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ABSTRACT

Sedimentyield inthe 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 &okefod mountainous

terrain in San Pedro County, central Chile, the area of native forest species decreased from 70 per centin 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, we took a core from the centre of the lake and estimated sedimentationTakisigting, which we checked with
137Csand pine pollen. The results show that sedimentation rate ranged from 5 g ¢rim the late 1800s to 60 mg cm

a '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 T'zha. 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. Copyright2001 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; Dixit
al., 1995; Millspaugh and Whitlock, 1995; Auet al.,, 1996; Spliethoff and Hemond, 1996; Van der Patst
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
21%p 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 (Batteebak, 1985; Dearing, 1991; Appleby and
Oldfield, 1992; Boer, 1994; Van der Patal, 1997). In this paper we quantify the sediment yield in a small
disturbed lacustrine watershed by dating lake-bottom deposits®fftb. We check the dates wiffi’Cs
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

Chicade SanPedroLake (36°51'S, 73°05W) is locatedin SanPedroCounty, central Chile, besidethe
Biobio floodplain closeto the Pacific Ocean(Figure 1). The lake is borderedby mountainscomposecbf
metamorphicocks exceptto the northwestwherethe lake is impoundedby fluvial sedimentof basaltic
composition(Aguirre etal., 1972).Thedrainagebasinof thelakecovers4-5 km?. Thelakehasasurfacearea
of 0-87 km?, a maximumdepthof 18 m andan averagedepthof 103 m (Parraet al., 1976; Parra1989).

The floor of Chicade SanPedroLake hassteepslopeson its west,southandeastsides(Figure 1). The
northernsideis lessabrupt.The centralpartof thelakefloor is nearlyflat. Thesebathymetriccharacteristics
reflect the geomorpholgical evolution of the lake: soonafter the last glaciation,a ravine was blockedby
sedimenof the Biobio River,andtheresultinglake hasbeenlargelyfilled, in Holocenetime, with sediments
derivedfrom Chicade SanPedrowatershedCisternasetal., 1997).

Many historicalhumanactivitieshaveaffectedthelakeandits watershedclear-cuttingof the nativeforest,
raisingof wheat,introductionof exotictrees,andurbanization(Cisternast al., 1999).In the past50 years,
someof this land usehasbeeninfluencedby economicpoliciesof the ChileangovernmentReplacemenof
nativeforestby pine plantationswhich beganin the late 1800s,acceleratedn the 1930sundera national
economicpolicy to developthe forestryin central Chile (Morales,1989; Unda and Ravera,1994). Such
plantationsmanyof which replacedhativeforestssoonafterthe nativetreeswerelogged,wereestablished
without specialpreparatiorof the soils or slopes(Morales,1989).

Thetime of thesechangesncludesthetime recordedoy our core(seeresultsbelowandFigure2) andthe
periodof recordfor precipitationin nearbySanPedroCounty (Figure3A). In the past50 years,the annual
precipitationwasin the rangedof 1-2m a * andaveragedl-55m a *. The annualprecipitationfluctuated
throughoutthis time without overall trendslongerthana few years.
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Figure 1. Locationof studyarea,bathymetricmapandcoring site
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METHODS

Samplingand laboratory analysis

A coresample50cm long and6 cm in diameterwasobtainedin 1996by scubadiving from the centraland
deepespartof the Chicade SanPedroLake (Figurel). First,thecorewasX-rayedto checkfor biologicalor
physicaldisturbancealack of which simplifiestheisotopeandpollenanalysis Then,the corewasextruded
vertically andcutinto 1 cmslices.Eachsuchslicewasanalysedby standardanethodsfor dry density(drying
at 105 °C) andorganiccarbon(losson ignition at 550 °C).

The?'%b (half-life: 22-3 years)activity of eachslicewascalculatedrom the measuredctivity of its first
daughteiisotope,?*%Po (half-life: 1384 days),by meansof alphaspectrometrfHasanen1977).Supported
21%p(theamountin equilibriumwith radiumin thesedimenmatrix) wasestimatedrom the**%Poactivity of
the threelowestslices;theseslicesshowednearlyidentical activities.

To checkthe ?*%b dates,the sampleswere also analysedfor **’Cs. Atmospherictesting of nuclear
weaponsn the 1950sandearly 1960sproducedhis isotope which hasa half-life of 32 years.It reachedts
maximumatmospheri@activity in 1963,just beforesigningof thetest-bartreaty(Wanetal., 1987;Robbins
etal., 1990).To measuré>’Csthatbecaméncorporatedn the samplesyve useda gamma-rayspectrometer
with a solid stateGe(Li) detector(Pifonesand Tomicic, 1995).

Pinepollenwasanalysedo providea furthercheckon the **®Pbchronology.Chile lackedpinetreesuntil
Pinusradiata D. Don wasintroducedtherenearthe closeof the 19th century.In SanPedroCounty,a coal
mining companybegarwidespreaglantingof P. radiatain 1885(Aztorquiza,1929;Contessel987;Millan
and Carrasco,1993; Donosoand Lara, 1996). Later, in the 1930s,the plantationswere spreadfurther,
throughoutsouth-centraChile, asapolicy of the nationalgovernmen{Contesse] 987).Becausehis history
makespine pollenat Chicade SanPedroLake no olderthanthe 1880s the lake’s depositof aboutthatage
shouldcontainthe deepesP. radiata pollen. Accordingly, we lookedfor pine pollenin 1 g of dry sediment
from eachslice of the core.To separatéhe pollenfrom the sedimenimatrix we usedstandarcalynological
techniquegFaegriandiversen,1975;Dupre 1992),andto measureoncentrationsf thepollen,in grainsper
gram,we usedthe methodsof Anderson(1974)andKemptetal. (1974).

Calculationof sedimentatiomatesand sedimentyield

Agesandsedimentatiomatesweredeterminedrom *!®Pbactivity by meanof the CRS(ConstanRateof
Supply)model.In this model, the supplyof 2*%b from the atmosphereloesnot vary with time (Goldberg,
1963;Appleby andOldfield, 1978,1992).

To estimatesedimeniyield from the watershedwe considerech methodproposedy Dearing(Dearinget
al., 1987; Dearing, 1991). In its simplestform, this methodis basedon three assumptionghat are not
necessarilyalid for Chicade SanPedroLake: (1) the sedimentatiomate doesnot vary with locationin the
lake; (2) all the sedimentsuppliedby the watersheds depositedn thelake, no sedimenis storedin transit;
(3) all thesedimentdepositedn thelake,organicaswell asinorganic,comesfrom in thewatershednoneof
the sedimenis producedwithin the lake itself.

We appliedthis methodin two ways:with andwithouta correctionintendedo obviateassumptior{3). To
makethe correction,we subtractedhe organicfraction measuredy losson ignition, to obtaintheyield of
inorganicsedimenbnly. We alsocalculateda total sedimentyield thatincludesorganicsedimentwhatever
its source.

Measuremenof land usechanges

SanPedrowatershedandusepatternsveredeterminedrom aerialphotographsakenin 1943,1955,1961,
1978,1981and1994.To outlinethewatershean the photographsye usedtopographianapswith a scaleof
1:10000anda contourinterval of 10 m thatwe adjustedo the photograptscalesThen,usingthe six setsof
aerialphotographsye mappedsix categorie®f landuse:nativeforest,bushesgeforestedreasexoticforest
(pine plantation),urban-residentiaand grassland.
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Figure 2. Radiograph,unsupported®%b activity, chronologicalmodel, **'Cs activity, Pinus radiata concentration,sediment
accumulatiorrate and organicmatterplotted againstdepthin the Chicade SanPedroLake core

Using ARC/INFO GIS software,we measuredireasof theseland uses,adjustedto take accountof land
slope.To calculateslopewe usedthe mappedopographyto constructadigital elevationmodel(DEM), from
whichadigital terrainmodel(DTM) wasderived. TheDTM allowedusto increasepreviouslycalculatedand
useareasin proportionto the slope.Thesemethodsyielded percentagedpr eachof the six setsof aerial
photographsof areacoveredby eachland usetype.

Changedn landuseweredetectedy comparingconsecutivgphotographsto summarizeehangesve used
ARC/INFO to computea quantitywe call the total detectablechange This computedvalue,expressedsa
percentagef the watershedarea,denoteghe total land usechangewithout regardfor the kind of change
(suchasachangdrom nativeforestto exoticforest).We alsocomputedherateof total detectablehangedy
dividing the total detectablechangeby the amountof time betweensuccessiv@hotographs.

Thesetotal changesare merely ‘detected’ becauseeachwas computedby comparingphotographghat
showconditionsat the beginningandendof a periodof time. Suchphotographslo not necessarilyshowall
theland usechangeghattook placein this measurementeriod.As aresult,we unavoidablyfailed to detect
manyof theland usechangeshathaveoccurredn thewatershewf Chicade SanPedroLake betweeril943
and1994.

RESULTS

Radiography

Radiographyshowsthe core suitablefor measuremendf sedimentatiorrates.As shownin Figure 2A, the
corelacksobvioussignsof burrowing,or otherdisruption thatcouldhaveredistributed°Pb,**'Csor pollen
aftertheir depositionlnsteadtheentirecorecontainshorizontalstrataa few millimetresto about2 cmthick.

21%p isotopeflux

Thetotal residualunsupported*®bloadin the coreis 0-07569Bq cm 2. This loadimplies a ?*%Pb flux
rateof 2357Bqm 2 a *; thisflux rateis lowerthannormallyfoundin thenorthernhemisphereasdiscussed
below.

Unsupported*%b activity and chronologicalmodel
In a simple case,whereboth ?%Pb fallout and sedimentatiorrate are constantthroughtime, the 2*%b
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activity in acoredeclinessmoothlywith depthfrom amaximumatthetopto aconstanwalue—thesupported
21%pactivity —in equilibriumwith radiumin the sediment{Goldberg,1963; ApplebyandOldfield, 1978).

Underthesesimple conditions the downwarddecreasén unsupported*%Pb activity is controlledsolely by

the ageof the deposit,which controlsprogressivalecayof the 29Pbthat hadaccumulatedsfallout.

In our core,unsupported*®Pbactivity showsanoveralldecreaselownward(Figure2B). Interpretedwith
the CRSmodel,in which?*%bfallout doesnotchangewith time (seeMethods)this trendimpliesthatthetop
15cm of the corespansa little morethana century(Figures2C andD). The earliestdateinferredfrom this
model,for depositsl5cm belowthe surface,is 1883.For the top of the core,we fit the modelto a dateof
1996-theyearthecorewastaken—andve computentermediatedatesat 1 cmintervals.This seriesof dateds
mostly consistenwith **’Csandpollen datain Figure 2E andF, asdiscussedelow.

Theunsupported'*Pbprofile containsseverafluctuationsthataresuperimposedntheoveralldownward
decreasdn activity (Figure 2B). If 2%b fallout is assumedconstant,thesefluctuationsimply relative
change®f sedimentationate (Figure2G). The relative minimain 2*%b activity imply relative maximain
sedimentatiomatebecauseif constant*®Pbfallout producesa constant*®Pbflux to the lake bottom,rapid
sedimentatiorlilutesthe 2!%Pb activity (Battarbeeet al., 1985;Dearing1991;Olavi etal., 1990;Alvisi and
Frignani,1996).The highestpeakis definedby unsupportedctivity thatis highestnot at thetop of thecore
but at a depthof severalcentimetresAdditional peaksare presenfower in the sequence.

137Csandpollentestsof the 2%Pb chronology

The profile of *'Cs activity is dominatedby a broadpeakthat agreesexactly with datesinferred from
21%p (Figure2E). Thelikely dateof this peakis 1963,when'*’Csreachedts maximumin theatmosphere.
The peakcorrespondso the time between1961 and 1968in the #!%Pb chronology.The activity declines
above6 cm depthin the core, probablybecauselmostno **'Cs hasbeenaddedto the atmospheresince
signingof the test-bartreatyin 1963.

Thelower partof the**'Csprofile, however conflictswith the**®Pbchronology :*‘Csremainsdetectable
to depthscorrespondindo **°Pb datesin the 1930s.These?'°Pb datesmay be about20 yearstoo old, for
atmospheridestingof nuclearweaponsproducediittle **’Cs beforethe early 1950s.Alternatively, **'Cs
migratedseveralcentimetresdownwardby diffusion after deposition.Diffusion may havealso spreadthe
peakthatwe assignto 1963,but it probablydid not movethat maximumupwardor downward.

Despitediscordancdetweerf*®Pbdatesandthe lowestpartof the *'Csprofile, earlierdatesin the**%b
chronologyareconsistentvith thelowestappearancef P. radiata pollen(Figure2F). Thislowestpollen,ata
depthof 15-16cm, mayhavecomefrom thetreesintroducedn 1885.If so,the pollendatasupporthe °Pb
dateof 1883thatwe computedfor a depthof 15cm.

Sedimentatiomates

Accordingwith the CRS model, net sedimentaccumulatiorhasvaried by an order of magnitude from
5mgcm 2a tin 1883to 60mgem 2 a tin 1968(Figure2G). Changesn sedimentatiomatesshowthree
pulsesof sedimentation the20thcentury.Thefirst beganatein the 19thcenturyandreachedts maximum
in thelate 1940s(58 mgcm 2 a 2). Anotherpulsebegarearlyin the 1950524 mgcm 2 a 1) andreachedts
maximumin thelate 1960s(60mgcm 2 a %). Themostrecenteventstartedaround1978(26 mgcm 2a %)
andcontinuedinto the 1990s,whenthe maximumwas52mgcm 2 a .

The depositionof 15cm of sedimentbetweenthe computeddateof 1883 andthe core-topdateof 1996
givesa meansedimentatiorrate of 1.33mm a *. Becausghe measurednassof sediments equivalentto
3-35¢g for acolumn15cmtall and1 cm? in horizontalcross-sectionthe correspondingnassaccumulation
rateaveragesloseto 30mgem 2 a *.

Organic content
All thesefiguresreferto the sumof inorganicand organicsedimentBy measuringosson ignition, we
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foundthatorganiccontentvarieslittle with depth—from 13to 16 percentof dry weightin thetop 15cm of
the core (Figure 2H). The minimum organiccontentof 13 per centcorrespondso a modelageof 1968.

We convertedorganiccontentto organicsedimentatiorrate by applyingthe obtainedage-sedimentation
model. The resultsshowthatthe organicsedimentatiomate wasnearly constantfor the modelyears1942—
1996 (Figure 3B, diagonalhatching).

Someof theorganicmatterprobablycamefrom the watershedwhile otherorganicmaterialwasprobably
producedwithin the lake, but the proportionsthat canbe assignedo thesesourcesare unknown.For these
reasonwe emphasizehe inorganiccomponenbf the sedimentyield from the watershed.

Sedimenyield

We computedvatershededimentyield asS A /Ay, whereSis the sedimentationateat the coresite, A
theareaof theentirelake bed,andA,y, thewatershedireacorrectedor landslope.This simplified approach,
from Dearingetal. (1987)andDearing(1991),depend®n threeassumptionstatedin the Methodssection.
We madethe computationgor thetop 10 cm of the core,which accordingto our >*%Pbdatingcorrespondso
thetime betweenl942and1996.This periodcontainsthe yearsof all the aerialphotographsvith which we
measureathangesn land use.

Sedimentaccumulatiorrateandsedimentyield, both plottedon alineartime scale retainthe samethree
pulsesecognizedn thedepthplot (Figure2G) butshowthattheywerebrief (Figure3B). Thefirst two peaks,
around 1950 and 1970, lasted severalyears;the third peak,in the 1990s,about sevenyears.All three
approached t ha * a*. Valuesbelowthe meanyield (0-5t ha * a %) prevailedfor longerperiodsof time.

Organicmatter,whateverits origin, haslittle effecton thesepatternsBecauseahe accumulatiorrate of
organicmattervarieslittle with time, organicmattermerelyincreaseshetotal sedimenyield by avaluethat
is relatively small (0-1-02 t ha™* a %) and nearly constant(Figure 3B). Consequentlythe potential
production of organic matter within the lake createslittle uncertainty about sedimentyield from the
watershed.

Land usechanges

The watershedf Chicade SanPedroLake is dominatedby a ravine that drainsdirectly into the lake
(Figure3C). The steepesandhighestareasarelocatedin the southerrheadwatersBecauseof topographic
relief, the watershedareacalculatedwith the DTM (4-8 km?) is 7 per centgreaterthanthe planararea.

Mostof thenativeforestin thewatershedhasdisappearedh thepastSOyears(Tablel). In 1943 thedateof
our earliestair photos,nativeforestcovered70 per centof the area,mainly in the south-centrapart of the
watershedThis land useshrankto 13 percentby 1994.Concurrently pine plantationsexpandedrom 4 per
centin 1943to 46 percentin 1994.Becausdheseplantationshaveprogressivelyeplacedativeforest,the
watershedvasnevercompletelydeforestedn the past50 years.

Land uses other than native and exotic forest show various tendencies.Between 1943 and 1994,
heterogeneousushegangedfrom a minimumof 19 percentin 1978to a maximumof 30 percentin 1955.
Deforestedareasthoughlackingin 1943and1955,coveredl6 percentin 1961,14 percentin 1978,22 per
centin 1981,andjust8 percentin 1994.Theareaof grasslandvas4—5percentin all surveyedyearsthrough
1978;thereaftergrasslanaoveredust 1 percentin 1981andwasabsentltogetheiin 1994.Theurbanand
residentialland usebeganin 1961 (1 per cent)andreacheda maximumof 6 percentin 1981.

Landusechangemappedo includeall themeasuredindsof landusechangegthetotal detectablehange
definedin the Methodssection),migratedprogressivelysouthwardin the steepespart of the watershed
betweerl943and1994(Figure3C andD). Most of this migrationwasdueto the spreadf pine plantations,
thatis, to the expansiorof exotic forestdescribedabove(Tablel).

Theareaof total detectecchangewhensummedor the entirewatershedndexpressedsa percentagef
theareaof thewatershedsangesrom 30 percentfor thecomparisorbetweerl943and1955air photosto 64
per centfor the comparisonbetweenl1981 and 1994 (arrowsand dotsin Figure 3E). The total detectable
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Tablel. SanPedrowatershedand-usepercentagedeterminedrom aerialphotographsakenin 1943,1955,1961,1978,

1981and1994
Landuse 1943 1955 1961 1978 1981 1994
Native forest 701 528 339 344 288 126
Bushes 216 302 24.8 187 285 285
Deforestedareas 0-0 0-0 157 141 21.7 81
Exotic forest 4.4 123 198 22:6 136 457
Urban-residential 0.0 0.0 13 4.9 61 51
Grassland 39 4.7 4.4 53 1.2 0.0

changefluctuatedbetween30 and 40 per centfor the interveningcomparisong1955and 1961,1961and
1978,1978and1981).

As notedabove(seeMethods) thesepercentageprobablyexcludemanyland usechangeshattook place
during the years betweenphotographs Such undetectedchangesprobably explain the inverserelation
betweertherateof total detectableehanggbarsin Figure3E) andthelengthof time betweersuccessivair
photos Thelowestrate(2.5 percenta ') wasobtainedrom air photostaken17 yearsapartwhile thehighest
rate (13 percenta ') comesfrom air photosjust threeyearsapart.

Relationshipetweersedimenyield and land use

We lookedfor relationshipshetweensedimentyield inferred from the core andthreekinds of land use
measurementsbtainedfrom air photos (Figure 4). Only the last one, total detectedchange,showsa
consistentelationship.

Theestimatedsedimenyield appearsinrelatedo thefirst andmostbasicof ourmeasuresf landuse—the
percentagef thewatershedoveredby eachof six typesof landuse(Tablel). As shownin Figure4A—F,we
madea linear correlationanalysisbetweensedimentyield (from the sum of organicandinorganicrates;
Figure3B) andarealextentof differentlandusegfrom theair photostakenin 1943,1955,1961,1978,1981
and1994).Sedimenyield mayberelatedto landusein justtwo casesit tendsto increasewith areaof exotic
forest (Figure 4D; r® = 0-44) and to decreasevith areaof grasslandFigure 4F; r? = 0-36). But the small
samplesize (five snapshotsinakeseventhesetrendsstatisticallyinsignificant.

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 detectland use changesthat took place early in long periods between
photographsSuchfailure mayexplainwhy theaverageateof total detectedchangevariesinverselywith the
lengthof theperiodbetweerphotographgasshownby theinverserelationshipbetweerthewidth andheight
of greybarsin Figure 3E). For example averageratesof detectedchangeare lowestfor the long intervals
1943-1955nd1961-1978Figure 3E). The averageateis alsolow for the long interval 1981-1994even
thoughthattime coincideswith economicgrowthin Chile andimmediatelyfollows the period(1978-1981)
havingthe highestaveragerate of detectedchange.

Theestimatedsedimentyield apparentlyirackstotal detectecchangen landuse butonly if thatchangds
expressedvithoutregardfor the lengthof time duringwhich the changeoccurred.This somewhasurprising
relationshipis shownin Figure 3F, which comparessedimentyield (sum of organicand inorganicrates
selectedrom Figure 3B, replottedasgrey bars)with the total detectecchange(from Figure 3E; arrowsand
dots).For graphicsimplicity, the sedimentyield dataselectedor Figure 3F represenbnly thosefour 1 cm
coredepthintervalsthat, accordingto our “*%b chronology,includethe air photoyears1955,1961,1978,
1981 and 1994 (Figure 2D). The resultingcomparisorshowsthat sedimentyield increaseswith the total
detectedchange This relationshipgives an apparentlyhigh correlation(R? = 0-95), but the samplesizeis
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Figure4. Linear correlationanalysesdetweensedimentyield andland-usechangemeasures

small(Figure4H). Thereasorfor the apparentlyhigh correlationis unclear We speculateéhattotal detected
changds dominatedby changeshatoccurredate in eachof thefive periodsbetweenair photos We further

speculatghat watershedsedimentyield c. 1955,1961,1978,1981and1994respondednainly to theselate

changes.

IMPLICATIONS

Hemispheriacontrol of 2%Pb flux in Chicade SanPedroLake
Chica de SanPedroLake showsmuch lower 2*%b flux from the atmosphereghan lakesin the northern
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hemisphereOur resultsimply a flux closeto 24 Bqm~2 a * nearthe coastof centralChile. By contrast,

studiesin the northernhemispheréhaveshownrateshigherthan150Bqm=2 a* (Preisset al., 1996).

Relativeto the northernhemispherethe low atmospheridlux of >*%Pbin Chicade SanPedroLake may
resultfrom the low ratio of landto oceanin southernatitudes.Atmospheric?*®Pbis producedby decayof
222Rn,andthisin turnis producedy ?®Raoccurringin continentarocks(ApplebyandOldfield, 1992).For
Chicade SanPedroLake, andprobablyfor otherpartsof westernSouthAmericaaswell, thelow 2*Pbflux
may be limited by air masse$rom the Pacific Ocean.This maritimeair, which producesprecipitationin the
region,probablycarriesless**Pbthanair massesit northernlatitudes,wherecontinentscovermoreof the
Earth'ssurface.

Sedimentatiomates

The averagesedimentatiomate at Chicade SanPedroLake (30mgcm 2 a %) is higherthanmostof the
ratesreportedfrom other South and Central American lakes where sedimentatiorrateshave also been
estimatedrom #*%Pb. Amongeightsuchlakes,only two in Guatemalandonein Bolivia haveyieldedrates
higherthan30mgcm~2 a * (Binford, 1983;Binford andBrenner,1986,1989;Binford etal., 1991;Brenner
and Binford, 1988; Brenneret al., 1990; Pourchetet al., 1994,1995).The lowest of the reportedrate3|s
9mgcm 2a 1 atLake Titicacaandthe highestis 75mg cm 2 a ! atLakeKotia, bothin Bolivia (Tablell).
Nevertheless,comparedwith some northern hemispherelakes, Chica de San Pedro Lake has slow
sedimentatior(Tablelll). No suchdataareavailablefrom otherChileanlakes.

2

Sedimenyield comparisorwith other watersheds

The watershedf SanPedroLake resembleseveralEuropearwatershedsn the meansedimentyield
estimatedrom lake deposits As inferredabove theyield for the SanPedrowatershechasa meanof 0-5 t
ha *a * for thepast50years By comparisonin asmallforestecbasinin southEnglandwith ameanrainfall
of 674mm, erosionrateaveraged-2 t ha * a * in the 20th century(Fosteret al, 1985);arounda Swedish
lake, sedimentyield increasedrom 0-05t ha o a ! undernaturalconditionsto 0-5 t ha* a * in the 20th
century(Gaillardetal., 1991a);andat anotherSwedlsHake med|evaldeforestat|onncreasecthesediment
yield from 0-25t0 0-86 and2-5t ha * a * (Dearinget al., 1987).

Thesedimentyield aroundSanPedroLake alsoresembleslleldsestimatedrom lake depositsn Mexico.
There,erosionof the surroundingwvatershedacceleratedeforethe Spaniardsarrived:this acceleratiorwas
dueto land useby the Chuipicarosand PureoechasEuropeansverenot the first to degradeAmericansoll
(O’'Haraetal., 1993).Theestimatedsedimentyield at this lakeincreasedrom 0-05t ha * a~* c. 3000years
agoto 0-13t ha'alc 1600yearsago,furtherto its modernvalueof 0-36 t ha * a ™.

Tablell. Sedimentatiorratesreportedfrom other Southand Central Americanlakeswherethe rateshavealso been
estimatedrrom 21%b

Meansedimentation

Lake Country rate(mgcm 2a %) Reference
Miragoane Haiti 110 BrennerandBinford, 1988
Chimaj Guatemala 150 Brenneret al., 1990
Chilonche Guatemala 47.0 Brenneret al., 1990
Quexil Guatemala 160 Deeveyetal., 1979
Yaxha Guatemala 380 Deeveyetal., 1979
Titicaca Bolivia 280 Pourchetetal., 1994
Titicaca Bolivia 9.0 Binford etal., 1991
Titicaca Bolivia 107 Binford andBrenner,1989
Kotia Bolivia 750 Pourchettal., 1995
Jichhukota Bolivia 22.0 Pourchettal., 1995

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



LAND USEAND SEDIMENT YIELD IN CHILE 73

Tablelll. Sedimentatiomatesreportedfrom somenorthernhemispherdakeswherethe rateshavealsobeenestimated

from 21%Pp
Meansedimentation

Lake Country rate(mgem 2 a %) Reference
Erie USA, Canada 847 Kemptetal., 1974
Huron USA, Canada 157 Kemptetal., 1974
Erne Ireland 1200 Olfield etal., 1978
Erne Ireland 1300 Offield et al., 1978
Llyn Peris England 2700 ElnerandWood, 1980
Llyn Peris England 2800 ElnerandWood, 1980
RostherneMere England 550 ElnerandWood, 1980
RostherneMere England 520 ElnerandWood, 1980
NewtonMere England 290 ElnerandWood, 1980
Mirwart Belgium 1400 Oldfield et al., 1980
Mirwart Belgium 550 Oldfield etal., 1980
Mirwart Belgium 1200 Oldfield et al., 1980
Ontario USA, Canada 452 Rowanetal., 1995
Blelham England 1900 Van der Postet al., 1997

Ourestimategurtheragreewith yieldsobtainedoy avery differentmethodappliedto avery similar place:
awatershedn a physicalsettinglike thatof SanPedroLake, just 60 km to its southeastf-or this watershed,
erosionrateswere deducedfrom topography,vegetationand precipitationwith the Universal Soil Loss
Equation(USLE; OyarZn, 1997). The equationpredictsyields of 0-25t ha * a* for old-growth native
forest,0.52t ha ' a * for second-growtmativeforest,and0-51t ha * a~* for pine plantations.

Validity of assumptionsisedin estimatingsedimentyield

Thesesimilarities with other watershedshowthat our sedimentyield estimatesrom SanPedroLake,
thoughjust afirst approximationare probablyaboutright. And evenif thevaluesaresystematicallywrong,
their main temporaltrendsare probablyreal. Thereremain,however,questionsaboutthe assumption®n
which the valuesarebased.

Accordingto ourfirst assumptionthe sedimentatiomatedoesnot vary with locationin thelake.Forlakes
havingbroad,gently slopingshallows,sedimensuspendethy wavestendsto be depositedoreferentiallyin
the centralpart of the lake (focusingeffect); depositionis fastestwherethe wateris deepes{Hilton, 1985;
Hilton etal., 1986;Evans,1991).By contrast,Chicade SanPedroLake hasa broad,flat floor andnarrow,
steepsides(Figure1). Sucha shapetendsto promoteuniform depositionacrosshe lake bottom (Blais and
Kalff, 1995).

By the secondassumptionall the sedimentsuppliedby the watershedyoesimmediatelyinto the lake. In
reality, of coursethesedimentnaytakevariousamountf timeto reachthelake.However for the Chicade
SanPedrowatershediwo points suggestthat the averagedelay is brief. First, the watershechasrugged
topography(steepslopesyravines,andmainly first-orderstreamsfFigure3C) thatis likely to minimize delay
from storageas alluvium. Second,the apparentlyhigh correlation betweentotal detectedchangeand
estimatedsedimentyield (Figures3F and 4H) implies an averagedelay of five or ten yearsat most(see
Relationshipdetweensedimentyield andland usein Resultssection).

Additional findings show that our estimatesof sedimentyield containlittle uncertaintyfrom the third
assumption—thaall the sedimentdepositedin the lake, organic as well as inorganic, comesfrom the
watershednot from the lake (Dearing,1991; Gaillard et al., 1991b).First, as shownabove(seeSediment
yield in Resultssection),organicmatterin ChicaSanPedroLake, thoughof largely unknownsource has
little effecton estimatedrendsin sedimentyield because¢he organiccontentis nearlyconstan{Figures2H
and3B). Secondittle of the inorganicfractionis likely to haveoriginatedin the lake, for biogenicsilica
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makesup anaverageof 1-2 percent(dry weight) of thetop 15 cm of sedimenin a corenextto ours(Herrera,
2000).

Comparisorbetweersedimentyield and annual precipitation

The periodsof highestsedimentyield do not correspondvith exceptionabnnualamountsof precipitation
(Figure3A andB). As describedibove annualprecipitationsince1940hasfluctuatedbetweerl and2 ma*
withoutincreasingor decreasindgor morethanafew years.The graphof annualprecipitationthushasmany
peakswithoutanoveralltrend(Figure3A). All themaximain sedimeniyield corresponavith oneor moreof
thesepeaks but so do the minima.

This comparisonis clouded by unavoidabledifferencesin temporal resolution. Unlike the annual
precipitationdatain Figure3A, theindividual estimatedor sedimentyield spanperiodsaslong astenyears
(Figure 3B).

Trendsin sedimenyield andland use

Like annualprecipitationmeasuredn SanPedroCounty,sedimentield estimatedrom our coreshowsno
overallincreasesince1940(Figure 3A andB). This rathersteadyyield at first seemssurprisingbecauset
occurredwhile theareaof nativeforestdeclineddrastically,from 70to 13 percentof thewatershedetween
1943and 1994 (Tablel).

The replacemenbf native forestby pine plantationsmay explainthis surprisingresult. As notedin the
Resultssection,promptplanting of pineslimited the durationand extentof deforestatiorin the SanPedro
LakewatershedSuchoverallmaintenancef forestcovermaysimilarly explainthe poorcorrelationbetween
land usetype andsedimentyield (Figure4A—F).

Neverthelessland usechangedetectedon air photosdo appearto haveinfluencedsedimentyield, as
shownby its correlationwith total detectablechange(Figures3F and4H). Perhapghe controlling factoris
changatself, ratherthanthekindsof landusebeforehandndafterwardsThereremainshoweverthepuzzle
of howtotal detectablehangepredictserosionsosuccessfullywithoutaccountingor additionalchangeshat
probablytook placein long intervalsbetweenair photos.
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