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ABSTRACT

Sediment yield in the San Pedro Lake watershed, inferred from sedimentation in the lake, can be related to land use changes
shown on aerial photographs taken during the period 1943–1994. In this watershed, which covers 4�5 km2 of mountainous
terrain in San Pedro County, central Chile, the area of native forest species decreased from 70 per cent in 1943 to 13 per cent
in 1994. During this same period, the area of pine plantations increased from 4 to 46 per cent. To study effects of these
changes,wetookacore fromthecentre of the lakeandestimated sedimentation ratesby210Pbdating,whichwecheckedwith
137Cs and pine pollen. The results show that sedimentation rate ranged from 5 mg cmÿ2aÿ1 in the late 1800s to 60 mg cmÿ2

aÿ1 in the late 1960s. These rates, together with assumptions about the production and delivery of the sediment, give
corresponding figures for sediment yields with maximum values close to 1 t haÿ1 aÿ1. Sediment yield between 1955 and
1994 closely tracks the total land use change that can be detected, irrespective of land use type, on sets of aerial photographs
taken four to 18 years apart. However, this measure of land use change, while convenient and successful as a predictor of
historical erosion, may be unreliable because it probably excludes many changes that occurred in long intervals between
successive photographs. Copyright# 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

In the history of environmental disturbance by people, the greatest impact has been made over the last two
centuries. The technical and industrial revolution has significantly disturbed the planet, not only its
ecosystems but also its soils, streams and lakes. Nevertheless, most environmental studies are concerned with
ongoing damage. This approach has a limited perspective since it provides only one snapshot of a system that
has a time scale of hundreds of years of human disturbance and thousands of years of natural post-glacial
change.

Over the last decade, physical geographers and environmental researches have valued the role of lake
sediments as ‘historical recorders’ of environmental change (Dearing, 1991; Smol, 1992; Boer, 1994; Dixitet
al., 1995; Millspaugh and Whitlock, 1995; Aueret al., 1996; Spliethoff and Hemond, 1996; Van der Postet
al., 1997). Slowly deposited lacustrine sediments can record both natural, baseline conditions and subsequent
human disturbance.

In studies that use the sediments of a lake to gauge human disturbance in the surrounding watershed, the
210Pb isotope is commonly employed for estimating the sedimentation rate in the lake, which in turn provides
an estimate of the sediment yield from the watershed (Battarbeeet al., 1985; Dearing, 1991; Appleby and
Oldfield, 1992; Boer, 1994; Van der Postet al., 1997). In this paper we quantify the sediment yield in a small
disturbed lacustrine watershed by dating lake-bottom deposits with210Pb. We check the dates with137Cs
derived from atomic-bomb testing that peaked and ended in 1963, and with pollen from pine trees introduced
in the 1880s. We find that changes in sediment yield correlate with a simple but imperfect measure of land use
change detected on air photos from the past 50 years.
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STUDY AREA

Chica de SanPedroLake (36°51'S, 73°05'W) is locatedin SanPedroCounty,centralChile, besidethe
Biobı́o floodplain closeto the Pacific Ocean(Figure1). The lake is borderedby mountainscomposedof
metamorphicrocksexceptto the northwest,wherethe lake is impoundedby fluvial sedimentsof basaltic
composition(Aguirreetal., 1972).Thedrainagebasinof thelakecovers4�5 km2. Thelakehasasurfacearea
of 0�87km2, a maximumdepthof 18m andanaveragedepthof 10�3 m (Parraet al., 1976;Parra1989).

The floor of Chicade SanPedroLake hassteepslopeson its west,southandeastsides(Figure1). The
northernsideis lessabrupt.Thecentralpartof thelakefloor is nearlyflat. Thesebathymetriccharacteristics
reflect the geomorphological evolutionof the lake: soonafter the last glaciation,a ravinewasblockedby
sedimentof theBiobı́o River,andtheresultinglakehasbeenlargelyfilled, in Holocenetime,with sediments
derivedfrom ChicadeSanPedrowatershed(Cisternaset al., 1997).

Manyhistoricalhumanactivitieshaveaffectedthelakeandits watershed:clear-cuttingof thenativeforest,
raisingof wheat,introductionof exotic trees,andurbanization(Cisternaset al., 1999).In thepast50 years,
someof this landusehasbeeninfluencedby economicpoliciesof theChileangovernment.Replacementof
nativeforestby pine plantations,which beganin the late 1800s,acceleratedin the 1930sundera national
economicpolicy to developthe forestry in centralChile (Morales,1989; Unda and Ravera,1994).Such
plantations,manyof which replacednativeforestssoonafter thenativetreeswerelogged,wereestablished
without specialpreparationof thesoilsor slopes(Morales,1989).

Thetime of thesechangesincludesthetime recordedby our core(seeresultsbelowandFigure2) andthe
periodof recordfor precipitationin nearbySanPedroCounty(Figure3A). In thepast50 years,theannual
precipitationwasin the rangedof 1–2m aÿ1 andaveraged1�55m aÿ1. Theannualprecipitationfluctuated
throughoutthis time without overall trendslongerthana few years.

Figure1. Locationof studyarea,bathymetricmapandcoring site
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METHODS

Samplingand laboratoryanalysis

A coresample50cm long and6 cm in diameterwasobtainedin 1996by scubadiving from thecentraland
deepestpartof theChicadeSanPedroLake(Figure1). First, thecorewasX-rayedto checkfor biologicalor
physicaldisturbance,a lack of whichsimplifiestheisotopeandpollenanalysis.Then,thecorewasextruded
verticallyandcut into 1 cmslices.Eachsuchslicewasanalysed,by standardmethods,for dry density(drying
at 105°C) andorganiccarbon(losson ignition at 550°C).

The210Pb(half-life: 22�3 years)activity of eachslicewascalculatedfrom themeasuredactivity of its first
daughterisotope,210Po(half-life: 138�4 days),by meansof alphaspectrometry(Hasanen,1977).Supported
210Pb(theamountin equilibriumwith radiumin thesedimentmatrix)wasestimatedfrom the210Poactivity of
the threelowestslices;theseslicesshowednearlyidenticalactivities.

To check the 210Pb dates,the sampleswere also analysedfor 137Cs. Atmospherictesting of nuclear
weaponsin the1950sandearly1960sproducedthis isotope,which hasa half-life of 32 years.It reachedits
maximumatmosphericactivity in 1963,just beforesigningof thetest-bantreaty(Wanet al., 1987;Robbins
etal., 1990).To measure137Csthatbecameincorporatedin thesamples,weusedagamma-rayspectrometer
with a solid stateGe(Li) detector(PiñonesandTomicic, 1995).

Pinepollenwasanalysedto providea furthercheckon the210Pbchronology.Chile lackedpinetreesuntil
Pinusradiata D. Don wasintroducedtherenearthecloseof the19thcentury.In SanPedroCounty,a coal
miningcompanybeganwidespreadplantingof P. radiata in 1885(Aztorquiza,1929;Contesse,1987;Millán
and Carrasco,1993; Donosoand Lara, 1996). Later, in the 1930s,the plantationswere spreadfurther,
throughoutsouth-centralChile,asapolicy of thenationalgovernment(Contesse,1987).Becausethishistory
makespinepollenat ChicadeSanPedroLakeno olderthanthe1880s,thelake’sdepositsof aboutthatage
shouldcontainthedeepestP. radiata pollen.Accordingly,we lookedfor pinepollen in 1 g of dry sediment
from eachsliceof thecore.To separatethepollenfrom thesedimentmatrix we usedstandardpalynological
techniques(FaegriandIversen,1975;Dupré, 1992),andto measureconcentrationsof thepollen,in grainsper
gram,we usedthemethodsof Anderson(1974)andKemptet al. (1974).

Calculationof sedimentationratesandsedimentyield

Agesandsedimentationratesweredeterminedfrom 210Pbactivity by meansof theCRS(ConstantRateof
Supply)model.In this model,thesupplyof 210Pbfrom theatmospheredoesnot vary with time (Goldberg,
1963;ApplebyandOldfield, 1978,1992).

To estimatesedimentyield from thewatershed,weconsideredamethodproposedby Dearing(Dearinget
al., 1987; Dearing,1991). In its simplestform, this methodis basedon three assumptionsthat are not
necessarilyvalid for ChicadeSanPedroLake: (1) thesedimentationratedoesnot vary with locationin the
lake;(2) all thesedimentsuppliedby thewatershedis depositedin thelake,no sedimentis storedin transit;
(3) all thesedimentdepositedin thelake,organicaswell asinorganic,comesfrom in thewatershed,noneof
thesedimentis producedwithin the lake itself.

Weappliedthismethodin two ways:with andwithoutacorrectionintendedto obviateassumption(3). To
makethecorrection,we subtractedtheorganicfractionmeasuredby losson ignition, to obtaintheyield of
inorganicsedimentonly. We alsocalculateda total sedimentyield that includesorganicsediment,whatever
its source.

Measurementof land usechanges

SanPedrowatershedlandusepatternsweredeterminedfrom aerialphotographstakenin 1943,1955,1961,
1978,1981and1994.To outlinethewatershedonthephotographs,weusedtopographicmapswith ascaleof
1:10000anda contourintervalof 10m thatweadjustedto thephotographscales.Then,usingthesix setsof
aerialphotographs,wemappedsix categoriesof landuse:nativeforest,bushes,deforestedareas,exoticforest
(pineplantation),urban-residentialandgrassland.
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UsingARC/INFO GIS software,we measuredareasof theseland uses,adjustedto takeaccountof land
slope.To calculateslopeweusedthemappedtopographyto constructadigital elevationmodel(DEM), from
whichadigital terrainmodel(DTM) wasderived.TheDTM allowedusto increasepreviouslycalculatedland
useareasin proportionto the slope.Thesemethodsyieldedpercentages,for eachof the six setsof aerial
photographs,of areacoveredby eachlandusetype.

Changesin landuseweredetectedby comparingconsecutivephotographs.To summarizechangesweused
ARC/INFO to computea quantitywe call the total detectablechange.This computedvalue,expressedasa
percentageof the watershedarea,denotesthe total land usechangewithout regardfor the kind of change
(suchasachangefrom nativeforestto exoticforest).Wealsocomputedtherateof totaldetectablechangeby
dividing the total detectablechangeby theamountof time betweensuccessivephotographs.

Thesetotal changesare merely ‘detected’becauseeachwascomputedby comparingphotographsthat
showconditionsat thebeginningandendof a periodof time. Suchphotographsdo not necessarilyshowall
thelandusechangesthattookplacein this measurementperiod.As a result,weunavoidablyfailed to detect
manyof thelandusechangesthathaveoccurredin thewatershedof ChicadeSanPedroLakebetween1943
and1994.

RESULTS

Radiography

Radiographyshowsthe coresuitablefor measurementof sedimentationrates.As shownin Figure2A, the
corelacksobvioussignsof burrowing,or otherdisruption,thatcouldhaveredistributed210Pb,137Csor pollen
aftertheirdeposition.Instead,theentirecorecontainshorizontalstrataafew millimetresto about2 cmthick.

210Pb isotopeflux

Thetotal residualunsupported210Pbload in thecoreis 0�07569Bq cmÿ2. This load impliesa 210Pbflux
rateof 23�57Bq mÿ2 aÿ1; this flux rateis lowerthannormallyfoundin thenorthernhemisphere,asdiscussed
below.

Unsupported210Pb activity andchronologicalmodel

In a simple case,whereboth 210Pb fallout and sedimentationrate are constantthroughtime, the 210Pb

Figure 2. Radiograph,unsupported210Pb activity, chronological model, 137Cs activity, Pinus radiata concentration,sediment
accumulationrateandorganicmatterplottedagainstdepthin theChicadeSanPedroLake core
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activity in acoredeclinessmoothlywith depthfrom amaximumat thetopto aconstantvalue– thesupported
210Pbactivity – in equilibriumwith radiumin thesediments(Goldberg,1963;ApplebyandOldfield, 1978).
Underthesesimpleconditions,thedownwarddecreasein unsupported210Pbactivity is controlledsolelyby
theageof thedeposit,which controlsprogressivedecayof the 210Pb that hadaccumulatedasfallout.

In ourcore,unsupported210Pbactivity showsanoveralldecreasedownward(Figure2B). Interpretedwith
theCRSmodel,in which210Pbfallout doesnotchangewith time(seeMethods),thistrendimpliesthatthetop
15cm of thecorespansa little morethana century(Figures2C andD). Theearliestdateinferredfrom this
model,for deposits15cm belowthesurface,is 1883.For the top of thecore,we fit themodelto a dateof
1996–theyearthecorewastaken–andwecomputeintermediatedatesat1 cmintervals.Thisseriesof datesis
mostlyconsistentwith 137Csandpollendatain Figure2E andF, asdiscussedbelow.

Theunsupported210Pbprofile containsseveralfluctuationsthataresuperimposedontheoveralldownward
decreasein activity (Figure 2B). If 210Pb fallout is assumedconstant,thesefluctuations imply relative
changesof sedimentationrate(Figure2G). The relativeminima in 210Pbactivity imply relativemaximain
sedimentationratebecause,if constant210Pbfallout producesa constant210Pbflux to thelakebottom,rapid
sedimentationdilutesthe210Pbactivity (Battarbeeet al., 1985;Dearing1991;Olavi et al., 1990;Alvisi and
Frignani,1996).Thehighestpeakis definedby unsupportedactivity that is highestnot at thetop of thecore
but at a depthof severalcentimetres.Additional peaksarepresentlower in thesequence.

137Csandpollen testsof the 210Pb chronology

The profile of 137Cs activity is dominatedby a broadpeakthat agreesexactlywith datesinferred from
210Pb(Figure2E).Thelikely dateof this peakis 1963,when137Csreachedits maximumin theatmosphere.
The peakcorrespondsto the time between1961and1968 in the 210Pb chronology.The activity declines
above6 cm depthin the core,probablybecausealmostno 137Cs hasbeenaddedto the atmospheresince
signingof the test-bantreatyin 1963.

Thelowerpartof the137Csprofile, however,conflictswith the210Pbchronology.137Csremainsdetectable
to depthscorrespondingto 210Pb datesin the 1930s.These210Pb datesmay be about20 yearstoo old, for
atmospherictestingof nuclearweaponsproducedlittle 137Cs beforethe early 1950s.Alternatively, 137Cs
migratedseveralcentimetresdownwardby diffusion after deposition.Diffusion may havealsospreadthe
peakthat we assignto 1963,but it probablydid not movethat maximumupwardor downward.

Despitediscordancebetween210Pbdatesandthelowestpartof the137Csprofile, earlierdatesin the210Pb
chronologyareconsistentwith thelowestappearanceof P.radiatapollen(Figure2F).Thislowestpollen,ata
depthof 15–16cm,mayhavecomefrom thetreesintroducedin 1885.If so,thepollendatasupportthe210Pb
dateof 1883that we computedfor a depthof 15cm.

Sedimentationrates

Accordingwith the CRSmodel,net sedimentaccumulationhasvariedby an orderof magnitude,from
5 mgcmÿ2 aÿ1 in 1883to 60mgcmÿ2 aÿ1 in 1968(Figure2G).Changesin sedimentationratesshowthree
pulsesof sedimentationin the20thcentury.Thefirst beganlatein the19thcenturyandreachedits maximum
in thelate1940s(58mgcmÿ2 aÿ1). Anotherpulsebeganearlyin the1950s(24mgcmÿ2 aÿ1) andreachedits
maximumin thelate1960s(60mgcmÿ2 aÿ1). Themostrecenteventstartedaround1978(26mgcmÿ2 aÿ1)
andcontinuedinto the1990s,whenthemaximumwas52mgcmÿ2 aÿ1.

The depositionof 15cm of sedimentbetweenthe computeddateof 1883andthe core-topdateof 1996
givesa meansedimentationrateof 1�33mm aÿ1. Becausethe measuredmassof sedimentis equivalentto
3�35g for a column15cm tall and1 cm2 in horizontalcross-section,thecorrespondingmassaccumulation
rateaveragescloseto 30mgcmÿ2 aÿ1.

Organiccontent

All thesefiguresrefer to the sumof inorganicandorganicsediment.By measuringlosson ignition, we
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foundthatorganiccontentvarieslittle with depth– from 13 to 16 percentof dry weight in thetop 15cm of
thecore(Figure2H). Theminimum organiccontentof 13 percentcorrespondsto a modelageof 1968.

We convertedorganiccontentto organicsedimentationrateby applyingthe obtainedage-sedimentation
model.Theresultsshowthat theorganicsedimentationratewasnearlyconstantfor themodelyears1942–
1996(Figure3B, diagonalhatching).

Someof theorganicmatterprobablycamefrom thewatershed,while otherorganicmaterialwasprobably
producedwithin the lake,but theproportionsthat canbeassignedto thesesourcesareunknown.For these
reason,we emphasizethe inorganiccomponentof thesedimentyield from thewatershed.

Sedimentyield

We computedwatershedsedimentyield asS*AL/AW, whereS is thesedimentationrateat thecoresite,AL

theareaof theentirelakebed,andAW thewatershedareacorrectedfor landslope.Thissimplified approach,
from Dearinget al. (1987)andDearing(1991),dependson threeassumptionsstatedin theMethodssection.
Wemadethecomputationsfor thetop10cmof thecore,whichaccordingto our 210Pbdatingcorrespondsto
thetime between1942and1996.This periodcontainstheyearsof all theaerialphotographswith which we
measuredchangesin landuse.

Sedimentaccumulationrateandsedimentyield, bothplottedon a linear time scale,retainthesamethree
pulsesrecognizedin thedepthplot (Figure2G)butshowthattheywerebrief (Figure3B).Thefirst two peaks,
around1950 and 1970, lastedseveralyears; the third peak, in the 1990s,about sevenyears.All three
approached1 t haÿ1 aÿ1. Valuesbelowthemeanyield (0�5 t haÿ1 aÿ1) prevailedfor longerperiodsof time.

Organicmatter,whateverits origin, haslittle effect on thesepatterns.Becausethe accumulationrateof
organicmattervarieslittle with time,organicmattermerelyincreasesthetotal sedimentyield by avaluethat
is relatively small (0�1–0�2 t haÿ1 aÿ1) and nearly constant(Figure 3B). Consequently,the potential
production of organic matter within the lake createslittle uncertaintyabout sedimentyield from the
watershed.

Landusechanges

The watershedof Chica de SanPedroLake is dominatedby a ravine that drainsdirectly into the lake
(Figure3C). Thesteepestandhighestareasarelocatedin thesouthernheadwaters.Becauseof topographic
relief, thewatershedareacalculatedwith theDTM (4�8 km2) is 7 percentgreaterthantheplanararea.

Mostof thenativeforestin thewatershedhasdisappearedin thepast50years(TableI). In 1943,thedateof
our earliestair photos,nativeforestcovered70 percentof thearea,mainly in thesouth-centralpart of the
watershed.This landuseshrankto 13 percentby 1994.Concurrently,pineplantationsexpandedfrom 4 per
centin 1943to 46 percentin 1994.Becausetheseplantationshaveprogressivelyreplacednativeforest,the
watershedwasnevercompletelydeforestedin thepast50 years.

Land uses other than native and exotic forest show various tendencies.Between 1943 and 1994,
heterogeneousbushesrangedfrom a minimumof 19 percentin 1978to a maximumof 30 percentin 1955.
Deforestedareas,thoughlackingin 1943and1955,covered16 percentin 1961,14 percentin 1978,22 per
centin 1981,andjust8 percentin 1994.Theareaof grasslandwas4–5percentin all surveyedyearsthrough
1978;thereafter,grasslandcoveredjust 1 percentin 1981andwasabsentaltogetherin 1994.Theurbanand
residentiallandusebeganin 1961(1 percent)andreacheda maximumof 6 percentin 1981.

Landusechange,mappedto includeall themeasuredkindsof landusechange(thetotaldetectablechange
defined in the Methodssection),migratedprogressivelysouthwardin the steepestpart of the watershed
between1943and1994(Figure3CandD). Mostof thismigrationwasdueto thespreadof pineplantations,
that is, to theexpansionof exotic forestdescribedabove(TableI).

Theareaof total detectedchange,whensummedfor theentirewatershedandexpressedasapercentageof
theareaof thewatershed,rangesfrom 30percentfor thecomparisonbetween1943and1955air photos,to 64
per cent for the comparisonbetween1981and1994(arrowsanddots in Figure3E). The total detectable
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Figure 3. Precipitationrecord,sedimentationrate, sedimentyield, DEM, total detectablechangeand total detectablechangerate
plottedagainsttime

Copyright# 2001JohnWiley & Sons,Ltd. Earth Surf.Process.Landforms26, 63–76(2001)

LAND USE AND SEDIMENT YIELD IN CHILE 69



changefluctuatedbetween30 and40 per cent for the interveningcomparisons(1955and1961,1961and
1978,1978and1981).

As notedabove(seeMethods),thesepercentagesprobablyexcludemanylandusechangesthattookplace
during the years betweenphotographs.Such undetectedchangesprobably explain the inverse relation
betweentherateof total detectablechange(barsin Figure3E) andthelengthof time betweensuccessiveair
photos.Thelowestrate(2�5 percentaÿ1) wasobtainedfrom air photostaken17yearsapart,while thehighest
rate(13 percentaÿ1) comesfrom air photosjust threeyearsapart.

Relationshipsbetweensedimentyield and land use

We lookedfor relationshipsbetweensedimentyield inferred from the coreandthreekinds of land use
measurementsobtainedfrom air photos (Figure 4). Only the last one, total detectedchange,showsa
consistentrelationship.

Theestimatedsedimentyield appearsunrelatedto thefirst andmostbasicof ourmeasuresof landuse– the
percentageof thewatershedcoveredby eachof six typesof landuse(TableI). As shownin Figure4A–F,we
madea linear correlationanalysisbetweensedimentyield (from the sum of organicand inorganicrates;
Figure3B) andarealextentof differentlanduses(from theair photostakenin 1943,1955,1961,1978,1981
and1994).Sedimentyield mayberelatedto landusein just two cases:it tendsto increasewith areaof exotic
forest (Figure 4D; r2 = 0�44) and to decreasewith areaof grassland(Figure 4F; r2 = 0�36). But the small
samplesize(five snapshots)makeseventhesetrendsstatisticallyinsignificant.

Estimatedsedimentyield hasalsono obviouscorrelationwith the rate of total detectedchange– a rate
normalizedto the duration of the period betweenair photos(Figure 4G). The main causeof this non-
correlation may be failure to detect land use changesthat took place early in long periods between
photographs.Suchfailuremayexplainwhy theaveragerateof totaldetectedchangevariesinverselywith the
lengthof theperiodbetweenphotographs(asshownby theinverserelationshipbetweenthewidth andheight
of grey barsin Figure3E). For example,averageratesof detectedchangearelowestfor the long intervals
1943–1955and1961–1978(Figure3E). Theaveragerateis alsolow for the long interval1981–1994,even
thoughthat time coincideswith economicgrowthin Chile andimmediatelyfollows theperiod(1978–1981)
havingthehighestaveragerateof detectedchange.

Theestimatedsedimentyield apparentlytrackstotaldetectedchangein landuse,butonly if thatchangeis
expressedwithout regardfor thelengthof time duringwhich thechangeoccurred.Thissomewhatsurprising
relationshipis shownin Figure 3F, which comparessedimentyield (sum of organicand inorganicrates
selectedfrom Figure3B, replottedasgreybars)with thetotal detectedchange(from Figure3E; arrowsand
dots).For graphicsimplicity, thesedimentyield dataselectedfor Figure3F representonly thosefour 1 cm
coredepthintervalsthat,accordingto our 210Pbchronology,includetheair photoyears1955,1961,1978,
1981and1994 (Figure2D). The resultingcomparisonshowsthat sedimentyield increaseswith the total
detectedchange.This relationshipgivesan apparentlyhigh correlation(R2 = 0�95), but the samplesize is

Table I. SanPedrowatershedland-usepercentagesdeterminedfrom aerialphotographstakenin 1943,1955,1961,1978,
1981and1994

Landuse 1943 1955 1961 1978 1981 1994

Native forest 70�1 52�8 33�9 34�4 28�8 12�6
Bushes 21�6 30�2 24�8 18�7 28�5 28�5
Deforestedareas 0�0 0�0 15�7 14�1 21�7 8�1
Exotic forest 4�4 12�3 19�8 22�6 13�6 45�7
Urban-residential 0�0 0�0 1�3 4�9 6�1 5�1
Grassland 3�9 4�7 4�4 5�3 1�2 0�0
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small(Figure4H). Thereasonfor theapparentlyhighcorrelationis unclear.We speculatethattotal detected
changeis dominatedby changesthatoccurredlatein eachof thefive periodsbetweenair photos.We further
speculatethatwatershedsedimentyield c. 1955,1961,1978,1981and1994respondedmainly to theselate
changes.

IMPLICATIONS

Hemisphericcontrol of 210Pb flux in ChicadeSanPedroLake

Chica de SanPedroLake showsmuch lower 210Pb flux from the atmospherethan lakesin the northern

Figure4. Linear correlationanalysesbetweensedimentyield andland-usechangemeasures
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hemisphere.Our resultsimply a flux closeto 24 Bq mÿ2 aÿ1 nearthe coastof centralChile. By contrast,
studiesin thenorthernhemispherehaveshownrateshigherthan150Bq mÿ2 aÿ1 (Preisset al., 1996).

Relativeto thenorthernhemisphere,the low atmosphericflux of 210Pb in ChicadeSanPedroLakemay
resultfrom the low ratio of land to oceanin southernlatitudes.Atmospheric210Pb is producedby decayof
222Rn,andthis in turn is producedby 226Raoccurringin continentalrocks(ApplebyandOldfield, 1992).For
ChicadeSanPedroLake,andprobablyfor otherpartsof westernSouthAmericaaswell, thelow 210Pbflux
maybelimited by air massesfrom thePacificOcean.This maritimeair, which producesprecipitationin the
region,probablycarriesless210Pbthanair massesat northernlatitudes,wherecontinentscovermoreof the
Earth’ssurface.

Sedimentationrates

Theaveragesedimentationrateat ChicadeSanPedroLake(30mgcmÿ2 aÿ1) is higherthanmostof the
ratesreportedfrom other South and Central American lakes where sedimentationrateshave also been
estimatedfrom 210Pb.Amongeightsuchlakes,only two in Guatemalaandonein Bolivia haveyieldedrates
higherthan30mgcmÿ2 aÿ1 (Binford, 1983;Binford andBrenner,1986,1989;Binford etal., 1991;Brenner
and Binford, 1988; Brenneret al., 1990; Pourchetet al., 1994,1995).The lowest of the reportedratesis
9 mgcmÿ2 aÿ1 at LakeTiticacaandthehighestis 75mgcmÿ2 aÿ1 at LakeKotia, bothin Bolivia (TableII).
Nevertheless,comparedwith some northern hemispherelakes, Chica de San Pedro Lake has slow
sedimentation(TableIII). No suchdataareavailablefrom otherChileanlakes.

Sedimentyield comparisonwith otherwatersheds

The watershedof SanPedroLake resemblesseveralEuropeanwatershedsin the meansedimentyield
estimatedfrom lakedeposits.As inferredabove,theyield for theSanPedrowatershedhasa meanof 0�5 t
haÿ1 aÿ1 for thepast50years.By comparison,in asmallforestedbasinin southEngland,with ameanrainfall
of 674mm, erosionrateaveraged0�2 t haÿ1 aÿ1 in the20thcentury(Fosteret al, 1985);arounda Swedish
lake,sedimentyield increasedfrom 0�05 t haÿ1 aÿ1 undernaturalconditionsto 0�5 t haÿ1 aÿ1 in the 20th
century(Gaillardet al., 1991a);andat anotherSwedishlake,medievaldeforestationincreasedthesediment
yield from 0�25 to 0�86 and2�5 t haÿ1 aÿ1 (Dearinget al., 1987).

Thesedimentyield aroundSanPedroLakealsoresemblesyieldsestimatedfrom lakedepositsin Mexico.
There,erosionof thesurroundingwatershedacceleratedbeforetheSpaniardsarrived:this accelerationwas
dueto land useby theChuipı́carosandPurépechas;Europeanswerenot the first to degradeAmericansoil
(O’Haraet al., 1993).Theestimatedsedimentyield at this lakeincreasedfrom 0�05 t haÿ1 aÿ1 c. 3000years
agoto 0�13 t haÿ1 aÿ1 c. 1600yearsago,further to its modernvalueof 0�36 t haÿ1 aÿ1.

Table II. Sedimentationratesreportedfrom otherSouthandCentralAmericanlakeswherethe rateshavealsobeen
estimatedfrom 210Pb

Lake Country
Meansedimentation
rate(mgcmÿ2 aÿ1) Reference

Miragoane Haitı́ 11�0 BrennerandBinford, 1988
Chimaj Guatemala 15�0 Brenneret al., 1990
Chilonche Guatemala 47�0 Brenneret al., 1990
Quexil Guatemala 16�0 Deeveyet al., 1979
Yaxha Guatemala 38�0 Deeveyet al., 1979
Titicaca Bolivia 28�0 Pourchetet al., 1994
Titicaca Bolivia 9�0 Binford et al., 1991
Titicaca Bolivia 10�7 Binford andBrenner,1989
Kotia Bolivia 75�0 Pourchetet al., 1995
Jichhukota Bolivia 22�0 Pourchetet al., 1995
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Ourestimatesfurtheragreewith yieldsobtainedby averydifferentmethodappliedto averysimilarplace:
a watershedin a physicalsettinglike thatof SanPedroLake,just 60km to its southeast.For this watershed,
erosionrateswere deducedfrom topography,vegetationand precipitationwith the Universal Soil Loss
Equation(USLE; Oyarzún, 1997).The equationpredictsyields of 0�25 t haÿ1 aÿ1 for old-growth native
forest,0�52 t haÿ1 aÿ1 for second-growthnativeforest,and0�51 t haÿ1 aÿ1 for pineplantations.

Validity of assumptionsusedin estimatingsedimentyield

Thesesimilarities with otherwatershedsshowthat our sedimentyield estimatesfrom SanPedroLake,
thoughjust a first approximation,areprobablyaboutright. And evenif thevaluesaresystematicallywrong,
their main temporaltrendsareprobablyreal. Thereremain,however,questionsaboutthe assumptionson
which thevaluesarebased.

Accordingto our first assumption,thesedimentationratedoesnotvarywith locationin thelake.For lakes
havingbroad,gentlyslopingshallows,sedimentsuspendedby wavestendsto bedepositedpreferentiallyin
thecentralpart of the lake (focusingeffect); depositionis fastestwherethewateris deepest(Hilton, 1985;
Hilton et al., 1986;Evans,1991).By contrast,ChicadeSanPedroLakehasa broad,flat floor andnarrow,
steepsides(Figure1). Sucha shapetendsto promoteuniform depositionacrossthe lakebottom(Blais and
Kalff, 1995).

By thesecondassumption,all thesedimentsuppliedby thewatershedgoesimmediatelyinto the lake.In
reality,of course,thesedimentmaytakevariousamountsof timeto reachthelake.However,for theChicade
SanPedrowatershed,two points suggestthat the averagedelay is brief. First, the watershedhasrugged
topography(steepslopes,ravines,andmainly first-orderstreams;Figure3C) thatis likely to minimizedelay
from storageas alluvium. Second,the apparentlyhigh correlation betweentotal detectedchangeand
estimatedsedimentyield (Figures3F and 4H) implies an averagedelay of five or ten yearsat most (see
Relationshipsbetweensedimentyield andlandusein Resultssection).

Additional findings show that our estimatesof sedimentyield contain little uncertaintyfrom the third
assumption–thatall the sedimentdepositedin the lake, organic as well as inorganic, comesfrom the
watershed,not from the lake (Dearing,1991;Gaillard et al., 1991b).First, asshownabove(seeSediment
yield in Resultssection),organicmatterin ChicaSanPedroLake, thoughof largely unknownsource,has
little effecton estimatedtrendsin sedimentyield becausetheorganiccontentis nearlyconstant(Figures2H
and3B). Second,little of the inorganicfraction is likely to haveoriginatedin the lake, for biogenicsilica

Table III. Sedimentationratesreportedfrom somenorthernhemispherelakeswheretherateshavealsobeenestimated
from 210Pb

Lake Country
Meansedimentation
rate(mgcmÿ2 aÿ1) Reference

Erie USA, Canada 84�7 Kemptet al., 1974
Huron USA, Canada 15�7 Kemptet al., 1974
Erne Ireland 120�0 Olfield et al., 1978
Erne Ireland 130�0 Olfield et al., 1978
Llyn Peris England 270�0 Elner andWood,1980
Llyn Peris England 280�0 Elner andWood,1980
RostherneMere England 55�0 Elner andWood,1980
RostherneMere England 52�0 Elner andWood,1980
NewtonMere England 29�0 Elner andWood,1980
Mirwart Belgium 140�0 Oldfield et al., 1980
Mirwart Belgium 55�0 Oldfield et al., 1980
Mirwart Belgium 120�0 Oldfield et al., 1980
Ontario USA, Canada 45�2 Rowanet al., 1995
Blelham England 190�0 Van derPostet al., 1997
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makesupanaverageof 1�2 percent(dry weight)of thetop15cmof sedimentin acorenextto ours(Herrera,
2000).

Comparisonbetweensedimentyield andannualprecipitation

Theperiodsof highestsedimentyield donot correspondwith exceptionalannualamountsof precipitation
(Figure3A andB). As describedabove,annualprecipitationsince1940hasfluctuatedbetween1 and2 m aÿ1

without increasingor decreasingfor morethana few years.Thegraphof annualprecipitationthushasmany
peakswithoutanoveralltrend(Figure3A). All themaximain sedimentyield correspondwith oneor moreof
thesepeaks,but sodo theminima.

This comparisonis clouded by unavoidabledifferencesin temporal resolution. Unlike the annual
precipitationdatain Figure3A, theindividual estimatesfor sedimentyield spanperiodsaslong astenyears
(Figure3B).

Trendsin sedimentyield and land use

Like annualprecipitationmeasuredin SanPedroCounty,sedimentyield estimatedfrom ourcoreshowsno
overall increasesince1940(Figure3A andB). This rathersteadyyield at first seemssurprisingbecauseit
occurredwhile theareaof nativeforestdeclineddrastically,from 70to 13percentof thewatershedbetween
1943and1994(TableI).

The replacementof native forestby pine plantationsmay explain this surprisingresult.As notedin the
Resultssection,promptplantingof pineslimited the durationandextentof deforestationin the SanPedro
Lakewatershed.Suchoverallmaintenanceof forestcovermaysimilarly explainthepoorcorrelationbetween
landusetypeandsedimentyield (Figure4A–F).

Nevertheless,land usechangesdetectedon air photosdo appearto haveinfluencedsedimentyield, as
shownby its correlationwith total detectablechange(Figures3F and4H). Perhapsthecontrolling factor is
changeitself, ratherthanthekindsof landusebeforehandandafterwards.Thereremains,however,thepuzzle
of howtotaldetectablechangepredictserosionsosuccessfullywithoutaccountingfor additionalchangesthat
probablytook placein long intervalsbetweenair photos.

ACKNOWLEDGEMENTS

Theauthorsaregratefulto Michel Pourchet(LaboratoiredeGlaciologieetGeophysiquedel’Environnement,
CNRS, France)for the 210Pb analysis,to Igor Tomicic, OsvaldoPiñones,HumbertoOyarce(Comisión
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AcademiedesSciences,Paris 320: 477–482.
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