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Entrainment and depositionof bouldersin a gravel bedriver
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Abstract.

We proposea newmethodto characterizdoedloadiransportin rivers. Usinga droneequippedwith a high resolutioncamera,
werecorded/earlyimagesf abarof theVieux-Habitantgiver, agravetbedriver locatedon BasseTerrelsland(Guadeloupe,
FrenchWestIndies). Theseimages,combinedwith high frequencymeasurementsf the river dischargeallow usto monitor
theevolutionof the populationof boulderson theriver bed.Basedon this datasetye estimatehe smallestdischargehatcan
move the boulders,and calculde the time during which the river effectively transportshem.We find that the transportof
bouldersoccursfor approximatelyl0 hoursperyear.Whenplottedasa functionof the effectivetransportime, the population
of bouldersthat were in placeat the beginningof the surveydecreasegxponentially,with an effective residencetime of

approximatelyl7 hours.Basedon our results we suggest newmethodto estimatehebedloaddischargen gravelbedrivers.

1l ntroducti on

Riverscollect sedimentfrom the surroundinghillslopesand carry it downto the oceangLeopoldand Emmett,1976. The
resultingsedimenflux is oftenintermittent:only duringfloodsdoestheriver exertaforcestrongenougho movethesediments
of itsbed(Phillips andJerolmack2014;Philippsetal., 2018).Flood afterflood, ariver graduallyexportssedimenbut of its
catchmentThe frequencyof the floods andthe quantity of sedimentthat eachof themtransportshussetthe erosionrate
within the catchmentWolmanandMiller, 1960).

Thefate of a particleentrainedduringaflood depend®nits size.Fine sedimentarecarriedin suspensionCoarsesediments
converselytravel asbedload:theyroll, slip andbounceon the river bed, until they eventuallysettledown. This processs
inherentlystochastidEinstein,1937).A turbulentburstor a collision with atravelling graincandislodgea particlefrom the
bed(Charruetal.,2004;Anceyetal.,2008;HoussaisandLajeunesse2012).Oncein motion,thep a r t vemdityefldcriates
andits eventualdepositionis, again,arandomprocesgLajeunessetal., 2010;Furbishetal., 2012).Evenin a steadyflow, a
sedimeniparticlespendanostof its time at reston the bed its journeysdownsteamarerareandshortevents(Lajeunesset

al., 2017).Overall, the combinationof thesestochastieventsgenerates downstreandischargeof sedimentyeferredto as
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ibedt oad swhaseirteasjtydependon the propertiesof the flow, andon the grain size, density,and shapeof the
sedimenparticles(Einstein,1950;Bagnold,1973,1977).

Bedloadtransportaiccountdor alargepartof thesedimentoadexportecout of mountainougatchmentg¢Métivier etal.,2004;
Meunieretal., 2006;Liu etal., 2008).It carvesthe channelof bedrockrivers, controlsthe shapeandsizeof alluvial rivers,
andgeneratesipples,dunesparsandterracegGomez,1991;Church,2006;Seminara2010;Devauchellestal., 2010;Aubert
etal.,2016;Métivier etal.,2017; DunneandJerolmack2020;Abramianetal., 2020).In thefield, geomorphologisteeasure
bedloadby collectingthe movingpatrticlesin trapsor basketgHelleyandSmith,1971;LeopoldandEmmett,1976;Habersack
etal.,2016).Thesedirectmeasurematsarelaborious andsometimesisky. Thesdlifficulties havemotivatedthedevelopment
of alternativemethodsOnemay, for example estimateheintensityof bedloadransportfrom theacoustioor seismicnoiseit
generategBurtin et al., 2008,2011,2014; Turowski and Rickenmann2009; Mao et al., 2016). However,the calibrationof
theseseismic andacoustigoroxiesstill requiresdirectmeasurement&imbertetal., 2014;Thorne,2014;Burtin etal., 2016).

An alternativeis to monitor the displacemats of individual particles(Dietrich and Smith, 1984). Thesetracersi painted
bouldersor RadioFrequencydentificationPassivdntegratedlransponderéRFID PIT) insertednto thebouldei travelwith
the flow duringfloods (Cassekt al., 2020).Betweentwo floods, onemay look for the tracerson the exposediver bed.By
repeatinghis procedurepnegraduallyrevealghetrajectorieof thetracers Althoughlaborious this methodprovidesreliable
information, without perturbingthe flow. Tracerpaticles havebeenusedto evaluatethe storageof particlesin the sediment
bed (Haschenburgeaind Church,1998;Bradley,2017),andto estimatethe distancethat a bedloadparticletravelsbeforeit
settlesdown (Fergusorand Wathen,1998; Martin et al., 2012). Whentheir numberis large tracersform a plume, which
dispersessit travelsdownstreamBradleyand Tucker,2012;Phillips and Jerolmack2014).One may theninfer the mean

bedloaddischargdrom the elongationof this plume(Lajeunessetal., 2018).

Measuringbedloadtransportnonethelessiemainsarduous andsomequestionsaresstill open.On averagehow oftencana
river transporits coarsessediment™How long doesaboulderremainontheriver bed?We proposeanewapproacho address
thesequestionslnsteadof trackingthe particleswhenthey travel, we monitor the evolution of their populationat a fixed
location.In thatsensepur methodcanbecalledi E u | e Usingadrone,we recordedyearlyimagesof thebedof the Vieux
Habitantgiver (section2), agravetbedriver locatedin BasseTerrelsland(Guadeloupei-renchWestindies).Combinedwith
high frequencymeasurementsf theriver dischargetheseimagesallow us(1) to follow the populationof bouldersthatmake
up the bed,(2) to determinghethresholddischargeabovewhich theflow puts thesebouldersnto motion(section3), and(3)

to estimatetheresidenceaime of bouldersin theriver bed.

2Fi eslidneasur amgnotcessing

We conductedur investigationon BasseTerrelsland,a volcanic island of the Guadeloupearchipelagowhich is partof the

subductiorarcof the LesserAntilles (Feuilletetal., 2002- Fig. 1a).BasseTerred slimateis tropical,with daily temperatures
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between24 and 28 °C, andan averagerainfall rate of about5200 mm yX. Rainsoccur mainly asshortandintenseevents.
During the rainy seasonwhich extendsfrom Juneto January stormsand hurricanesare frequent,andthe rainfall rate may

reachup to 590 mmday?. As aresult,the dischargeof riversvariesabmuptly, with frequentflashfloods.

Rad et al. (2006) estimatedthe erosionrate of severalBasseTerre catchmentdasedon the chemicalcompositionof the
dissolvedioad. They found thatit variesbetween800 and4000t km? y1, or, equivalently,0.3 and 1.5 mmy* (for a rock
densityof about2900kg m®). Thesevaluesareconsistentvith thevolumeof sedimenmobilizedby landslidesluringextreme

climatic events (Allemand et al., 2014). They place BasseTerre Island amongstthe fastesteroding placeson Earth

(Summerfieldand Hulton, 1994). This observationled to the creationof thei Ob s e r ded toEehded 6 ® R@wxi 0 n

Ant i (ObsERA),an observatorywhich monitors erosionwithin the FrenchNetwork of Critical Zone Observatories
(Gaillardetetal., 2018).0Our field siteis locatedin the Vieux-Habitantscatchmentvhich is monitoredby ObsERA.

TheVieux-Habitantgiver (Fig. 1b) drainsa 30 km?watershedntheleeward(West)sideof theisland.Most of thewatershed,
madeof andesiticlava and pyroclasticdepositsagedfrom 600 to 400Kky, is coveredwith a denserain forest(Samperetal.,
2007).TheVieux-Habitantsiver flows over 19 km, from its headwateat analtitudeof 1300m, downto the Vieux-Habitants
village, whereit dischargento the CaribbearBea.The channels madeof bedrockpartly coveredwith athin layerof alluvial
sedimentFive kilometersfrom the sea,theriver turnsalluvial, andits slopegraduallydecrease<ur field siteis a reachof
theVieux-Habitantgiver located3 km from theseaatanelevatiord5 m a.s.l. There theriver bedis alluvial andthechannel,
meanderdetweentwo steepbanksabout2.5 m high. A largeboulderbar, 300 meterslong and 35 meterswide, lies on the

innersideof thechannelFig. 1c,d).

The Direction de'Environnementdel 6 A m® n aegdel hogemen{DEAL-Guadeloupepperatesa streamgauge at the
Bartholestation,threekilometersupstreanof ourfield site(Fig. 1b). This stationhasbeenmeasuringheriver dischargeevery
tenminutesfor morethan15 years,exceptfor aninterruptionbetween2009and2011.As no major tributary joins the main
streambetweerBartholeandour field site, we shallassumehatthe dataacquiredin Bartholeprovides a reasonablestimate

of theriver dischargeat our site.

The dataacquiredoetweer2011and2018reveas that the dischargestaysbelow 10 m® s* for 91% of thetime (Fig. 2a).In
this low flow statethe boulderbaremergesndtheriver flows in a channeltthatforms betweerthe barandthe left bankof
theriver (Fig. 1d). Therethewaterdepthis about0.3 m, but maylocally exceed).7 m (Fig. 1c, d). Floodsarecharacterized
by a steadyincreaseof the dischargeduring 1 to 6 hours,followed by a recessiorthatlaststypically 4 to 18 hours(Fig. 2b -

Guérinet al., 2018). The largestflood everrecordel in Bartholeoccurredduring hurricaneMaria, from September8 to

Septembed 9, 2017.The water dischargethenreachedmore than 250 m? s?, flooding not only the bar but alsother i ver 6 s

banks.After the hurricane theriver returnedo its normalcours, alongtheleft sideof thebar.

Tounderstanthowfloodsaffecttheriverd bed,weacquiredaerialimagesof ourfield sitewith anuncrewecdhexacopteAerial
Vehicle namedDRELIO (for DRonehELIcoptée pourl 6 Ob s e deV & te in @ m r)oThindeuice,speciallydesigned
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for tropical conditions,is capableof flying in steep denselyvegetatedvatershedsand requiresonly a small takeoff area
(Delacourtet al., 2009).1t carriesa high resolutioncameraWe startedworking in 2011,with a Nikon D700 reflex camera,
equippedvith a35mmlens.In 2016, wereplacedt with aSonyAlpha7 reflex,still in useat presentAs aresult,theresolution
of ourimagesmprovedfrom 0.04 meters/pixeln 2011to 0.02 meters/pixebktartingfrom 2016.

From2011to 2018,we performed8 field campaigndollowing the sameprocedureWe flew DRELIO at an elevationof 80
m abovetheriver bed,andusedthe ornrboardcamerao acquirea seriesof imageshatcoveredhe entireboulderbarwith an
30%overlapbetweentwo neighboringmagesUsingthe MicMac Photogrammetrisuite(Rupniketal., 2017),we computed
for eachcampaigra Digital SurfaceModel (DSM) andanorthoimageof the bar. An orthoimageis animagefrom which the
distortiondueto relief hasbeean suppressedilwo georeferencedrthoimage®of the samesurfacecanbe superimposedzach
orthamage is georeferencedising fixed ground control points, whose coordinatesare measuredby Differential Global
NavigationPositioningSystem.Theresolutionof theorthoimagesangesrom 0.04m to 0.02m dependingon the acquisition
year.However the georefeencingis not perfectandthe seriesof diachronicorthoimageslo not exactlyoverlap.We selected
the 2012 orthoimageasa baseimageon which we warpedthe otherorthoimagesWe thendrawthe contourof the boulders
visible on eachorthoimageusinga rastergraphiceditor. The diameterof the smallestvisible grainsis atleast5 pixels(0.1to
0.15m). Onthe bar,however mostbouldershavea diameterdargerthan0.2 metersandsomearelargerthanl meter(Terry
and Goff, 2014) In practice,we restrictour analysisto boulderswith a diameterargerthan0.5 meters,asthey areclearly
distinguish#le on the images.Using an opensourceGeographicalnformation Systemsoftware(QGis), we vectorizethe

contoursof thesebouldersandcalculatetheirexposedarea A, from which we deduceaheboulderequivalendiameterdefined

asthediameterD of adisk with thesamesurfacearea,0 ¢ $ Theerroronthesurfaces betweenl5 and20 % for the
smallerdiametersWith this method we obtain8 diachronicsuperimposablerthoimagesand8 vectorfiles of the boulders
shapespositionandequivalentdiameter.

Figure 3 showsa closeview of two orthoimagesin theregionof the bardelineatedoy theredrectanglen Fig. 1d. Thefirst
orthoimagewasacquiredin March2012(Fig. 3, left) andthe secondonein June2013(Fig. 3, right). In bothcasesthe flow
in theriver waslow, andthe waterlevel, partly visible in the upperpart of theimageswasaboutthe same.The comparison
betweerthesetwo orthoimagesevealssomechangest the surfaceof the bar. Severaboulders(yellow contourson Fig. 3),
lying onthe barin 2012,arenot visible anymorein 2013:they were entraineddownstreanby theriver, sometimebetween
our two acquisitioncampaigs. Converselywe also observe,in 2013, severalbouldersthat were not presentin 2012 (red
contourson Fig. 3): thesebouldersmusthavebeendepositecbn the bar, sometimebetweerthe two images Finally, therest
of the bouldergblue contourson Fig. 3) remainedn place.The comparisorbetweertwo consecutives|Sthereforeallowsus
to identify the fate of eachboulder.Basedon this method we attributeto eachboulderof eachimage alabelwhich specifies
whethertheboulderwasalreadyin placeduringthe previouscampaignopr if it wasdepositedecently.Somecasegurn outto
beambiguousafew bouldes disappearedndthenreappearedn morerecenimagesasfloodscoveredhemwith sediment,

before exposingthem again. Thoseambiguouscaseswere duly labelled and the correspondinghoulderswere considered
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immobile. Following this procedurewe endup with a datasethatcontainsthe positionandthe sizeof all theboulderdarger
than0.5 m. We alsoknow whethereach of themstayedn placeor whether andwhen, it wasdepositedr entrainecaway.In
short,we haveturnedthe bouldersinto tracersln thenextsectionwe usethis dataseto characterizéhe transporof boulders

in the Vieux-Habitantsriver.

3Resul ts
3.1 Structure of the bar: mobile and consolidatedlayers

Ourdatashowthatentrainedanddepositedbouldersareuniformly distributedoverthewholebar. Thereis no particularplace
fromwhichbouldersverepreferentiallyexportednorontowhichtheywerepreferentiallydepositedT hissuggestshat,during

floods,bedloadtransporis uniform overthebar.

Our datasetlsorevealsthe existenceof two families of immobile boulders.Thefirst onecorrespondso bouldersthatwere
depositebn the bar duringthe courseof our survey,andremainedmmobile for severalyears,until theriver entrainedhem
again.Theseconddnecorrespond$o boulderghatremainedmmobileduringthewholesurvey.Thelatterarepartially buried
in a matrix of smallersedimentandappearto belongto a stableunderlyingbaselayer, that spansover the entirebar. These
observationsare consistentwith the conceptof active layer (e.g. Churchand Haschenburge2006.-We thereforeinterpret
themastheresultof theexistencef two layersof boulders{i) anactivesurfacdayerof mobilebouldersand(ii) anunderlying
basallayer of staticones.Interestingly,laboratoryexperimentgeporta similar division betweenan active layer of mobile
grains,thatregularly settleon the beduntil the flow eventuallydislodgesthemand setthembackin motion,anda layer of

staticgrains(Charruetal., 2004, Lajeunessetal., 2010).In the following, we focuson the propertiesof the layer of mobile

boulders.

3.2 Granulometric distribution

We startour analysisy focusingonthe motionof bouldersof sizebetweer0.5and2 metersTo characteriz¢heir distribution,
wedividethisintervalinto six 0.25m-wide bins,anddistributethebouldersn eachone,accordingo theirequivalentliameter.
Wethencomputethedimensionlessurfacedensityof eachclass, definedasthenumberof grainsperunit surfacenormalized

by the areaof agrain:

b0 oy (1)
whereN; is the numberof bouldersin classi, D; is their equivalentdiameter,and S=2000m? is the areaof the bar. The

dimensionlessurfacedensitys; canalsobeinterpretedasthe proportionof the barareaoccupiedby the bouldersof classi.

The numberof bouldersin eachclassand the correspondingsurfacedensityvary from yearto year. To accountfor these

variations,we computethesetwo quantitiesfor eachfield campaignandrepresenthe resultsin the form of a box plot (Fig.
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4a). We find thatthe surfacedensityof eachclassvariesby lessthan27% aroundits medianvalue. The sizedistribution of
the bouldersthus doesnot changesignificantly with time, but appeargo be roughly at equilibrium. This equilibriumis not
static,but dynamic.Indeed distinguishingthe bouldersfreshly depositedFig. 4a,greenboxes)from thosethatwerealready
in placeduringthe precedingcampaign(Fig. 4a,yellow boxes)showsthatabouthalf of the populationof boulderss renewed
eachyear (Fig. 4a). In short,the numberof bouldersentrainedby floods balancespn averagethe numberof freshboulders

depositen the bar, thusmaintainingconstantheir surfacedensity(Fig. 4b).

Finally, ouranalysisshowsthatthe surfacedensityrapidly decreaeswith grainsize(Fig. 4a).With asurfacedensitys = 0.23
bouldersm?, or equivalently,a total numberof about350 bouldersoverthe 2000m2 of the bar, bouldersof size0.5t0 0.75
m dominatethe bar, at leastin the rangeof diametersaccessibléo our measurement he transportrate of thesebouldersis

alsosufficiently highto allow for significantstatistics. In the following, we shallthereforefocuson thetransportof boulders
of size0.5to 0.75m. Beforewe do so,however we first needto evaluatethe thresholddischargeabovewhich theseboulders
aresetin motion. Thisis thetopic of the nextsection.

3.3 Threshold for the initiation of transport

Basedon our datasetwe canidentify the largestbouldersdepositedn, or entrainedrom, the bar betweerntwo consecutive
campaignsPlotting their diameterasa function of the maximumwaterdischargebetweentwo campaignsyve find thatthe
sizeof thesebouldergancreasesvith themaximumdischarggFig. 5). Assumingthatthelargestbouldersaretransportedvhen
the discharges at its highest,the resultingcurve providesa reasonablestimateof the thresholddischargebeyondwhich
grainsof agivensizeareentrainedy theflow. Forlackof sufficientdata,howeverwe cannotestimateahethresholddischarge

of boulderssmallerthan0.5 m. Instead we shallnowtry to evaluateit, by extrapolatingrom our observations.

In practice,the thresholddischargecorrespondgo the dischargefor which the shearstressexertedby the river on its bed
exceedscritical value(Shields,1936).Theinstantaneoutirbulentstresexertedon theriver bedis, however highly variable
in spaceandin time: it dependson the flow, on the shapeof the channel,on theriver slope,on the bedroughnessandits
measuremerih thefield is challenging(Hendersorl963,Parker1978,Chauvetet al., 2014, Métivier etal., 2017,Nezuand
Nakagawa,1993).Here,to simplify the problem,we assinilate the river to a rectangularchannelof width W, depthH, and
slopeS. Basedon the Darcy-Weisbachequationwe thenderivethe thresholddischargerequiredto transporta boulder(see
appendixfor afull derivation):

o qe 2P @

&o

wherem)=1s-} is thedifferencebetweerthe densityof rock andthatof water,C; is the Darcy-WeisbacHfriction parameter,
g is theacceleratiorof gravity,and Qs thethresholdShieldsparamete(Shields,1936).Our modelis crudeandsomeof the
parametersn equation(2) aredifficult to estimate Basedon direct field measurementsye estimatethe river width to be

W=30 m. Usingthe DEM, we calculateits aveageslopeandfind it to be aboutS= 0.03.For thefriction coefficient,we use
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thevalueC: = 0.1, typical of mountainstreamgLimerinos,1970).A fit of equation(2) to our datareasonablyaccountgor our
observations(Fig. 5), and yields a threshold Shields stress'Q=0.032 which falls in a realistic range (Buffington and
Montgomery 1997 Lambetal.,2008)

Encouragedy this result,we useequation(2) to calculatethe thresholddischargeof the bouldersof size0.5t0 0.75m. We
find athresholddischargebetweer24 and69 ms?, with avalueof 45 m®s? for theintermediateShieldsnumberof 0.032 In

the nextsectionwe usethis valueto estimatethetime duringwhich theriver effectivelytransportdheseboulders.

3.4 Effective transport time

Bouldersof size 0.5to 0.75m move only whenthe river dischargeexceedshe thresholdvalue of 45 m®s? calculatedin the
previoussection.Their effectivetransportime is thereforethe cumulatedime thattheriver spendsabovethis threshold(Fig.
6). Wefind thatit amountdo atotal of 85 hoursfor theperiod2011to 2018.Thetime fractionduringwhichtheriver is above

the entrainmenthresholds thusl= 0.12%.This meanghat, on averageboulderscanmoveduringabout10 hous eachyear.

The effectivetransporttime dependn the occurrenceof floods, andtherefore,on the distributionof rainfalls. As the latter
variesfrom yearto year,sodoesthe effectivetransportime (Fig. 6): theriver spentlessthan5 hoursabove45 m3s* between
2014and2016(anunusuallydry period).Converselyijt spent32 hoursabove45 ms* betweer2017and2018,a periodthat
includeshurricaneMaria. Evenduringthoseyears the annualeffectivetransportime did not exceed).36%of theyearthatis

about30 hours.On a tropical volcanicislandlike Guadeloupethe-bouldersmove only during shortperiodsof time, whose
cumulateddurationdepend®n the frequencyandtheintensityof the storms.

3.5Evolution of the population of boulders

Sofar, we havefocusedon the thresholdof transportandthe effective transporttime of boulders We now useour datato
documenthe evolutionof their population.As in previoussectionswe restrictour analysisto bouldersof size0.5to 0.75m.
We startby identifying all theboulderslying on the barin 2011 Using our datasetwe then monitor the evolution of this
population.We find thatits numberdecreasesvith the effective transporttime, asbouldersare progressivelyentrainedby
floods, and replacedwith new ones (Fig. 7), an observationsimilar to those of Wilcock and McArdell (1997) and
HarchenbucheandWilcock (2003).

Repeaing the sameprocedurewith the boulderslying on the barin 2012, and the following yearsuntil 2017,we end up
monitoling atotal of sevenpopulationof boulders To comparetheir evolution,we normalizethe numberof bouldersn each
populationwith its initial value,andplot the resultasfunction of the effectivetransporttime (Fig. 7). We find thatall data
pointsgatheraroundthe sametrend:the numberof bouldersdecreasegpidly at first. With time, however therategradually

slowsdown.
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As the surfacedensityof bouldersis small (s =0.23boulderm? - seesection3.2), we expectlittle interactionbetweerthem
duringtransportFollowing Einstein(1937)andCharruet al. (2004),we thusassumehatthe numberof bouldersthatleave

thebaris proportionafto the numberof bouldersavailableonits surface,thatis:
— - 3

wheret is the effective transporttime, N is the numberof boulderson the bar surfaceat time t, and Uis a characteristic
entrainmentime. Thesolutionof Eq. (3), N = Noe Ys adecayingexponentialpf characteristicime U whereNy is theinitial
numberof bouldersFitting this exponentiakolutionto our datayields a goodrepresentationf the evolutionof N (R? =0.84).

We find a characteristicime U=17 hours(Fig. 7).

Themodelproposecdhereis simplistic. It doesnottakeinto accounthe variationsof dischargeduringaflood, andreliesona
crudedescriptionof thethresholdof transport.Yet, the exponentiabecreasef aninitial populationof bouldersis consgstent
with the dataplottedon figure 7, andwe thereforeexpectthatthe valueof the characteristi¢cime Uis a reasonablestimateof
theresidencdime of boulderson the bar, expressedh termsof the effective sedimentransporttime. This residencdime is
short.Expressedn termsof half-life, it takesan effectivetransporttime of log2 U= 12 hoursto entrainhalf of the boulders

initially presenbnthebar,andto replacethemwith newones.

4Di scusLxoincd usi on

To the bestof our knowledge we presenthe first attemptat characterizingoedloadtransportbasedon yearly UAV image
acquisition.Despited or, maybe,owingto & its simplicity, the methodprovesrobust:the comparisorof imagestakenone
yearapartallowedusto monitorthe evolutionof the populationof bouldersat the surfaceof the Vieux-Habitantsriver. Using
high frequencymeasurementsf theriver dischargewe determinghethresholddischargenecessaryo setbouldersn motion,
and estimatethe time during which the flow is strongenoughto transportthem. The modelof thresholdwe use,despiteits

simplicity, reproducesvell our observationgor arealisticrangeof parameters.

In the Vieux-Habitantsriver, this effectivetransportime amouns to 10.5hoursperyearon averagethatis aboutl =0.12%of
thetime. Thetransportof bouldersis thereforea rareeventcontrolledby the occurrencef floods, which, in its turn, depends
on the distribution of rainfalls. A changeof this distributionis likely to impactthe quantity of sedimentransportedy the

river.

Einstein (1937) was the first to proposethat the entrainmentof bedloadparticlesis inherentlya randomprocess.This
hypothesisis at the core of the entrainmeniddepositionmodel (Charruet al., 2004; Lajeunessest al., 2010; 2018). When
expressedh termsof the effectivetransportime, our dataare consistentvith this assumptionthe populationof boulderson
the bed of the Vieux-Habitantsriver decreasesxponentially,asexpected for a randomPoissonprocessThe characteristic

time of thisdecayd in fact, theresidenceime of thebouldersonthebedd is short:U=17 hoursof effectivetransportime.
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We suggest methodto estimatethe sedimentarylischargeassociatedo bouldertransportbasecnthe exponentialecayof
a populationof well-identified boulders During a flood, entrainecboulderswill travel overa distancels thatdependson the
durationandontheintensityof theflood. Thedischargenf bouldersacrossa givensectionof theriver is the numberof grains

entrainedper unit time, from a bedareaof sizeWLs. Theboulderdischargés thereforethe total numberof bouldersatreston
this surface,, & , divided by the residencetime, U where,, is the surfacedensity of boulders(Einstein, 1937).The

instantaneousolumetricdischargds thenthe numberof grainsentrainedby unit time, timesthe averagevolume of grains
To convertthis valueinto anannualsedimenflux, we multiply it by the proportionof time, I, duringwhich theriver is above
the entrainmentthreshold L; is the most difficult parameterto estimate.lt can be approachedy using a tranportlaw

(Lajeunesseetal., 2010)or measuredn thefield usingRFID tracersasproposedy Phillips andJerolmack2014).
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AppenmrAddT xr eschiodadhar ge

Here,we estimatehethresholddischargeabovewhichtheriver cantransporits sedimentTo do so,we assimilatehechannel
to arectangleof width W, depthH, andslopeS. The DarcyWeisbachequatiorthenrelatesghe averagdiow velocity V to the

shearstress exertedontheriver bed(Limerinos,1970):
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Tt 0”w (A1)
wherer is the densty of waterand O-ds the Darcy-Weisbachfriction coefficient. In steadystate the momentumbalance
requiresthat:

t 7 "QYO0 (A2)

At theonsetof sedimenimotion,the Shield number,‘G:\definedastheratio betweerthedriving forceactingonthegrainsand

the weightof a grain, mustequala thresholdvalue Q;

0 — ='Q (A3)

y
whereDr is thedifferencebetweerthe densityof a grainandthatof water,g, is theacceleratiorof gravity,andD is thegrain

size.Combning (A2) with (A3) yieldsthe expressiorof the flow depthH atthethresholdof entrainment:
0 o0l-. (A%)

Similarly, combining(Al) with (A2) and(A3) yieldsthe averagdlow velocity atthe thresholdof entrainment:
S j

, Y

W oO— . (A5)
Injecting the velocity and the flow depthinto the expressiornof the water dischargef) w "Owwe find the threshold
dischargeabovewhichtheriver cantransporta boulderof diameterD:

. C oS aq g PIG

Ly W= Qv 7 (A7)
Thisexpressionpf coursejs only acrudeestimatejf only becauséheriver is notastraightrectangulachannelNonetheless,
it providesadecentapproximatiorof theflow conditionsthatarenecessarto initiate thetransporiof agivenclassof boulders

(Figureb).
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Figure 1: a) BasseTerreislandin the GuadelouparchipelagoTheislandseparatethe Atlantic Oceanin the Eastfrom the CaribbearSea
in the West. The white rectangleshowsthe positionof the mapdisplayedin b). b) The Vieux-Habitantsriver is locatedon the Caribbean
side of BasseTerre. The watershef Vieux-Habitantshasan areaof 19 km?. The length of the river is 19 km. The waterdischargeis
measureckach10 minutesat Bartholegaugestation. The studyareais located2 km downstreanof Barthole.c) A view of the barfrom
groundlooking upstreanshowsthe size of the bouldersandtheir heterometridistribution. Thetwo persongjive the scale.d) The areaof
interest.Thebaris about300m longand15to 35 mwide. It lies ontheright sideof theriver 3 km upstreamof theseashordn fair weather
conditions,the bar is boundedon its left by the channelof the river which is 5 to 10 m wide andlessthan1 m deep.The boulderbaris
flooded1 to 3 timesayear.Thered squareshowsthelocationof Fig. 3. The positionof the cameraandthefield of view of c) is shownin
yellow. Theflow directionis givenby theturquoisearrow.
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435  Figure 2: a)Percentagef time duringwhichthewaterdischargeis aboveagiventhresholcbasen datafrom 2011to 2018.b) Hydrograph

of year2017.Most of thetime, river is in low flow conditionswith lessthan5 m3s®. Thelargestrecordeddischargevas263m3s?. It was
reachedn Septembell9 2017duringhurricaneMaria. c) Theinsetshowsatypical flood. Thewaterdischargeeachests maximumin less

thanonehour. The peakof theflow is followed by a slowrecession.
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440 Figure 3: Comparisorbetweerthe surfaceof thebarin March2012(left) andJune2013(right). The upperpicturesshowthebouldergthat
movedbetweer?012and2013.Thelower picturesshowthe bouldersthatweredepositediuringthe sameperiod.Somebouldersputlined

in blue, visiblein 2012arestill therein 2013.
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445

Figure 4a: Box plot of the surfaceboulderdensity(Eq. 1) onthe barasa function of theboulderdiametercomputedor thewhole duration
of our survey Blue: total numberof boulders;green:freshly depositecboulders;yellow: bouldersthat were alreadyin placeduring the
precedingcampaigrof observation

450 Figure 4b: b) Surfacedensityof entrained depositecandtotal boulderpopulationDatafrom 2010havebeenobtainedfrom a preliminary

campaign.
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