled with mass-wasting processes (Fgdrand 5).
Because the distribution ®fothofagusforest at higher elevations is highly dependent
upon the temperature and precipitation regime (Mlasssi et al.,, 2008), these
fluctuations probably represent lower temperataresincrease in effective moisture.
At the eastern end of the Beagle Channel, the po#eord from Bahia Moat site
indicates that precipitation increased . 2800 cal yr BP and followed by an
accentuation ata.700 cal yr BP that led to peak abundance of Magelldoorland
taxa betweewga. 700-140 cal yr BP (Heusser, 1995: in Moreno et28l09). In the Lago
Fagnano sediment core (~54° S) (Waldmann et a08R@he LIA is represented by
high iron content intervals at 50 cm depth and dihko the intensification of the
Southern Westerlies and humidity increase. Thismafe pattern has been further
recognised at inland areas at Valle de Andorra(Bitgure 1) by multy-proxy analyses
in peat-bogs (Mauquoy et al., 2004). Although thelgseatic signals are present in the
lowlands, the LIA chronology has not yet been ds&hbd in the cirques of the
surrounding mountains due to the lack of databléera. Pollen data from western
Staaten Island indicate a drop Méthofaguspollen afterca. 700 cal yr BP related to
colder and windy conditions (Ponce, 2009). Palecaie data from Chilean Patagonia
(51° S) showed a correspondence of the LIA eveth wicreased precipitation of
westerly origin interval at 570-60 cal yr BP (Moeeat al., 2009). Regional evidence
for climatic deterioration is suggested by Bahia Blacier system advances in the
Cordillera Darwin, western Tierra del Fuego, reaghone of its maximum positions
prior to ca. 800 cal yr BP and betwe&a. 800 and 600 cal yr BP (Kuylenstierna et al.,
1996). Compared with our data, these cooling pericduld be related to the Last
Neoglacial advance occurring before the LIA, asythwere documented in Southern

Patagonia (Rabassa, 2008; Mancini, 2009). Westwafderra del Fuego, in the Ema
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Glacier Valley, a glacial advance has been repat&80‘C yr BP (or 1670 AD, after
Strelin et al., 2001). These data correlate wethviias Cotorras mire and suggests a

cooling atca. AD 1600 along the Fuegian Andescat 55° S and between 68° - 71° W.

7. Conclusions

The following conclusions can be drawn from ourlgsia of Las Cotorras mire:
1) The location of Las Cotorras mire, close to pihesent tree-line zone, is especially
sensitive to rapid environmental change duringHbicene.
2) The tephra layer indicates that a regional éwapin the Southern Patagonian
Volcanos occurred before 7821 cal yr BP. Based han geochemical signal and
radiocarbon dates on supra and infra peat layerspild be assumed that the tephra was
produced by an eruption of the Hudson volcano,tegtan the Southern Volcanic Zone.
3) Episodic mass wasting is an important type sfuilbance in mire ecosystems of the
region. Reasons for an increase in episodic mastingaevents are unclear but could
arise from heavy rainfall events either involvingry high intensities or depths
accumulations of rainfall over a very short timalsc
4) The major mass wasting event was preceded bynmaax the total pollen influx
possibly related to enhanced precipitation or @ejivof pollen to the mire by flood
water.
5) Paleoecological conditions in the mire after@@@l yr BP indicate rapid succession
from limnic to telmatic stage while the mire becarwe be colonized by sedges
(Cyperaceae) and herbaceous vegetal communitiesnwinde theNothofagusforest
expansion in association with alpine vegetationhaa according to the regional

pattern of increased moisture environments afté0&al yr BP.
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6) Major vegetation change associated with coet, gonditions occurred after 1000
cal yr BP and was most pronounced between 680 @Adcal yr BP. The timing of
these late Holocene events broadly coincides Wwighohset and maxima of the Little Ice
Age.

7) The concordance between Las Cotorras data andetifional paleoenvironmental
records indicates the following broad-scale changes Holocene climate for
southernmost Patagonia: a dry and warm early Holdellowed by wet and cool
condition that commenced during the mid Holocené emminated during the Little
Ice Age.

8) The paleoclimate data from the Las Cotorras mm@vide additional information
related to the influence of the Southern Westeletsveen 50-54° S along the Holocene

and recent centuries.
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Figure 1. Location map.

Figure 2. Geomorphological map.

Figure 3. Age-depth curve from Las Cotorras mirevehg radiocarbon (circles) and

calendar (squares) dates and second-order polyhoegaession against sediment

depth.

Figure 4. Fossil pollen/spore frequency diagram & stratigraphy at Las Cotorras

mire.

Figure 5. Fossil pollen accumulation rate (graingfy diagram and stratigraphy at Las

Cotorras mire.

Figure 6. Fossil non-pollen palynomorphs (NPPs)quency (%) diagram and

stratigraphy at Las Cotorras mire.

Figure 7. Major non-pollen palynomorphs (NPPs) ided at Las Cotorras mire. A:
Chaetomiumsp (Type 7A); B: spermatophores of Copepoda (T38g C: Acari-
Oribatei (Type 36); DUstulina deusta(Type 4); E:Sordaria sp. (Type 55A); F:
Alona rustica(Type 72A); G: mandibles of chironomids (Type 8H);Sporormiella
sp. (Type 113); IRivulariatype (Type 170). Scale bar is 10 pum except in @haet
and | where the scale bar is 2 um.

Figure 8. Major non-pollen palynomorphs (NPPs) tded at Las Cotorras mire. A:
Zygnemasp. (Type 314); BSpirogyrasp. (Type 315); CArcella sp. (Type 352); D:
Neorhabdocoela (Type 353); E: Neorhabdocoela (Tgp8a); F: Macrobiotus
ambiguugype. Scale bar is 20 um except in photo A whieeestale bar is 5 um.

Figure 9. Relative abundance (%) of diatom speicten Las Cotorras mire.

Figure 10. The most abundant diatoms. PPdammothidium incognituni. raphe
valve (LM); 2. rapheless valve (LM); 3. raphe vahexternal view (SEM); 4.

rapheless valve, internal view (SEM); Bsammothidium abundansapheless valve,



36

internal view (SEM); 6-7.Planothidium lanceolatumLM). 6. raphe valve; 7.
rapheless valve; &ragilaria capucinavar.vaucheria(LM); 9. Staurosirella pinnata
10-11.Distrionella germainiifa. Acostata 10. LM; 11. SEM; 12Brachysira minor
(SEM).
LM: light microscope; SEM: scanning electron mia@oge. Scale bars: 10 um (photos
1, 2, 6-10); 5 um (photos 3-5, 11, 12).
Figure 11. Comparative Holocene climate change® fselected peat and lake records
from Southern Patagonia and Fuegian ArchipelagackBllines show the onset of
Southern Westerlies and the localities where th& Elvent has been reported.
References : 1, Mancini (2009) ; 2, Villa-Martinead Moreno (2007); Moreno et al.
(2009); 3, Markgraf (1993) ; 4, Borromei (1995) atyjuoy et al. (2004) ; 5, Borromei
et al. (2007) ; 6, Waldmann et al. (2008) ; 7, 8H@8usser (2003) ; 10, Pendall et al.
(2001) ; 11, Heusser (1995) ; 12, Ponce (2009).
Table 1. Chemical composition of the basal tepfomnfLas Cotorras mire.
Table 2. AMS™C dates and calibrated ages of selected samples lfes Cotorras

mire.



Shard Nal0 MgzO Al203 Si02 K20 CaO TiO2 MnO FeO Total
1 3.46 1.62 15.55 65.44 285 3.38 031 5.6 00.85
2 373 1.54 17.51 65.30 243 3.06 0.17 4.65 09.76
3 427 131 17.32 66.00 275 2.00 0.12 4.06 00.05
4 4.02 1.50 17.62 65.47 217 201 0.14 3.53 99.46
5 344 1.27 16.59 66.27 2.79 2.68 0.20 4.73 09.57
[} 300 142 17.96 65.95 1.88 2.66 0.05 4.04 98.96
7 3.05 1.19 16.11 67.01 294 2.59 0.14 4.61 098.94
8 3.74 1.41 16.64 66.74 2.74 2.60 0.16 4.40 99.75
9 3.39 145 16.14 66.10 276 3.07 0.26 538 99,95
10 349 1.29 15.84 66.12 299 2.82 0.19 492 98.97
11 3.81 1.59 16.39 65.83 2.73 3.10 0.17 493 99.92
12 3.86 145 16.82 656.28 2.68 2.60 0.08 416 08.96
13 3.86 2.53 17.09 62.28 239 4.20 0.22 5.37 99.16
14 371 1.49 16.55 65.24 2.82 3.48 0.16 5.2 99,96
15 3.88 149 16.7 65.38 277 2.96 0.14 447 00,17
16 349 145 16.39 66.47 292 295 0.08 494 90,95
17 4.04 1.32 16.28 65.50 2.86 3.07 0.13 4.07 00.55
18 391 131 16.41 65.52 2.85 3.28 0.13 5.26 00.95
19 3.52 1.39 16.34 65.37 2.86 3.13 0.06 5.01 00.03
20 3.77 1.88 16.08 64.57 2,69 4.04 0.13 5.52 00.95
21 4.10 1.52 16.57 65.11 2.76 282 0.20 4.44 98.75
Mean 3.78 1.49 16.61 65.63 2.69 3.06 0.15 4.77 00.50 |
Table 1.
Depth Laboratory “CyrBP Calibrated yrs BP lo range 2g range Material
(em) No (median
probability)
40-45 AAG2817 412 +35 440 444-405 428-501 peat
85-90 AAT0440 762 =39 665 646-685 632-726 peat
90-95 AAT0441 781 =39 679 657-689 639-733 peat
115-120 AATSRTT 106537 031 008-064 §00-030 organic matter
195 - 200 AATB8TE 2406=52 2300 2320-2471 | 2301-2520 organic matter
270-275 AATE8TO 2562£30 2584 2403-2600 | 2455-2742 peat
410 - 415 AATESE0 580451 6548 6480-6574 | 6412-6664 peat
470 - 475 AAG2823 7043 + 47 7821 7758-7867 | 7700-7933 basal peat

Table 2
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