
LETTER • OPEN ACCESS

Streambank and floodplain geomorphic change
and contribution to watershed material budgets
To cite this article: G B Noe et al 2022 Environ. Res. Lett. 17 064015

 

View the article online for updates and enhancements.

You may also like
Effects of stream restoration by legacy
sediment removal and floodplain
reconnection on water quality
Patrick McMahon, Vanessa B Beauchamp,
Ryan E Casey et al.

-

Estimation of water volume in ungauged,
dynamic floodplain lakes
Z Tan, J Melack, Y Li et al.

-

Urbanizing the floodplain: global changes
of imperviousness in flood-prone areas
Konstantinos M Andreadis, Oliver E J
Wing, Emma Colven et al.

-

This content was downloaded from IP address 129.186.251.108 on 07/12/2022 at 18:25

https://doi.org/10.1088/1748-9326/ac6e47
/article/10.1088/1748-9326/abe007
/article/10.1088/1748-9326/abe007
/article/10.1088/1748-9326/abe007
/article/10.1088/1748-9326/ab82cb
/article/10.1088/1748-9326/ab82cb
/article/10.1088/1748-9326/ac9197
/article/10.1088/1748-9326/ac9197


Environ.Res.Lett.17(2022)064015 https://doi.org/10.1088/1748-9326/ac6e47

OPENACCESS

RECEIVED

13January2022

REVISED

13April2022

ACCEPTEDFORPUBLICATION

10May2022

PUBLISHED

19May2022

Originalcontentfrom
thisworkmaybeused
underthetermsofthe
CreativeCommons
Attribution4.0licence.

Anyfurtherdistribution
ofthisworkmust
maintainattributionto
theauthor(s)andthetitle
ofthework,journal
citationandDOI.

LETTER

Streambankandloodplaingeomorphicchangeandcontribution
towatershedmaterialbudgets

GBNoe1,∗,KGHopkins2,PRClaggett3,ERSchenk4,MJMetes5,LAhmed3,TRDoody1andCRHupp1

1 U.S.GeologicalSurvey,FlorenceBascomGeoscienceCenter,Reston,VA,UnitedStatesofAmerica
2 U.S.GeologicalSurvey,SouthAtlantic WaterScienceCenter,Raleigh,NC,UnitedStatesofAmerica
3 U.S.GeologicalSurvey,LowerMississippiGulf WaterScienceCenter,Annapolis,MD,UnitedStatesofAmerica
4 CityofFlagstaff, WaterServices,Flagstaff,AZ,UnitedStatesofAmerica
5 U.S.GeologicalSurvey,Maryland-Delaware-DistrictofColumbia WaterScienceCenter,Baltimore,MD,UnitedStatesofAmerica
∗ Authortowhomanycorrespondenceshouldbeaddressed.

E-mail:gnoe@usgs.gov

Keywords:floodplains,geomorphic,contributions,watersheds,budgets,streambank

Supplementarymaterialforthisarticleisavailableonline

Abstract
Streamgeomorphicchangeishighlyspatiallyvariablebutcriticaltolandformevolution,human
infrastructure,habitat,andwatershedpollutanttransport.However,measurementsandprocess
modelsofstreambankerosionandfloodplaindepositionandresultingsedimentfluxesare
currentlyinsufficienttopredicttheseratesinallperennialstreamsoverlargeregions.Herewe
measuredlong-termlateralstreambankandverticalfloodplainchangeandsedimentfluxesusing
dendrogeomorphologyinstreamsaroundtheU.S.Mid-Atlantic,andthenstatisticallymodeled
andextrapolatedtheseratestoall74133perennial,nontidalstreamsintheregionusing
watershed-andreach-scalepredictors.Measuredlong-termratesofstreambankerosionand
floodplaindepositionwerehighlyspatiallyvariableacrossthelandscapefromthemountainstothe
coast.RandomForestregressionidentifiedthatgeomorphicchangeandresultingfluxesof
sedimentandnutrients,forbothstreambankandfloodplain,weremostinfluencedbyurbanand
agriculturallanduseandthedrainageareaoftheupstreamwatershed.Modeledratesforheadwater
streamswereneterosionalwhereasdownstreamreacheswereonaveragenetdepositional,leading
toregionalcumulativesedimentloadsfromstreambankerosion(−5.1Tgyr−1)beingnearly
balancedbyfloodplaindeposition(+5.3Tgyr−1).Geomorphicchangesinstreamvalleyshad
substantialinfluenceonwatershedsediment,phosphorus,carbon,andnitrogenbudgetsin
comparisontoexistingpredictionsofuplanderosionanddeliverytostreamsandofdownstream
sedimentloading.Theunprecedentedscaleofthesenovelfindingsprovidesimportantinsights
intothebalanceoferosionanddepositioninstreamswithindisturbedlandscapesandthe
importanceofgeomorphicchangetostreamwaterqualityandcarbonsequestration,andprovides
vitalunderstandingfortargetingmanagementactionstorestorewatersheds.

1.Introduction

Erosionanddepositioninstreamvalleyscanhave
largeinfluenceonchannelshape,processes,andsed-
imenttransportthatimpactlocalstreamecosystem
health(Florsheimetal2008)andwatershed-scale
massbalanceofsedimentandassociatednutrients
andcontaminants(Trimble1999).Thisbalanceof
erosionanddepositionwithinchannelnetworksis
fundamentaltostreamandriverecosystemsandtheir

management(Wohl etal2015).Fluxesofsediment
anditsattachednitrogen,andphosphorus,andcar-
bon withinstreamvalleys,particularlyfromstre-
ambankerosionandfloodplaindeposition,contrib-
utetostreamwaterqualitywithinindividualreaches
andsmall watersheds(Costa1975,Trimble1999,
Wang etal2017).

Thedriversandpredictorsofstreamfluvialgeo-
morphicchangearegenerallyunderstoodtobe
watershedcharacteristicsthatinfluenceandinteract
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with local reach morphology. The topography, soils,
and land use, and other attributes of the upstream
drainage area generate the flow and sediment sup-
ply that interact with channel-floodplain form and
sediment characteristics at the local reach-scale to
determine the hydraulics that can erode and deposit
sediment along the stream (Fox et al 2016). For
example, many fluvial system properties that determ-
ine stream sediment dynamics are influenced by
the drainage area (Church 2002) and land use
(Paul and Meyer 2001) of the upstream watershed.
The erosion and deposition of stored sediment are
also influenced by the shape of fluvial landforms
and characteristics of sediment in the local stream
reach (Wynn and Mostaghimi 2006, Fox et al 2016,
Hopkins et al 2018). However, understanding of the
drivers of the large spatial variability of stream geo-
morphic change is limited at the scale of large water-
sheds but would offer helpful insights into river-
ine sediment export patterns over very large scales
(Syvitski et al 2005).

The cumulative impact of stream erosion and
deposition on watershed processes is poorly con-
strained because sufficient measurements and effect-
ive tools are lacking for predicting spatial vari-
ation in geomorphic processes at all stream reaches
within large watersheds or regions. Although erosion
and deposition are natural processes, human alter-
ation of landscapes has increased their rates with
consequences for stream habitat and water quality
(Wilkinson and McElroy 2007). Past human activities
led to large amounts of soil erosion that was depos-
ited as ‘legacy’ sediment currently stored in stream
valleys that may undergo geomorphic reworking and
elevate modern downstream sediment and nutrient
loads, leading to the perception that large amounts
of stream erosion and minimal floodplain depos-
ition currently dominate the landscape (Walter and
Merritts 2008). Predictions of upland erosion may
not correspond to measured river sediment export in
disturbed basins, suggesting other important sources
or sinks of sediments exist in watersheds (Trimble
1999, Boomer et al 2008) such as stream geomorphic
change. However, physical process models of water-
shed transport are currently not effective at predict-
ing reach-scale sediment erosion and deposition for
streams across large regions (Cho et al 2018). We
present a study that combined extensive measure-
ment with predictive statistical modeling to under-
stand the drivers and quantities of sediment and
attached nutrient loads from geomorphic change in
floodplains and streambanks at the scale of large
regional watersheds. These stream valley fluxes of sed-
iment and attached nutrients were then combined
with other existing models of upland erosion and of
downstream loading to create watershed mass bal-
ance budgets that identify the role of streambank
erosion and floodplain deposition in watershed
transport processes.

2. Methods

Sixty-eight stream and river sites were sampled
to represent the landscape variability within the
185 000 km2 Chesapeake Bay and Delaware River
watersheds in the U.S. Mid-Atlantic (figure 1), form-
ative watersheds in American history that now sup-
ply drinking water and economic activity to almost
40 million people (Kauffman and Collier 2018) and
have a long history of watershed and stream disturb-
ance (Costa 1975, Walter and Merrits 2008). Dendro-
geomorphic measurements of long-term geomorphic
change (Hupp et al 2016), geomorphometric sur-
veying, and sediment characterization, were made of
both streambank and floodplain throughout a rep-
resentative 100 m sampling reach of each site. These
measurements were used to calculate rates of ver-
tical net change of active floodplain and of lateral
net change of streambank and the resulting fluxes of
mass of sediment and attached nutrients per meter
of channel length per year in each site, represent-
ing mean rates over the decadal time scales of woody
vegetation measurement.

Geomorphic change and flux rates were explained
and extrapolated using machine-learning statistical
regression models with predictors that include newly
available geospatial ‘big data’ on watershed attributes
of the upstream drainage area and local reach-scale
channel and floodplain geomorphometry derived
from lidar. For every mapped nontidal stream reach
in the region, the statistical models predict geo-
morphic rates of change, and resulting fluxes of sed-
iment, fine (<63 µm) sediment, and attached nitro-
gen, phosphorus, and organic carbon, as well as fine
sediment storage on the streambed. Predictions of
streambank and floodplain loads for each reach were
aggregated to the watershed scale and regional sed-
iment, nitrogen, phosphorus, and carbon budgets
were created using existing process model predic-
tions of upland erosion load and delivery to streams
and statistical model predictions of downstream
channel loads.

2.1. Measurement
Stream and river sampling locations were stratified
among major physiographic provinces of the regional
watersheds and chosen to systematically sample land-
scape gradients in upstream geology, hydrology, land
use, and drainage area (see Boomer et al 2008 for
a description of regional physiographic provinces).
Measurement reaches were chosen based on prefer-
ence for the presence of a nearby stream gage where
possible, landowner permission, presence of suffi-
cient woody vegetation (see below), absence of recent
major anthropogenic alteration of channel or flood-
plain, and absence of current intensive management
of the floodplain (e.g. row crop agriculture). Notably,
we did not constrain reach selection based on the
presence or width of active floodplain, shape of the
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Figure 1. Map of 68 field sites and their upstream drainage areas of the Chesapeake and Delaware watersheds, located in the U.S.
Mid-Atlantic region. The sites were chosen to sample the regional landscape variation in watersheds and streams.

channel (e.g. straight vs. meandering), nor consider
the amount of legacy sediment storage or presence of
historic mill dams in the stream valley. Measurement
reaches were placed to avoid impacts of nearby road
crossings and bridges and atypical bedrock control
of channel structure that may have influenced stream
gage placement.

Each stream reach was sampled once in 2013,
2014, 2015, 2017, or 2018, for Valley and Ridge,
Piedmont, Coastal Plain, Appalachian Plateau (and
additional sites of the first three provinces in the
Delaware River watershed), and finally the Blue Ridge
physiographic provinces, respectively. Although
stream reaches were located within each targeted
physiographic province, their upstream drainage
area could incorporate multiple provinces. No
extreme floods or droughts occurred during the
sampling period.

Dendrogeomorphic measurements of geo-
morphic change encompassed the entire extent of
the 100 m sampling reaches, whereas field-measured

geomorphometry and sediment physico-chemistry
was measured at lateral cross-sections at the begin-
ning and end of the reach. Each lateral cross-section
included stream channel, streambank, and any act-
ive floodplain on both sides of the channel across
the valley. The extent of active floodplain was meas-
ured after field delineation using visual indicators
of fresh flow debris oriented perpendicular to the
valley axis to indicate overbank flow, newly depos-
ited sediment, high water marks, soil characteristics,
vegetation composition, and recent stage records of
nearby stream gages where available. The total width
of active floodplain, height of each streambank, and
width of stream channel along both cross-sections
were surveyed using a total station or laser surveyor.

Surficial sediment of the alluvial floodplain
and streambank was collected using a bulk dens-
ity sampler (0–5 cm depth, 5 cm diameter) along
the two lateral cross-sections in each reach. Flood-
plain sediment cores (4–8 per reach) were collected
to encompass the spatial variability proportionate to
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theextentofpresentgeomorphicunits,e.g.levees,
finegrainedandlowerelevationbackswamps,and
toeslopesattheedgeoffloodplain.Streambanksed-
imentcores(8perreach)werecollectedfromright
andleftbankandthetopthirdandbottomthirdof
bank,ateachcross-section.Eachsedimentcorewas
measuredforbulkdensity,particlesize,totalorganic
carbon(TOC),totalnitrogen(TN),totalphosphorus
(TP),andorganic,carbonateand mineralcontent
(Seesupplementalinformationfordetailsavailable
onlineatstacks.iop.org/ERL/17/064015/mmedia).

Geomorphicchangethroughbothfloodplainver-
ticaldepositionorerosionandstreambanklateral
erosionweremeasuredusingdendrogeomorphology.
Dendrogeomorphologymeasureslong-termnetgeo-
morphicchangeintegratedoverthelifespanof
woodyvegetation(Huppetal2016).Floodplainnet
verticalchangewas measuredastheburial(depos-
ition)orexposure(erosion)ofprimarybasalroots
overthelifetimeoftrees.Floodplainchange was
measuredusingatleasttentreessampledtoencom-
passthevariabilityoffloodplaingeomorphicunits
throughoutthereach.Speciesthatdonotproduce
reliableannualgrowthringswerenotsampledbut
wereaverysmallproportionoftreespresentamong
thesites(i.e.Liquidambarstyraciflua, Nyssaspp.,
Populusspp.,Salixspp.,andallgymnosperms).An
incrementcore wastakennearthebaseofeach
sampledfloodplaintrees.Theverticaldistancefrom
theexistingsedimentsurfacetothetopoftwo
primarybasalroots(afterexcavatinginthecaseof
deposition)wasmeasuredatadistanceoftwotrunk
diametersfromthetree.Because mostfloodplain
treeshadnetdeposition,measuringtothetopofbasal
rootslikelyunderestimateddepositiontothefixed
verticallocationofrootinitiationnearthecenterof
therootscross-section.Incrementcoresweremoun-
tedandthensanded.Totalageofeachfloodplaintree
wascountedasthenumberofannualgrowthrings
fromthe mostrecentringtothebiologicalcenter
ofthetree.

Streambankchangenetlateralchangewasmeas-
uredasthehorizontalerosionofthealluvialbank

overthedurationofexposureofwoodyrootstothe
stream.Streambankchange measurementtargeted
atleasttenexposedandlivewoodyrootstypicalof
erodingstreambanksthroughoutthereach.Exposed
rootsectionswerecollectedatthepointmostdistant
fromthecurrentstreambankinorderto maximize
theintegratedtimeperiodofmeasuredgeomorphic
change.Rootsectionswereairdriedandthensanded.
Durationofexposureofeachexposedroottothe
streamwascountedasthenumberofannualgrowth
ringsfromtheoutsideoftherootinwardstothe
markerofthechangefromrootburialtorootexpos-
ure.Exposurewasindicatedbytheoldestchanges
inrootporosity,color,ringeccentricity,orscarring
fromflowdebris.Forasubsetofsites,threeindividu-
alsindependentlyidentifiedrootexposureandestim-
ateswereaveragedforeachroot.

Thestreambank dendrogeomorphologytech-
niqueonlymeasuresneterosionthatexposesroots,
notstreambank net deposition. Toaccountfor
thisbias whencalculatingreach-scalestreambank
erosion, measureddendrogeomorphicstreambank
erosionratesinareachwerecorrectedbymultiply-
ingbytheproportionofthereachthathaderoding
streambank.Theproportionofthereacheroding
was measuredbyestimatingtheproportionalarea
ofbothbankswithapparenterosionwhilewalking
thechannel.Thefloodplainandstreambankdendro-
geomorphic measurementapproachesalsodonot
measureverticalchangeofthechannel(bedincision
oraggradation).

Inaddition,100pebblecountswereperformed
longitudinallyasazig-zagthroughthestreamreach
(modificationofBevengerandKing(1995).Sedi-
mentsizewas measuredusingaUSSAH-97hand-
heldparticlesizeanalyzerwithadditionalclassific-
ationoffiner materialintosandsorfinesediments
(roughlylessthan63µm). Medianstreambedsed-
imentparticlesizeandpercentstreambedcoverby
finesedimentandsand werecalculatedfromthe
pebblecounts.

Fluxofsedimentper unitlengthofstream
reach(Schenket al 2013) was calculated as:

Floodplainflux
(
kg−sedimentm−1yr−1

)
=averagedendrogeomorphicverticalchangerate

(
myr−1

)

×averagebulkdensityoffloodplainsediment
(
gm−3

)

× averagetotalwidthofactivefloodplain(m)×1kg/1000g

Streambankflux
(
kg−sedimentm−1yr−1

)
=(−)averagedendrogeomorphichorizontal

changerate
(
myr−1

)

×averagebulkdensityofstreambanksediment
(
gm−3

)

×averagetotalheightofalluvialstreambank(m)

×proportionofreachwitherodingstreambank
(
mm−1

)

×1kg/1000g
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Netbalanceflux=Floodplainflux

+Streambankflux.

Cross-sectionalareachangewascalculatedas:

Floodplaincross−sectionalareachange
(
m2yr−1

)

=averagedendrogeomorphicvertical

changerate
(
myr−1

)

×averagetotalwidthofactivefloodplain(m)

Streambankcross−sectionalareachange
(
m2yr−1

)

=(−)averagedendrogeomorphichorizontal

changerate
(
myr−1

)

×averagetotalheightofalluvial

streambank(m).

Associatedfloodplainorstreambankfluxesoffine
sediment(<63µm)andTN,TP,andTOCwerecalcu-
latedastheproductoftheiraverageconcentrationin
thatreachandsedimentfluxrate.Erosionwasdefined
asanegativeflux(lossofsedimentfromthestream
valley),anddepositionasapositiveflux.

2.2.Modeling

Spatialvariationinthemeasuredratesofgeomorphic
change,fluxes,andstreambedcharacteristicsamong
the68measurementreacheswereexplainedbyRan-
domForeststatisticalmodelingusingpotentialpre-
dictorsofupstreamwatershedattributesandlocal
reach-scalegeomorphometry mappedtotheNHD-
PlusV2digitalstreamnetwork(1:100Kscale;Moore
and Dewald2016).RandomForestisa machine
learningapproachthatbuildsmanystatisticalregres-
siontreesusingrandomizationandresampling,and
hasthebenefitofassessingnonlinearandnonpara-
metricrelationshipsbetweenpredictorandresponse
variableswithoutoverfittingmodels(Breiman2001).
TwoseparatesetsofRandomForestregressionswere
createdforeachofthefloodplainfluxesandstream-
bankfluxesofsediment,finesediment,andassoci-
atedC,N,andP,andforstreambedparticled50,fine
sedimentcover,andfineplussandssedimentcover:
(a)usingonlytheattributesoftheupstreamdrainage
areatothemeasurementreach;and(b)usingboththe
attributesoftheupstreamdrainageareaandthegeo-
morphometryofthelocalreach(ifavailable).Flood-
plainfluxesweretransformedbyaconstanttoremove
negativefluxesandthenlog10.

Asubsetofprioritizedwatershedattributeswas
selectedfromanexistingdatabaseofgeospatialchar-
acteristics(Wieczoreketal2018).Attributeswere
chosenfortheirdescriptionofgeology,hydrology,
soils,topography,andlandusethatlikelyinflu-
encesedimentandnutrientavailabilityandtrans-
port,andtohave minimalcovariation.Theaccu-
mulatedupstreamdrainagearea(‘ACC’)valuesof

these17watershedattributes(supplementarytable
S1)wereobtainedfortheNHDPlusV2reachofeach
measurementreach.

Thegeomorphometry ofreaches wasestim-
atedusingageospatialtoolthatprocesseslidar-
deriveddigitalelevation models(DEMs)toextract
thedimensionsandshapesofthefloodplain,stre-
ambank,andstreamchannel(FloodplainandChan-
nelEvaluation Toolkit,orFACET;Lamontetal
2019).LidarDEMswereobtainedfortheChesapeake
BayandDelawareRiverwatershedsfromtheUSGS
National Map(https://viewer.nationalmap.gov)and
stateorlocalagenciesandthenresampledtoa3m
resolution.FACETgeneratesastreamnetworkfrom
ahydrologically-conditioned DEMandthenauto-
matescalculationofreachgeomorphometryatauser-
specifiedspatialresolution(every9mofstreamchan-
nelinthisstudy).BecauseFACETgeneratesahigher
resolutionstreamnetworkthan NHDPlusV2,the
FACETstreamsegmentwiththelargestShrevemag-
nitudewithineachNHDPlusV2catchmentwasselec-
tedandthenstatisticallysummarizedforeachgeo-
morphometricmetricasthemeanofthe5thto95th
percentilevalues(toexcludeanomalousoutliers)for
thefollowingattributes:streambankheight,stream
channelwidth,averagestreambankangle,andstream
slopeandsinuosity;totalactivefloodplainwidthwas
summarizedasthemeanineachreach.LidarDEMs
wereavailablefor85%and100%oftheChesapeake
Bayand Delaware River watersheds,respectively
(Hopkinsetal2020).

Foreachofthefluxesandstreambedcharacterist-
ics,RandomForestmodelswerebuiltusingtheran-
domForestpackageofR(BreimanandCutler2018).
Modelsweremanuallyprunedtoincludefewerpre-
dictorvariables,whileretainingallmetricsoflanduse
intheupstreamwatershed,toidentifythebestmodel
asdefinedbythemaximumout-of-bagvalidationand
thuspredictabilityforunmeasuredreaches.Thebest
modelwasthentunedbyvaryingntreeandmtryto
achievemaximumaccuracy.Theresultingbestmodel
wasassessedfortheimportancevalueofincludedpre-
dictors(ametricofeachpredictor’scontributionto
overallmodelaccuracy)andforpartialdependence
plotsthatshowtheeffectofeachpredictoronthe
responsevariablewhilecontrollingforotherterms
includedinthemodel.

ThebestRandomForestmodelswerethenused
topredictstreambankandfloodplainfluxesand
streambedcharacteristicsateachofthe99664
NHDPlusV2reachesinthe ChesapeakeBayand
DelawareRiverwatershedsusingthepredictorvari-
ablevaluesfromthe Wieczoreketal(2018)and
FACET(Hopkinsetal2020)publisheddatabases.
ForreacheswithFACET metricsavailable,thebest
RandomForest models(maximumout-of-bagval-
idation)werechosenfromamongthepredictorsets
(a)usingonlytheattributesoftheupstreamdrainage
areatothemeasurementreach,or(b)usingboththe
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attributesoftheupstreamdrainageareaandthegeo-
morphometryofthereach(supplementarytableS1).
ForreacheswithoutFACETmetrics,thebestmodel
frompredictorsetbwaschosenforextrapolation
(usingonlyupstreamattributes).

Thepredictedloadofmaterialfromgeomorphic
changeforeachreachwascalculatedastheproductof
predictedfluxandstreamlength(NHDPlusV2data-
base)forfloodplainandforstreambanksediment,
finesediment,andTN,TP,andTOC.Fluxandload
predictionswerecensoredforNHDPlusV2reaches
thatweretidal,channelized,orimpounded,andonly
predictionsfortheremaining74133nontidal,non-
modifiedreachesweregenerated.Similarly,flood-
plainfluxesweredefinedaszeroforthosereaches
withdrainageareaslessthan3km2,whereactive
floodplaindepositionisunlikely(Hupp1986,Knox
2006,Schenketal2013,Gellisetal2015,Donovan
etal2015).Streambankfluxeswereextrapolatedto
reacheswithdrainagearealessthan3km2dueto
thelikelihoodofstreambankchangesoccurringalong
smallerstreams.

2.3. Watershedbudgeting

Foreach NHDPlusV2reach,the RandomForest
predictionsofstreambankandfloodplainloads,as
wellasexistingSPARROW modelpredictionsof
streamloadsofsuspendedsediment,TN,andTP
loadsgeneratedwithinthecatchment(Ator2019),
weresummedtocalculatebudgetsforthecombined
Chesapeake Bayand Delaware River watersheds.
TheSPARROW modelsuse watershedattributes
toexplainandpredictconstituentloads moving
downstream.IntheChesapeakeBaywatershedonly,
thebudgetalsoincludedsedimentloadgenerated
fromuplanderosion(Revised UniversalSoilLoss
Equation2:RUSLE2)anddeliveryofthatupland
sedimenttothestreamnetwork(derivedfroman
indexofconnectivity),andtheirdifferencedefined
asuplandtrapping(Hopkinsetal2018,Chesapeake
BayProgram2018).Uplanderosionmodelswerenot
availablefortheDelawareRiverwatershed.Massbal-
anceestimatedaresidual,unmeasuredtermforthe
watershedbudgets:

Streambankload−Floodplainload+residual

=Streamload.

Chesapeakeonly:

Uplanderosion−Uplandtrapping

+Streambankload−Floodplainload+residual

=Streamload.

Thenitrogen,phosphorus,andorganiccarbon
loadsattachedtosedimentwerecalculatedasthe

productofsedimentloadandeithermeasured(stre-
ambanksandfloodplains)orliteraturevaluesofele-
mentalconcentrationsonsediment(uplandsedi-
mentandcarboncontentofsuspendedsediment;see
supplementalinformationfordetails).

2.4.Dataavailability

Fieldandlaboratorymeasurementssummarizedfor
eachmeasurementreachwerepublishedbyNoeetal
(2020b).ValuesofpredictorsassessedintheRandom
Forest models,andRandomForestpredictionsof
streambank,floodplain,andstreambed,andupland
erosionanddeliverytostreams,foreachNHDPlusV2
reachwerepublishedbyNoeetal(2020c).Reachgeo-
morphometryestimatedbyFACETwerepublishedby
Hopkinsetal(2020).

3.Results

3.1.Measurementsofgeomorphicchangein
streams

Activefloodplainwaspresentatmostofthe68U.S.
Mid-Atlanticsampledstreamreaches,withonlythree
siteshavinglessthan1 moftotallateralwidthof
activefloodplain.Dendrogeomorphic measurement
indicatedthatregionalfloodplainschangedvertic-
allyonaverage+0.26cmyr−1(depositional)over
theaverage51yearsoftreeage(forsiteswithactive
floodplain),generatinganaveragesedimentfluxof
+130kg m−1yr−1thatwashighlyvariableamong
sites(figure2).Thevastmajorityofsiteswithactive
floodplainhadnetverticaldeposition,withonlyone
sitehavingverticalerosionandonesitewithnover-
ticalchange.Streambankwaserosionalover49%of
thesamplingreachonaverageamongsites.Stream-
banklateralerosionratesatthesamplinglocations
witherosionandwoodyrootsexposedwithinthe
reachesaveraged−3.40cmyr−1(erosional)across
sites,integratedovertheaverage17yearssinceroot
exposureduetostreamerosion. Withcorrectionfor
thepercentofthereachthatdidnothaveerosional
streambanks,theaverageratewas−1.66cmyr−1

(erosional)overtheentirereach.Thiscorrectedlat-
eralstreambankerosiongeneratedasedimentflux
of−62kg m−1yr−1thatwas moderatelyvariable
amongsites(figure2).Thenetbalance(sum)ofstre-
ambankandfloodplainsedimentfluxesinthereaches
wasdepositionalonaverage, +69kg m−1 yr−1,
with41netdepositionalsites(i.e.floodplaindepos-
ition>streambankerosion)vs.26neterosionalsites
(i.e.streambankerosion>floodplaindeposition).

Measured netsedimentflux balances along
streamreaches(andtheircomponentstreambank
andfloodplainfluxes)weregenerallysmallinthe
mountainousregionsofthe AppalachianPlateau
andBlueRidge,wherestreambankswerelowerand
lesserosiveandfloodplainsnarrower,andlargerand
morespatiallyvariableelsewhere(figure 2).Similar
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Figure 2. Measured floodplain and streambank fluxes of sediment, and their net flux balance, for stream reaches in the major
physiographic provinces of the U.S. Mid-Atlantic (left to right: mountains to coast). Positive flux is deposition, negative flux is
erosion. Net balance is the sum of streambank and floodplain flux. nd = no data.

to sediment, net balance fluxes of both fine sedi-
ment (<63µm) and phosphorus attached to sediment
were net depositional at 42 sites each (supplementary
figure S1). In contrast, stream net balance fluxes of
both organic carbon and nitrogen attached to sed-
iment were more frequently and more strongly net
depositional (46 sites each), due to higher organic
content of sediment deposited on floodplains than
eroded from streambanks.

3.2. Statistical modeling of stream geomorphic
change
Geomorphic change and resulting fluxes were
explained using Random Forests regressions with
a combination of assessed predictors that included
characteristics of both the entire upstream drain-
age area and local reach-scale geomorphometry.
The best models had validation accuracy ranging
from 58% for streambed fine and sand sediment
cover to 10% for floodplain sediment-phosphorus
flux (supplementary tables S1–S3). Average predic-
tion accuracy was 28% for the various predictions
for streambanks, 22% for floodplains, and 46% for
streambeds. Although accuracy was low for some
models, their predictive ability was still greater than
applying averages of the geomorphic change and flux
rates to unmeasured reaches. Some observations of
extreme long-term floodplain deposition and stre-
ambank erosion rates were not well captured by the
model predictions (figure 3); Random Forest models
conservatively underpredict variability and ‘regress
to the mean’ (Olson and Hawkins 2012).

Streambank lateral erosion rates and fluxes col-
lectively were most strongly influenced by land
uses (particularly the percent developed lands, pas-
ture/hay/grassland, and wetlands), runoff, and drain-
age area of the entire upstream watershed, and only
marginally influenced by the geomorphometry of the
local stream reach (supplementary table S1). Of these

predictors, upstream drainage area and developed
land use best explained streambank lateral rates of
change (figure 4). Streambank sediment flux had
many nonlinear thresholds to changing watershed
attributes (supplementary figure S2), including a very
large increase in streambank erosion (more negative
flux) where developed land use exceeded 27% of the
upstream watershed (figure 4). Note that these effects
of individual predictors (shown in the partial plots)
are independent of the other predictors included in
the model.

Floodplain vertical change and fluxes also were
best explained by many different upstream water-
shed metrics, including land use, drainage area, topo-
graphy, runoff, dams, and geology, and by local reach
geomorphometry (supplementary table S2, supple-
mentary figure S3). Upstream drainage area and
upstream developed land, and the width of flood-
plain in the local stream reach, had the most influ-
ence on rates of floodplain sediment flux. Floodplain
sediment flux increased rapidly where developed
land use increased to about 20% of the upstream
watershed (figure 4). Like streambanks becoming
more erosive, floodplains were more depositional
with greater upstream contributing drainage area.
Finally, sediment flux increased with active flood-
plain width up to a maximum rate at around 75 m
total lateral width and then remained constant in
wider floodplains.

Streambed percent cover by sand and fine sed-
iment was most influenced by upstream watershed
geography, and to a lesser degree by geology and land
use (supplementary table S3). Streambeds were most
covered by sand and fine sediment where watershed
average Topographic Wetness Index was the greatest
(larger drainage area upstream of flatter topography)
(supplementary figure S4). Streambed sand and fine
sediment cover also was greater where there was
more cultivated cropland in the upstream watershed,
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Figure3.Distributionofmeasuredandpredictedfluxesoffloodplainandstreambanksediment,andtheirnetbalance,versus
upstreamdrainageareaforeveryNHDPlusV2streamreachintheU.S.Mid-Atlanticthatisnontidal,non-impounded,and
non-channelized.Runningaveragesofmodelpredictionsareshown.Positivefluxisdeposition,negativefluxiserosion.X-axisis
shownonalogscale.

anddecreasedwheretheratiooffloodplainwidth
tostreambankheightinthelocalstreamreach
wasgreater.

TheRandomForest modelswereextrapolated
topredictgeomorphicchangesatall74133non-
tidal,non-channelized,andnon-impoundedNHD-
PlusV2reachesintheChesapeakeBayandDelaware
River watersheds. Theseregionalsedimentfluxes
averaged+44.7kg m−1 yr−1 forfloodplainand
−44.8kg m−1yr−1forstreambanks(figure3).In
otherwords,the modelpredictedclosetonetbal-
anceofgeomorphicsedimentfluxesacrossthepop-
ulationofstreamreachesoftheU.S. Mid-Atlantic.
Forthesubsetof26348reaches withlessthan
3km2 drainagearea,floodplainflux wasdefined
asaruletobezero,butstreambankfluxaveraged
−37.2kg m−1yr−1andthusthesmalleststreams
areneterosive. However,inthe47785reaches
withdrainageareagreaterthan3km2,floodplain
fluxaveraged+69.3kg m−1yr−1andstreambank
fluxaveraged−48.9kg m−1yr−1resultinginnet
depositionallargerstreams(+20.5kg m−1 yr−1).
Minimumpredictednetstreambalanceflux(most
erosive;−38.2kg m−1yr−1)occurredatdrainage
areasof2km2and maximum(mostdepositional;
+31.3kgm−1yr−1)occurredat41km2(figure3).
Morestreambankerosionoccurredinreacheswith
morefloodplaindeposition(rs=−0.54),indicating

thatstreamgeomorphicchangewasalargersyn-
dromedrivenbywatershedcharacteristicssuchas
upstreamlanduseanddrainagearea.

Subregionswithbothlargerpredictedstream-
bank(morenegative)andfloodplain(morepositive)
fluxesincludeddevelopedPiedmontandagricultural
ValleyandRidge(figure5).Portionsofthe moun-
tainousAppalachianPlateauwithmixedlandusehad
largeratesofstreambankerosionbutsmallratesof
floodplaindeposition.Conversely,theCoastalPlain
generallyhadsmallstreambankerosionandlarge
floodplaindepositionrates.

3.3. Watershedmassbalancematerialbudgets

Predictionsoffloodplainandstreambankdepos-
itionanderosionloadswerecomparedtoexisting
statistical predictions of downstreamsuspended
channelloadfortheentiretyofthe Chesapeake
BayandDelawareRiverwatersheds(Ator2019)and
modelpredictionsofuplanderosionanddeliveryto
streams(onlyavailableintheChesapeakeBaywater-
shed;ChesapeakeBayProgram2018)tocreatewater-
shed materialbudgets.Sedimenterosionsourcesin
theChesapeakewatershedbudgetweredetermined
tobe45%uplanderosiondeliveredtothestream
network,28%streambanklateralerosion,and27%
fromabudgetmassbalanceresidualtermrepresent-
inganunmodeled(additional)combinedneterosion
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Figure 4. Partial plots showing the effects of the most important predictors on fluxes of floodplain and (right) streambank (left)
sediment from the Random Forest regressions. Partial plots show the independent effects of each predictor by removing the
effects of other predictors included in the model. Hash marks along the x-axes show deciles of the distribution of the predictor
variables for the 68 measurement reaches. Values of drainage area and NLCD land use represent the average of the entire
upstream drainage area of each reach, whereas floodplain width includes only the local measurement reach.

source (figure 6). In the Delaware River watershed,
where upland erosion model predictions were lack-
ing, sediment erosion sources were 22% from stre-
ambanks and 78% from the budget residual term
(also including upland erosion). At the scale of both
the Chesapeake Bay and Delaware River watersheds,
streambank erosion generated 21% of total sources of
phosphorus and 6% of nitrogen sources, equivalent to
39%, 35%, and 6% of downstream channel loading of

suspended sediment, TP, and TN, respectively. Sim-
ilarly, floodplain deposition was equivalent to 42%,
66%, and 12% of downstream channel load of sus-
pended sediment, TP, and TN, respectively. Cumu-
lative floodplain deposition load slightly exceeded
streambank erosion load for the NHDPlusV2 stream
network of the U.S. Mid-Atlantic. The exceedance of
floodplain deposition over streambank erosion was
small for sediment (floodplain load was 9% greater

9
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Figure 5. Maps of predicted (A) streambank, (B) floodplain, and (C) stream net sediment flux balance for each NHDPlusV2
reach in the Chesapeake Bay and Delaware River watersheds. Positive flux is deposition, negative flux is erosion.

Figure 6. Watershed mass balance load budgets of (A) sediment, and attached (B) carbon, (C) phosphorus, and (D) nitrogen for
the nontidal Chesapeake Bay watershed. Budget residual term is calculated from mass balance of estimated terms and includes all
unestimated sources and sinks of both dissolved and particulate forms. Downstream export estimates total (dissolved and
particulate) phosphorus and nitrogen loads and only particulate carbon loads (not including dissolved carbon). Percent
contribution of sediment and elemental source terms are included.

than streambank load), but large for nitrogen, phos-
phorus, and organic carbon attached to sediment
(96%, 85%, and 84%, respectively). In other words,
floodplains have disproportionate impacts on nutri-
ent and organic matter transport. However, geo-
morphic change in individual stream reaches had
widely varying influence on downstream loads. Some
of that variability is evident as differences in sediment
budget terms across the major physiographic regions
(supplementary figure S5).

4. Discussion

At a regional scale, measurements typically are too
rare, and quantitative tools unavailable, to predict
rates of geomorphic change in floodplains and stre-
ambanks and their influence on sediment and asso-
ciated nutrient fluxes for all streams. This novel
approach to combine widespread measurements
using decadal-scale dendrogeomorphology with geo-
spatial predictors of floodplain and streambank
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change enabled small-scale prediction of the influ-
ence of stream geomorphic processes on watershed
material budgets throughout the U.S. Mid-Atlantic.
Emerging from the analysis are several new insights
into watershed transport processes that improve
understanding of watershed geomorphic change and
can enable better targeting of best management
practices intended to reduce downstream pollut-
ant loading and restore local stream habitat quality
(Novotny and Chesters 1989, Carbonneau et al 2012,
Noe et al 2020a).

We first conclude that landscape variation in stre-
ambank erosion and floodplain deposition is most
influenced by upstream land use, topography, and
drainage area. This new information on the drivers
and correlates of streambank erosion and floodplain
deposition generates novel insights into a region with
centuries of human disturbance and resulting altered
fine sediment storage and fluxes (Noe et al 2020a).
Many of the watershed attributes that were predict-
ive of downstream streambank erosion are likely a
proxy for the stream hydraulics and flow energy that
erodes streambanks. Drainage area directly relates to
stream power that influences the erosive energy avail-
able to cause channel geomorphic change (Church
2002), and developed and pasture land uses both
have less soil infiltration that generates flashier stream
flow in contrast to wetlands and forests (Bharati
et al 2002, Hopkins et al 2015). Increasing urbaniz-
ation, in particular, is a well-known cause of down-
stream channel change (i.e. the urban stream syn-
drome; Paul and Meyer 2001). Many studies that have
related upstream development and imperviousness
to stream health have identified thresholds of land
use between 1%–15% (Schueler et al 2009, King et al
2011) that leads to degradation of stream aquatic
biota, compared to the large increases in stream-
bank lateral erosion that we found in watersheds with
more than 27% development of the upstream water-
shed (equivalent to 14% impervious; regression using
Noe et al 2020b). Other factors such as vegetation
and sediment characteristics also have been shown to
control streambank erosion at local scales (Nanson
and Hickin 1986, Wynn and Mostaghimi 2006, Noe
et al 2020a). Notably, stream channel-floodplain
geomorphometry estimated for the local stream reach
had relatively little predictive influence on regional
streambank erosion rates in this study, but have been
effective predictors within small watersheds (Schenk
et al 2013, Hopkins et al 2018).

Floodplain vertical change also increased associ-
ated with metrics that relate to stream power (drain-
age area, Topographic Wetness Index, and develop-
ment land use). These attributes could lead to greater
amounts of overbank inundation at downstream
floodplains (Scott et al 2019). Because those water-
shed attributes also increase streambank erosion, it
is likely that increased sediment loads in the streams

also increase delivery of sediment to the flood-
plain during times of hydrologic connection. The
geomorphometric shape of the local stream reach
also explained floodplain deposition, similar to find-
ings in smaller watersheds of the U.S. Mid-Atlantic
(Schenk et al 2013). In particular, sediment retention
increased as the width of active floodplain across the
stream valley increased up to roughly 75 m. This is not
surprising as a larger floodplain geomorphic surface
is likely to support more sediment trapping. However,
the lack of increasing sediment flux by floodplains
wider than 75 m suggests that delivery or deposition
is minimal to interior areas of floodplain more dis-
tant from the sediment loads of the stream channel
or adjacent uplands (Mertes 1997).

Second, regional sediment is eroded from a mix-
ture of sources over decadal time scales, includ-
ing upland sheetwash erosion, streambank erosion,
and unknown sources. That unknown source of
sediment was derived as a mass budget residual
term after accounting for the other terms in the
budget, and its magnitude highlights the need for
additional research. Unmodeled sediment erosion
sources in that budget residual is likely attributable to
erosion of gullies and headwater streams smaller than
the mapped NHDPlusV2 stream network, vertical
incision of streambeds following watershed disturb-
ances (Madej and Ozaki 1996), and erosion of stre-
ambanks behind former milldams (Walter and Mer-
ritts 2008). In the Chesapeake, streambank erosion
as percent of total sediment sources in our hybrid
statistical-simulation modeled budget is intermedi-
ate compared to widely varying empirical estimates
of streambank sources from sediment fingerprinting
studies in small watersheds (Noe et al 2020a). Else-
where, similar hybrid budgeting approaches applied
to disturbed landscapes identified that near-channel
erosion was the dominant source of downstream sed-
iment load that represented an effective target for
management (Cho et al 2018). However, in land-
scapes with large amounts of historic human dis-
turbance, continued erosion of sediment storage
zones can lead to long-term elevated sediment load-
ing even after the implementation of management
practices that reduce contemporary erosion of soils
(Trimble 1999).

Third, the equivalent mass of sediment that is
eroded from streambanks in upstream portions of
watersheds in the disturbed U.S. Mid-Atlantic region
is deposited downstream where nontidal floodplain
trapping is active. Active floodplain trapped material
throughout the regional landscape but greatest rates
were found in the Piedmont, where sediment yield
is large, and the Coastal Plain, where lowlands are
extensive and flat (Noe et al 2020a), providing valu-
able ecosystem services (Costanza et al 1997). The
net balance of stream sediment loads changed from
erosional to depositional as the landscape flattened,
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from moderately erosional in the Appalachian Plat-
eau, to slightly depositional in the Piedmont, to
strongly depositional in the Coastal Plain, support-
ing prior conceptual models and measurements of
smaller scales that highlight the role of topography in
determining sediment balance (Hupp 2000, Portenga
et al 2019). Floodplain trapping rates increased with
drainage area, likely due to increasing duration and
volume of floodplain inundation (Scott et al 2019).
Deposition of sediment in downstream floodplains
can offset upstream streambank erosion of legacy
sediment stored in floodplains (Wohl et al 2015),
and obscure or overwhelm the effects of decreasing
upland erosion through time due to implementa-
tion of soil best management practices (Trimble 1999,
Smith and Wilcock 2015). In fact, most sediment
eroded from upland soils in disturbed watersheds is
stored in colluvium or floodplains for very long times
(Costa 1975, Walter and Merritts 2008, Pizzuto et al
2017). The integrated time scales measured through
dendrogeomorphology (from about 20–50 yrs in this
study) likely dampened the detection of extreme
runoff events that can generate most geomorphic
reworking of fluvial sediments and could lead to
short-term imbalance of streambank erosion and
floodplain deposition.

Fourth, geomorphic changes in stream valleys
also have large impact on nutrient transport pro-
cesses in watersheds. Nitrogen and phosphorus load-
ing to streams through streambank erosion can have a
large role in watershed sources of pollutants (Fox et al
2016, Jiang et al 2020), whereas floodplain deposition
of sediment-bound nitrogen, phosphorus, and car-
bon leads to substantial removal from flowing waters
(Hoffmann et al 2009, Noe and Hupp 2009, Sutfin
et al 2016). Geomorphic change in stream valleys had
a much larger effect on phosphorus than nitrogen
watershed budgets, which is not surprising given the
predominance of dissolved nitrogen loads versus par-
ticulate phosphorus loads in the Mid-Atlantic (Noe
et al 2020a). Interestingly, regional floodplain depos-
ition strongly exceeded streambank erosion of C, N,
and P due to the enrichment of nutrients on depos-
ited floodplain sediment compared to eroding stre-
ambank sediment and not due to differential sedi-
ment fluxes. This nutrient enrichment of depositing
floodplain sediment could be due to large increases in
watershed nutrient inputs since the mid-20th century
compared to prior centuries (Brush 2009) when most
stream valley sediment was deposited. Storage and
sequestration in floodplain soils is also vital to fluvial
carbon dynamics and storage (Sutfin et al 2016) and
our regional estimation of long-term annual sequest-
ration rates highlights the importance of floodplain
deposition to watershed carbon budgets.

In conclusion, these findings highlight the influ-
ence of geomorphic change by floodplains and
their streambanks on sediment, nutrient, and car-
bon contributions at regional scales, with relevance

to other geographic settings with intensive human
land use. Identification of the effects of stream-
bank erosion and floodplain deposition on regional
watershed mass balances, although notoriously dif-
ficult, is essential for improved understanding of
stream geomorphic change and effective targeting of
watershed management programs. The combination
of new systematic data collection on stream valley
geomorphic change, and statistical explanation and
extrapolation using geospatial data on watershed and
stream attributes, along with other process and stat-
istical models, can enable prediction of geomorphic
change at the scale of stream reaches throughout large
regional watersheds.
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