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Abstract

Several lakes in Chile are near important volcaamieas where eruption impacts can limit the quadty
lacustrine sediments for reconstructing past enwirental changes. In this study, we report changesaitoms,
pollen, and chironomids assemblages after a tegdpasition in Lake Galletué (Chilean Andes). A seshit
core obtained from Lake Galletué (40 m water dep#s sliced in 1 cm intervals and subsamples vakent to
analyze each proxy'%®b and™*’Cs activities were measured to obtain the geochogyoand mineralogical
analyses were performed to determine the minenaposition of the tephra. Diatom species composi&iod
productivity were modified when the lake receivéé tephraAulacoseira granulatalecreased and was later
replaced byCyclotellaaf. glomerata.After the tephra inputhAulacoseira granulatabundance increased to pre-
disturbance levels ardyclotellaaf. glomeratadecreased. These changes seem to suggest a mgniecitaase
in lake nutrient levels after the tephra depositidhironomid assemblages also decreased in heatleagust
after the tephra deposition, but the most importahtinge was the replacement Ablabesmyiaby
Parakiefferiella,probably due to the sedimentological changes predilny the input of coarse tephra grains.
Furthermore, unlike other studies, chironomid addeges in Lake Galletué did not show a decreassidadly

in diversity within the tephra layer. The pollenafysis indicated that, prior to the volcanic eveht vegetal
community was dominated byothofagussp., Araucaria araucaria,and Blechnumsp.-type. After the tephra
deposition, the same taxa are dominant, indicdtirag the volcanic event seems not produce chamgései
vegetation. Nevertheless, within the tephra layés possible to see an increase in Poaceae, whjresent -
due to the percolation process - the effect of tiwapon the vegetation. According to our resulist@ns were
the most sensitive proxy for describing the changesluced by tephra deposition into the aquaticsgstem
and, despite the noticeable changes in its sedalogyital properties; the lake seems to have a taghience
capacity, allowing it to return to pre-tephra ingonditions.
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INTRODUCTION

Information about the effect of tephra falls on afigiecosystems is limited in southern South Anseradthough
tephra layers have commonly been used as chrotigetgzhical markers in studies of past environmlenta
changes (Newnham & Lowe 1999; Newton & Metcalfe 99However, our limited understanding of tephra
effects does not allow discriminating these frorheot natural or anthropogenic impacts (Telford, Bark
Metcalfe, & Newton 2004).

Some studies in the Northern Hemisphere have iteticthat volcanic eruptions and associated prosesse
significantly impact human and natural ecosysteB@s{wood, Tibby, Roberts, Birks, & Lamb 2002). \&ic
events could impact aquatic ecosystems througleased nutrient input due to chemical weatherinteplira
and changes in physical conditions such as short-tminished light penetration, the sealing of Heeliment-
water interface, or the burial of macrophytes ftotal zones. Other effects might include changgsH, organic
matter input, mineral concentrations, and lake wsadinity (Barker et al. 2000; Birks & Lotter 199%8astwood
et al. 2002; Heinrichs, Walker, Mathewes, & Heb@®d). Tephra can be directly discharged into a lake
dragged in through the catchment, in which casewbathered tephra will be an important source lifasi
(Abella 1988; Telford et al. 2004). Such changethalacustrine system can, in turn, produce ingutrthanges
in the lake's algal communities and benthic fauna.

Birks and Lotter (1994) reported changes in diat@®semblages after a tephra deposition near La&seer
Volcano, Germany. They found that diversity anduacglation rates of some taxa (both terrestrial tesgn
and diatoms) near the volcano were affected a#iphr deposition. Hickman and Reasoner (1994), also
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working on diatoms in British Columbia, found thi@phra deposition affected diatom production but no
diversity. Telford et al. (2004) described lacustriresponses to tephra falls, mainly representediatoms
assemblages.

Although Chile is a mountainous country with a dftactive volcanoes, no information is availabl@uatbthe
consequences of volcanic activity on aquatic edesys and their watersheds. Considering that, tmeadithis
research is to determine the changes provoked \mjcanic sediment deposition on diatom, chirononaidd
pollen assemblages in the sediment column of Lak&e®é (Chilean Andes).

Study area

Lake Galletué (Fig. 1) is located at 38°41'S antll7W and is 1150m a.s.l. It is approximately 26&may
from the nearest city, Lonquimay. The water body aasurface of 12.5 Kmand the maximum depth is 45 m.
According to its nutrient levels, the lake is clisd as oligotrophic and according to its wateruoon
temperature regime, it is a monomictic temperate k&ith summer stratification (Parra et al. 199)e lake's
watershed presents a steep seasonal gradientteéngierature with extremes of -6.0 °C in winter @8 °C in
summer. Annual average precipitation is 1900 mnf&itmaximum of 3018 mm and a minimum of 1180 mm
(Parra et al. 1993).

Mardones, Ugarte, Rondanelli, Rodriguez, and Batog(1993) found different vegetational associetim the
Lake Galletué watershed. Typical temperate raistsrén the north and northeast are composed mostly
Nothofagus pumiliqPoepp. et Endl.) KrasseNothofagus dombeyiMirb.) Oerst., andAraucaria araucaria
(Mol.) K. Koch. The upper canopy of this foresteka@85-50 m high and the mid-levels are composechignai
young individuals of the above species. The undergt however, is dominated Berberisspp. (michay),
Drimys winteriJ.R. et G. Forster var. andina Reiche, and thee@hibambo&husqueasp. (quila). High prairie
grasslands, called "coironal”, are found in thet @msl south east parts of the watershed and covsortant
tracts of land next to the lake, where they grow itushion form called "champas". The "coironalihposition
is predominantlyFestuca scabriusculéPhil.), Acaena sericedJacq.fil.), Baccharis magellanicgRadin), and
Rumex acetoselléLinnaeus). This low vegetational community caroadde mixed withNothofagus antarctica
(G. Forster, Oerst.) anflraucaria araucariaforests. In the wetland zones near the lake, spatfiduncaceae
and Ciperaceae occur together with the herbaceenergTrifolium, Melilothus,and Caltha (Mardones et al.
1993). This community indicates that the lake ledatively pristine vegetation in its watershed.

Fig. 1. Study site map indicating the location of Lakel&ak.
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MATERIALS AND METHODS
Sampling and physical analysis

A Lowrance X-16 echo sound profiler was used tal fthe maximum depth of the lake and to evaluate the
adequacy of the bottom sediment for coring. A 17sadiment core was retrieved from the deepestgbatte
lake using an Uwitec gravity corer with a plexigldsbe (6 cm in diameter). After the X-ray inspestithe core
was sliced vertically at 1 cm intervals and the glsiwere stored in plastic bags.

Lithology was assessed with X-rays (taken at 50akd 26-30mA3) of the core, following the method outlined
by Axelsson (1983). The X-rays clearly identifiethighly reflective sediment layer, which was subpéed for
mineralogical analyses. The chemical compositioajémelements) of this sediment layer was deterdhirgng

an electron microprobe (Cameca SX50) at the Ceffrralyse par Microsonde pour les Sciences de feeTe
Louvain-la-Neuve University, Belgium (CAMST). Thecelerating voltage was 15 kV and the beam current
was 20 nA. Counting times were 20 s for all elerment

For grain size analysis, samples were sieved aaAd1.0¢ units and separated into fine (mud) and coarse
(sand) fractions. Grain size was analyzed usintgarte 282 PC Coulter Counter particle analyzer. ditganic
content in each layer was estimated by the losgmition (LOI) technique, following the method deibed by
Boyle (2002).

Geochronology

The core's age was determined throtidRb activity. Gammaspectrometrical measurements deme using an
HPGe detector with a 0.5 mm beryllium window andeaergy resolution of 570 eV at the level of 122 &kle
detector and the measuring geometry were calibraiéd certified reference material (RGU-1, RGthahd
RGK-1) from the International Atomic Energy Agen@hEA). Once the activity of each sample was oledin
constant initial concentration (CIC) and constaé rsupply (CRS) age models (Appleby & Oldfield 8pwere
evaluated in terms of an age-depth profile, ancerafry with peak®’Cs activity. The CIC model was the most
adequate. The peak {/fCs activity was used to validate the age estimatzghe maximum activity represents
approximately 1963, when nuclear weapon tests setkdarge amounts of this isotope into the atmasphe
(Guevara & Arribere 2002; Longmore, O'Leary, & RAS83).

Diatom analysis

Diatom analyses were done according to Battarb®86)L To eliminate organic matter and facilitate th
observation of diatom valve structures, 0.1 g of sediment was oxidized with,B,. Subsequently, for the
taxonomic identification and quantification of diat assemblages, permanent slices were mountecdHyitix
resin (I.R. =1.7). The diatom concentration was estimated byingdd microsphere solution to the samples
(Battarbee & Kneen 1982). About 500 and 600 diatawes were counted and identified for each sanite.
identification was carried out following specializéterature (Krammer & Lange-Bertalot 1991, 20®vera
1970, 1974; Rivera, Parra, & Gonzalez 1973; Rivemra, Gonzalez, Dellarossa, & Orellana 1982).

Pollen

The pollen analysis was performed following Erdtn{d860). The sediment samples were processed using
concentrated HF and acetolysis. Permanent sammes mounted in gelatine-glicerine and 350 pollesirgr
were counted for each centimeter; pollen was ifiedtifollowing Marticorena (1968) and Heusser (1p7lhe
results are shown in percentage diagrams; thestaakepollen estimate considered arboreal and arboreal
taxa, excluding fern spores.

Chironomids

Chironomid analysis consisted of deflocculating Baihwet sediment in KOH 10% for 15 min at 70 °Cdan
passing it through a 90 pm sieve. The remains wera transferred to a Bogorov counting tray whezadh
capsules were picked out with entomological forcdpsch head capsule was dehydrated in 80% and 100%
ethanol and then mounted in Euparal, ventral sgleQhironomids were identified using a Zeiss micope at
magnifications of 25, 40, or 100 x and the keyblofmann (1971), Rieradevall and Brooks (2001), WradIm
(1983), Epler (2001), and Paggi (2001).

Statistical methods

To distinguish different associations along thefigpa stratigraphically constrained sum-of-sqgaoctuster
analysis (CONISS) was applied to the percentaghsesaf the different proxies using Tilia and Tilexaph
(Grimm 1987) programs. Diagrams were also consttlasing Tilia and Tilia Graph (Grimm 1991).
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Fig. 2. Physical parameters of the Lake Galletué sedinserg: (a) radiograph, (b) organic matter, (c) grain
size, (dF*%Pb activity, (e)*'Cs activity, (f) age vs. depth profile, and (g)kmiineralogy.
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RESULTS

Geochronology and physical parameters

The radiograph of the sediment column from Lakelgbaé¢ is depicted in Fig. 2(a). The clear layerhah
reflectivity (white area) between 7 and 12 cm iatkd higher density than the rest of the sedimant.
preliminary visual inspection revealed coarse, darkgular, and very sharp particles likely tod&phra layer.
According to the microprobe analysis, the chemamahposition of this tephra corresponds to basalidesite
(Le Bas, Maitre, Streckeinsen, & Zanetin 1986) with29% SiQ and 4.32% N# + K,O (Fig. 3). The bulk
mineralogy (%) in turn, indicated a predominancambrphes (Fig. 2(g).

The organic content (LOI) trend is influenced bg thphra layer (Fig. 2(b)), decreasing noticeablghe section
of core where the tephra layer is evident (7-12.ddrpanic content was highest (17.2%) at 6 cm amcbs$t
(2.3%) at 10cm, within the volcanic layer. The loweganic content in the volcanic layer is obvigudle to the
tephra's inorganic nature.

The grain size analysis (Fig. 2(c)) showed an asedan particle sizes in the tephra layer, passixigirally from
silt to sand (mean size 6.§3= 8.8 umto 2.1@ = 223 um). The sediment below the tephra layeravasposed
mainly of silt (Fig. 2(c)). A more detailed diagrashgrain size is depicted in Fig. 4 were the sedfitalogical
changes due to tephra deposition are showed.

#%h and™*'Cs activities are presented in Fig. 2(d) and 2@3pectively. In generaf'®Pb activity tended to
decrease toward the deepest part of the é8Rb activity peaked (375 Bq Ryin the first cm and was lowest at
16 cm (8.0 Bq kg). The total?*®b inventory in the core reached 2351 Bd kigat is a totaf*%®b flux to the
sediments of 73.2 Bqfiyr™. **'Cs activity (Fig. 2(e)) was detectable from 4 c@.(1Bq kg'), peaking at 7 cm
(35.0 Bq kg"); no activity was detectable from 10 to 17 cm. éwting to Longmore et al. (1983) and Guevara
and Arribere (2002)!*'Cs activity probably peaked in 1963, when this o@titope was released in large
quantities due to nuclear weapon tests. Theredsl ggreement between théCs profile and*°Pb dating (Fig.
2()), with 1963 coinciding with th&'Cs peak.
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Fig. 3. Geochemical results obtained by microprobe analyse glass shards from tephra layer. Basaltic
andesite composition is indicated in the TAS clasdion (Le Bas et al. 1986).
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Fig. 4. Grain-size distribution of the 5 cm where tephrgdais evident, pie diagrams (inset) indicate samad
proportion. The lower sample (11 cm) has the highmeportion of mud, reflecting the arriving of taja
particles (coarse) with the host sediment (fine).
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Diatoms

All sedimentary samples analyzed from Lake Gallethiéwed a good preservation of diatom valves, atigw
the identification of the total taxa registeredg.Fb6 summarizes the most abundant species. Theigain
biostratigraphical changes occurred between 13 7ath of the profile, corresponding to the depositaf
tephra materials into the lake. Both layers showa most important changes in the diatom assemblage
composition, with changes in the dominant species.

The diatom stratigraphy was grouped using a cluatelysis, thereby evidencing three zones that bmn
distinguished throughout the profile (Fig. 5).

Zone Diat-I (pre-volcanic event period). This zamas dominated by the speci@alacoseira granulatgdEhr.)
Simons., Cyclotella stelligeraCleve and Grunow(Cyclotella af. glomerata, Fragilaria construengEhr.)
Grunow, and-ragilaria pinnataEhrenbergAulacoseira granulatavas the most abundant (52-64%). Planktonic
diatoms dominated the system in this zone, andhilediatoms, largely represented Bragilaria pinnata,were
scarce.

Zone Diat-ll (the volcanic event period). Diatonrusture assemblages evidenced a change in which
Aulacoseira granulatavas replaced as the most abundant specig€dybiptellaaf. glomerata,which peaked at
51% (11cm).Aulacoseira distangEhr.) Simons andisterionella formosadiassall also increased during this
period. Diatom concentrations were lower, but sthtb increase at the end of the zone Il (Fig. 5).

Zone Diat-1ll (post-volcanic event period). Thisneoindicated a return to initial conditions, witlulacoseira
granulatareaching the abundance levels found prior to theawic material inputCyclotella af. glomerata
decreased drastically until almost disappearinghftbe assemblagedrosolenia eriensigH. L. Smith) Round,
Crawford, and Mann an@. meneghinian&itzing, however, appeared in the sedimentary cEcthey were
most abundant in the upper layers of the profisterionella formosabundance increased during this period,
peaking at 33% (5cm). On the other hand, diatondyetivity changed during this period, with highéatdm
concentrations than those observed prior to theavi¢ event (Fig. 5).

Fig. 5. Sedimentary diatom assemblages from Lake Galleliaéom concentration, influx, and principal zones.
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Pollen

Fig. 6 shows the relative abundance of pollen thxang the last ~70 years at Lake Galletué. Acaaydo the
CONISS analysis and some marked fluctuations intarg, the pollen profile was divided into four zenPoll-
1 (before the volcanic event) and Poll-2, Poll-8ll488 (after the volcanic event).
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Zone Poll-1(17-12 cm): In this segment, the vegetational comitguwas dominated bBlechnumtype (average
= 37%) andNothofagustype (average =28%) pollen. Of the arboreal polleAraucaria araucanaaverage =
17%) was importantPinus radiataappeared in the upper part of this zone. The Peafaaily reached an
abundance of 8.7%.

Zone Poll-2(12-6 cm): This zone represent - due to percolatibpollen grains within tephra particles — the
changes provoked on the vegetation immediatelyr dfte volcanic eruption. The zone was dominated by
Blechnumtype (average = 27.4%) andothofagusype (average = 23%) pollen, which decreased mpayison

to the previous zone. The Poaceae family underamrimportant increase in this zone, reaching amageeof
20% abundancélantago lanceolatappears at the beginning and disappeared in ther yaypt of this zone.

Zone Poll-Foll-4 (6-1 cm): Poll-3 was dominated Hyothofagudype (average = 32%), which increased
noticeably from the previous zone, wherddlechnumtype decreased to an average of 228faucaria
araucaria(average = 8.8%) also dropped in comparison witieZ@oll-2 and showed a decreasing trend toward
the upper part of this zonBinus radiatahad the highest abundance of the entire profile diastic decrease of
Poaceae compared with the previous zone shoulateel iPlantago lanceolatalisappeared from the record in
zone Poll-4, as did ChenopodiaceAeaciatype,on the other hand, appeared.

Fig. 6. Pollen percentage diagram for main vegetationahtaxthe sediment core from Lake Galletué.
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Chironomids

A total of 23 chironomid taxa were identified inetlsediment column of Lake Galletué representing the
subfamilies Chironominae, Tanypodinae, Orthocladiinand Podonominae. The most important sub-faimily
terms of abundance was Chironominae, which readeti% of the total and was composed of the tribes
Tanytarsini (25.7%) and Chironomini (11.4%). Thes® sub-family in importance was Tanypodinae (29.1
followed by Orthocladiinae (27.1%). The sub-famiRodonominae had very low abundance (0.3%).
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Unidentified remains composed 6.3% of the totaloTdifferent groups of Tanytarsini - types A and Biere
distinguished based mainly on differences in thepshof the antennal pedestal. CONISS analysis &eg 10
distinguish three zones in the chironomid assenasidfig. 7). Zone Chir-l (17-12 cm) before the teplayer
impact, Zone Chir-Il (12-6 cm) during the impaatdaZzone Chir-1ll (6-1 cm) after the impact.

Zone Chir-1 (17-12 cm, pre-impact)Ablabesmyia(Johannsen, 1905) was relatively abundant in tbisez
decreasing at 16 and 13 ciiacropelopia(Thienemann, 1916) showed some of its highest amaes here and
other abundant taxa in this zone wérarakiefferiella(Thienemann, 1936), Tanytarsini type A, unidentfie
remains of Orthocladiinae, ar®seudochironomuéMalloch, 1915). The latter only occurred in thisne and
with very low abundances. The number of head cepsiagund in this zone was relatively high compasét
the other zones, reaching around 15 heads per weib§ediment at some levels.

Zone Chir-11(12-6 cm, during the impact): In this zomhlabesmyiabundance decreased after 11 cm, reaching
its lowest value at 8 cm and beginning to incregrselually above 7 cnMacropelopiaabundance was lower in
this zone than in the previous zone. Tanytarsirpel decreased at the beginning of the zone, theneased
later on. Tanytarsini Type B was absent in thd fiext of the zone, appearing at 11 cm, decreai®ycm, and
increasing at 7 cniCricotopus/ OrthocladiugWulp, 1874) also showed a gradual decrease indamae during

this period. However, the greatest change in tbisezwas the increase Parakiefferiella, which reached
considerably higher abundances than in the predémpane. The total number of head capsules was most
abundant before the tephra deposition, droppedermtly immediately after the event (13-10 cm), medeased

at9 cm.

Zone Chir-1ll (6-1 cm, post-impact): After the tephra depositisome taxa rapidly started to increase in
abundance Ablabesmyiaincreased after 5 cm, reaching a maximum at 3 cofiowing the impact, both
Macropelopiaand Parachironomus(Lenz, 1921) also increased. Other taxa that isge@adn abundance are
unidentified Tanytarsini and Tanypodi-nae. Howewane of the most noticeable changes after the maca
event was the diminishing abundancePafakiefferiella,which was most abundant within the tephra layee Th
number of head capsules increased at 4-5 cm amdas$ea toward the surface sediments.

The diversity estimated by the Shannon index (Ridl®66) did not show a noticeable change alongtbéle,
suggesting that the impact of the tephra did ndtice chironomid diversity.

Fig. 7. Chironomid abundance (%) diagrams, showing assegabiructure in the sediment of Lake Galletué.
Stratigraphical divisions were made following COBNI&nalysis.
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DISCUSSION
Physical analyses

The tephra layer deposited between 7 and 12 cmersédiment column of Lake Galletué produced a etark
change in the lake's sedimentological parametessagared with the rest of the core, the tephra iadua
decline in organic content, an increase in meaimgiae, and a dilution f%Pb activity, which suggests that the
tephra was deposited in a short period of timeforélet al. (2004) stated that tephra with a siqeialent to
fine sand will settle at a rate of around 40mBonsidering the tephra grain size and the maxirdepth of
Lake Galletué (45 m), the tephra was expectedaotréhe lake bottom in approximately 1 h, reinfogcihe fast
sedimentation hypothesis.

According to the dating{Pb,**'Cs), the sediment core covered the last ~70 yearshe tephra deposition was
produced around 1957 AD. Some historical recorddmafean volcanic activity (Gonzalez-Ferran 1994licate
that Llaima Volcano began an eruptive process ineitber 1956; Llaima is one of Chile's biggest arabtm
active volcanoes (Moreno & Fuentealba 1994). This wne of the most violent eruptions of the twehtie
century (Naranjo & Moreno 1991) and produced lduaefs, ash expulsion, and lahars (Gonzalez-Fergad)l
Other descriptions of recent volcanic activity neake Galletué, specifically the December 1989ptonm of
Longquimay Volcano, are provided in Moreno and Geauelg (1989). This eruption expelled ash, lava, atheéro
pyroclastic material, which caused serious damagerop and cattle in the region (Besoain, Sepulvéda
Sadzawka 1992). However, this eruption does notodd@ temporally with the tephra deposition essiigd by
% dating. Therefore, and according to €s activity profile, the tephra layer deposited_ake Galletué
between 7 and 12 cm was probably generated by356& &ruption of Llaima Volcano. Naranjo and Moreno
(1991) indicated that, during this eruption, volicasediment reached a thickness of 15-30 cm, 5 &sh &f the
volcano. Since Lake Galletué is 38 km east of LéaMolcano, it certainly received volcanic sedimemnsn this
eruption.

Biological proxies
Diatoms

According to Barker et al. (2000), the supply gihea in lakes principally increases the waterigasitontent,
resulting in increased populations of diatoms witthie assemblages that have higher assimilaties fat this
element. This would explain the increaseCyclotellaaf. glomeratawith the tephra input into Lake Galletué.
According to Haworth and Hurley (1984%yclotellaglomerataBachmann grows in habitats with high silica
availability and, in many cases, the distributidntlis species in sedimentary profiles is relatedvelcanic
horizons with high silica contents.

The dissolution processes of tephra in the wateuldvdvave released silica into the system and buried
phosphorus in the sediment. Consequently, thedinithosphorus would have negatively affecdthcoseira
granulata, as this species is not a good competitor and iglatied by other taxa in habitats with limited
nutrients (Barker et al. 2000; Barker, Williams@gasse, & Gilbert 2003; Kilham, Kilham, & Hecky 1986

The increased\sterionella formosand U. eriensisafter the volcanic event suggests increased lakeents

since these species are typical in high-nutrievirenments (Alefs & Muller 1999; Clerk, Hall, Quam, &

Smol 2000; Merilainen et al. 2000). This resulbadgrees with the increasAdlacoseira granulatén the upper
layer of the core, probably indicating the recovefyphosphorus levels in the water, which alloweid species
to return to the abundance levels shown prior ¢éotéphra input. The more recent decreasg.aff. glomerata
would be the result of lower silica contents in Hystem, as this species is displaced in the adage®hby
Aulacoseira granulataa better competitor given decreased Si/P ratios.

According to the above results, changes in orgamidter and dominant species in the sedimentarymiat
assemblages of Lake Galletué indicate that thelgbpephra to the lake principally changed tHeaicontent,
modifying the nutrient availability in the waterolbever, once the tephra input ended, the systestatgeshed
the conditions found during the previous periodméare detailed description of diatom changes produne
tephra deposition in Lake Galletué is found in @suet al. (2006).

Pollen

The impact of a volcanic eruption on vegetation bandirect, through biomass combustion by lavadturr
modified soil properties and nutrient cycles, ozan be indirect, through short-term climate chardge to fine
particle emissions into the atmosphere that bladarsradiation (Birks & Lotter 1994). On the otheaind, a
volcanic eruption can supply nutrients to the sfailjouring vegetative growth. Besoain et al. (19&3orted
nutrient inputs (N, P, Ca, K, and Mg) into the shik to the ash deposition from Lonquimay Volcasmuthern
Chile) in 1988.
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When a volcanic eruption eliminates biomass, theolomization by new species adapted to the new soll
properties facilitates the later arrival of othexxd. Depending on its resilience capacity, the tzigpn
community can return to its original conditions dref the volcanic impact (Molles 1999; Raven, Evéat,
Eichhorn 1992; Scheffer, Carpenter, Foley, Folkewalker 2001).

Birks and Lotter (1994) reported a slight increas@on-arboreal pollen after a tephra depositioarrecher
See Volcano (Germany). On the other hand, nearstudy area, Rondanelli (2001) indicated an impartan
decrease in vegetable biomass (mainly arboredlpjtex several volcanic events that occurred entiolocene.
The same author also described an important pregoroe of herbs where the Poaceae reached highainexd
after the tephra deposition.

For the last ~70 years, the pollen assemblagdwihdke Galletué sediment record have shown a doroemof
arboreal taxa, mostiidothofagusandAraucaria araucanaalthough some non-arboreal taxa IBlechnumtype
and Poaceae were also important.

The CONISS analysis (Fig. 6) clearly evidenced fpalynological zones with noticeable changes inpbiken
assemblage abundance and composition before aed thé tephra deposition. Such zonification is elniv
mainly by changes in Poaceae, which increasedicaifigtin zone Poll-2. This increment should beeaponse
to the volcanic event, because this family hasoatdife cycle, profiting very quickly from the mig¢nts supplied
by volcanic eruptions. This response of Poaceagliiie similar to the Rondanelli (2001) descriptiaith the
exception that, in our results, the change wasrdetbwithin the tephra layer and not above it. Tfference
could be explained by the small size of PoaceakemoWwhich allows its percolation through the istéial
spaces of the coarse tephra particles (up to liameder). Similar findings have been recorded fakd Icalma,
where the percolation of fine sediments toward=phara layer is described (Bertrand, unpublished)dat

The increment of Poaceae (zone Poll-4) could bdaagd by anthropogenic influences or a period ¥ |
rainfall, which would also explain the decreaseBiechnumtype. Human activities in the upper part of the
Andes near Lake Galletué have been recorded siceighteenth century (Villalobos 1989); theseviats
have been mostly focused okraucaria araucanaand Nothofagus dombey{Mirb.) Oerst exploitation,
explaining the decrease Araucaria araucanaver the last 40 years.

Arboreal Nothofagustype and Araucaria araucangoollen also changed within the tephra layer, insirggand
decreasing, respectively. These changes agreevatious studies (Heusser, Rabassa, Brandani, &k&twath
1988; Ugarte 1993; Veblen & Schlegel 1982) thatdbe the same behaviour as a response to volearits.

According to our findings, the volcanic event inkeaGalletué provoked some changes in the vegetation
community around the lake, producing favourableditions for increased Poaceae. However, despite the
changes described, the volcanic eruption did noegee catastrophic changes; there is no evidenasgetable
biomass burning in the sedimentary profile.

Chironomids

Heinrichs et al. (1999) noted an increase in thendbnce ofCricotopus/Orthocladiusafter a deposition of
Mazama ash layer at Lake Kilpoola (British Columbidhis, in conjunction with other assemblage
characteristics, indicated an increase in saliagy direct result of the volcanic deposition. Bsl&k(1967) also
reported diminishedranytarsus genuinuabundance after two volcanic sediment depositioenesvin Lake
Nojiri, Japan.

Massaferro and Corley (1998), working with subfbskironomid assemblages from Lake Mascardi (4520’
71°34'W), found sharp changes in chironomid divgrand equitability after the deposition of tephagers that
caused extreme conditions unsuitable for many speciheir results also indicated a complete abseice
chironomid fauna within the tephra layers and aidagcovery of diversity and equitability to theire-
disturbance level once the tephra deposition haditated.

Our results for Lake Galletué indicated an ovedakrease in the concentration of head capsulesfigstthe
tephra deposition. HoweveRarakiefferiella abundance increased noticeably in the assemblageese
corresponding to the tephra layer, wherAatabesmyisabundance decreased in the same strata. The differe
abundances of these taxa indicate that the tempasition could have provided an advantagedmkiefferiella

in comparison with other taxa likeblabesmyiahat were affected negatively.

On the other hand, unlike the works of Massafend @orley (1998) and Massaferro, Ribeiro-Guevaiazd&?
and Arribére (2005), our results did not indicateportant changes in chironomid diversity duringhiep
deposition and head capsules were present throtigheentire tephra layer. We explained this situaby the
percolation of fine sediments (Fig. 4) and chirofeiread capsules into the tephra layer (for desaits Araneda
et al., submitted). Thus, the stratigraphical Zdng@luring the impact) revealed by the CONISS asilyould
represent changes produced after the tephra digpositis could also be the case for Zone lll.
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General analysis

Some diatoms increas€yclotella af. glomeratg when tephra is deposited. Since other informatiaticates
that Cyclotellagrows in siliceous enriched environments, it issilole to infer that the tephra input in Lake
Galletué altered the lake's Si/P ratio, producinghmsphorous limit that negatively affectédilacoseira
granulata, which has low competition skills under nutrient stained environments. The increase in
Asterionella formosand U. eriensisafter the tephra deposition suggests increased dakgent levels since
these species indicate high nutrient contents. @iégge coincides with the increasefaflacoseira granulata
in the upper part of the core and the increasetad tliatom concentrations, which can reflect aipecation of
the water column's phosphorous concentration, aretuan to conditions similar to those existing dref the
tephra fall, possibly even a little higher.

Whereas diatoms undergo a noticeable change &fpéwa deposition, pollen assemblages do not shgw an
important changes in this period. However, Poagealten increased an@lechnumtype pollen decreased
slightly. Since the pollen's response to this claisgexpected to occur after the tephra depositi@presence
of pollen within the volcanic sediments could bglaied by percolation processes among the higrstitial
spaces of the tephra particles (up to 1 cm in diaheThus, the changes observed within the tepbrdd
represent conditions after the tephra fall. In fa8esoain et al. (1992) found that tephra fallsnfréhe
Lonquimay Volcano eruption (1989) increased therient level in the soil, providing an advantage to
agriculture. Applying this to the Lake Galletué hego fall, one could argue that the increased P@aiedue to
increased soil nutrients from the tephra. The cidmids reacted to the tephra deposition througlaxa t
replacement more than a reduction in total aburelahlsis change is evident within the tephra layet, as with
pollen, its presence could be explained by thegletion of chironomid remains among the tephraigias,
representing the changes that occurred once theateyas already deposited.

CONCLUSION

Our results show that tephra falls in Lake Gallegeherate a noticeable change in the sedimentalogic
parameters of the sediment column, as evidentdrdéitreasing organic contefiPb dilution, and increasing
grain size. All the biological proxies reflectedaciges-some more sensitively than others-in theerablages
due to the tephra deposition. The changes in detesre stronger than in the other proxies, cextaielcause
the tephra fall affected the water column first dinel short diatom life cycle allows them to respouitkly to
the changes. Poaceae increased in pollen assemhiéttyn the tephra layer, whereas a taxa replaocemvas
evident in chironomids. The hierarchical arrangenurproxy sensitivity to tephra falls in Lake Gatlhié was:
diatoms > chironomids > pollen.

In contrast to other studies, we found microfossdords within the tephra layer, probably due tecpkation
processes through the tephra particles, which werg coarse in this case. In spite of tephra dé¢iposi are
instant events, and its impacts are recorder alipu® our case the effects of volcanic eruptioe eggistered
within the tephra.

Finally, we can state that the three proxies cdietiin identifying the lake's recovery to condisogimilar to
those occurring before the volcanic event, indicathe lakes' high resilience, and on the othedhtmassess
correctly tephra'’s effects on the aquatic biogo@d understanding of its sedimentological propsris required.
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