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Executive Summary

This study presents a native riparian seedling recruitment modehfar temperie tosemtarid
fluvial environments that can assist dam operatantplanning for ecologially beneficial flow
releases when the appropriate hydrologic conditions are presentSautieFok Boise River
(SFBR)basin.Field surveys from 2016, 2018, and 2019 were used to calibrate the recruitment
parameterfor the SFBRA series of model runsxamined hydraulics, sediment transport, and
seedling recruitment to evaluate two recent disturlsipel®ew Anderson Ranch Reservior
their ability to assist riparian seedling recruitment sucfierssam operations durinigpth

average and wet kyologicconditions These resultare put in context to the general
evolutionary trend occurring in tleupled riverfloodplain system below Anderson Ranch
Dam

Since dam closure ih950,reduced peak flows and limited sediment supply below the dam have
led to cnannel narrowing over timd his occurs when reduced flood disturbaaltewsriparian
vegetatiorto colonizethe formemwide sediment bars that were present in the active chprael
impoundmentSurveyed tree transects on the floodplain show that mé@i@mensity increased
59% between 1957 and 20Heral advancemenf the riparian forest communitgrovides

further geomorphic stabilizatioof the floodplain as root networks provide biomechanical
reinforcement to the sediment matrbhis increased dbdity of the floodplainimited the

impacts of a 5§ear flood(2017)to providea geomorphic disturbance afom subsequent
seedling habitaih the floodplain.

Theresultingdecreasd channel width, stabiledfloodplain area, increasltree density, rad
limited flows to flush out downed wood from the forest flokely ledto a riparian corridor with
a larger quantity of forest fuel théime predam conditionln 2013 theElk Fire provided aange
of burnseverity across the floodplaim which toobserveriparian forestegeneration processes
and howtheyrelate tonativeseedling recruitmenRostwildfire riparian forest regeneration on
the floodplain was spatially variable in response to burn severity, with increasing tree density
corresponding tburn severityFive years after the fire (2018), trdensity on the floodplain
was33%greater than thprefire condition Field observations show the primary pést forest
regeneration mechanism on the floodplain washaaal coppice and root spating, particularly
by the black cottonwoodopulationWhile clonal regrowttresets the apparent age class of the
riparian forest, it does not provide for sexual reprodudtianaffectsthe genetic diversity of the
forest communityPostfire native sedling recruitmentprocessesn the floodplairwasdirectly
related tadam operations.

For pioneer riparian forest species that are dependent upon high river discharge to distribute
seeds, remove existing vegetation competition, and maintain soil moistueat; an overbank
flood events required in the few years after a fire disturbamhée disturbedconditions persist.

In the two years immediately following tmeldfire, dam releases were kept below bankfull



during average hydrologic conditions in thesin. This resulted in rftoodplain inundatiorthat
limited the primary seed dispersal mechanism (hydrochory) for both cottonwoods and willows
as well as the surface and subsurface soil moisture to support initial seedling growth. In the third
year folowing the fire, bankfull dan releases during average hydrologic conditions (2016) could
only inundate the neathannel and lovelevation floodplain areas that encountered very low
burn severity and associated tree mortality. As a result, the existingtregerohibited

seedling ecruitment in these areas and no observed recruitment occurred along the floodplain.
Four years following the fire (2017), high dam releases related to wet hydrologic conditions
inundated 78% of the floodplain and were capablecruiting seedlings acres wider variety

of riparian environments. However, vigorous tree sprouts had already reduced much of the
available light in the potential seedling habitat areas by forming dense willow and cottonwood
thickets, as well as reded bare sediment from thelanization of grasses on the floodplain.
Seedling recruitment on the floodplain was limited to only 5% of all observed seedling
recruitmentwithin the riparian corridorTherefore successful seedling recruitment for
vegetatiordependent upon hydrochory ynbae possible after a low to moderate bsemerity

but only if overbank flowsreprovided within the first year or twafter the fireto inundate the
floodplain, provide a disturbance, and increase soil moisture.

The wildfire also initiated a series of debris flows within the study site that temporarily increased
sediment supply to the riveipariansystem below the danVith 95% of al seedling

recruitment occurring within the active river chanile¢role oferosional andlepositiona
processesn seedling recruitmemtasexaminedseparatelyCumulative surveyed seedling
recruitment patches during both average and wet yearsddmusition processes provided more
than an order of magnitude greater recruitment area thaimenmrocesses. The average year had
100% of all seedling recruitment occurring in depositional areas within the active river ¢hannel
whereas834% of seedling ruitment was related to depositional processes during dam releases
related to wet hydrologiconditions. Collectivelythese results illustrate that depositional
processes drive successful riparian seedling recruitwinn the active channah the SFBR

Once the sediment supply from the debris fans is exhaukeestability ofthe newdeposiional
islands and baris uncertain

Development of the@parian seedling recruitment model usiedd surveys taefine the
recruitmentparameters foaverage and wétydrologic years in the SFBRheresultanimodel
correctly predicted averagear (2A.6) seedling recruitment in 75% of the surveyed patches and
25% occurred on new featurddodel prediction for the wet year (2017) was able to predict
swccessful recruitment in 40% of the surveyed patches and failed in 3%. Furthermore, 57% of
patches occued on new features. New features constitute the bars and modified island features
that were not present during the bathymetric LIDAR survey in 20@¢ould not be captured in

the model Simulations for dm releases during average water ypagdictl ha (0.60% of

available floodplain area) of collectively favorable seedling recruitmentlasging to an

average favorable riparian habitat density Odtha/km. While these areas are located at



elevations high enough to satisfy the minimum recruitmerdehparameters, their location
within the channel makes their survival unlikely in subsequent y&ars.resulbf higher peak
flows and greater inuntied arean 2017 an overall increase in seedling recruitment occurred
within the floodplain. The recitment model predicted 11.4 ha (7% of available floodplain area)
of collectively favorable area. These results show larger contiguous areas of popantaai
habitat that is an order of magnitude larger than the average hydrologic conditions, \bitiata ha
density of 0.50 ha/knFinally, the recruitment model was used to identify the location and
spatial extent of potentialreas forestoration planting activitieduring average hydrologic
conditions Simulated favorable area during average hydrologiaitions for restoration

planting reached 25.6 ha (15.5% of available floodplain area). As restoration planting does not
require exiing forest removal in many places, site selective planting in open areas can
potentially increase the existing ripariaabitat density by 1.11 ha/kmhe most limiting factor

for seedling recruitmerduring average hydrologic conditions (2016) is insigfnt disturbance,
characterized in the model as shear stress. This allowd @tyof theavailablefloodplain area

to be viable for seedling recruitmetiternatively, the limited recruitment success for wet
conditions illustrates that greater inundhégea alone is not enough for increased riparian
seedling recruitment. In fact, elevation values become the mosnijfiétctorof favorable
recruitment arefl0.26 of availablefloodplain), with similar limitations from kear stress

(11.3% of availablefloodplain) on the floodplainResults imply that garget hydrograph with

peak flows less than the 2017 flood @€ nt/s) would provide the besarget for dam releases
when hydrologic conditions allow.



Introduction

Riparianvegetation occurs on less tha#b bf the western North American landscaypeat,it

provides habitat for more bird species than all other vegetgtpes combinednd is critical

habitat formany species ahammalgKnopf et al. 1988Bunnel et al., 2002; &rcot et al.,

2010. Additional benefits from healthy native riparian forests include streambank stabilization,
reduced channel migration ratélepd peak attenuatiomrganic andediment trappingshannel
shading, seasonal nutrignputsto the channeland the addition of large woody debris (LWD)
that acts to increase physical complexity of channels and improve instream habitat for aquatic
species (Naiman, et al., 1993Braatneet al, 1996;Friedman et al., 1996; Abernethy and
Rutherford, 2000, 200Eierke and Kauffman, 200&urnell et &, 2005;Braudrick et al., 2009;

Tal and Paola, 201@ong and Nepf, 201@ierjacks et al., 201Gurnel, 2014;Pollock and
Beechie, 2014Dixon et al.,2016).Native riparian forests of southern Idaho and much of the
western U.S. consist of cottonwoodpulusspp.) and willows $alixspp.) that support many

of the structural and ecological benefits llseove(Hughes, 1999; Katz et al., 2005)

Sustahnability of thesenative riparian communities requires succglssdcruitment of new
seedlings for genetic diversity order to providdong-termresilience(Legionnet and Lefevre,
1996;Luikart and Cornui 1998; Booy et al., 200@mulders et al2008 Tiedemann and Rood,
2015, especially in regards to fmmtial impacts of climate changfgatmay include increased
fungal and insect invasion, drought severity, and riparian forest fire intensity. Irctogassic
diversity isespeciallyimportantin response tncreasing hydrologic stress frachmate change
that has shown to skew seatios withinblack cottonwoodforests(Hultine et al., 2018)in

managed river systems located below dams and diversieangeduction in historic flood
disturbanceegime has detrimentally impacted tiiygarian vegetation communities that rely on
hydrochory for sexual reproduction argtruitment processes of native riparian species (Rood
and Mahoney, 199®uble and Scaf 1998;Rood et al., 1999; Shafroth et al., 200¢tle and
Merritt, 2004; Braatne, et al., 200Burke et al., 2009; Dixon et al., 2015 he lack of flow
disturbancédeads to an altered stream channel morphology as bars vegetate and the channel
narrows tree stands tend to have more homogenous ages on the floodplain, older forest
communities shade out seedlings and young trees, and greater amount of snags and deadwood
builds up on the riparian forest flodRg¢od et al., 1999)ykaar and Wigington, 200@ierke and
Kauffman, 2005)If flood disturbances are not periodically introduced to managed river
corridors, native pioneer riparian species that depend on suchggedessexual reproduction
and genetic diversity may see a shift in the age structuhe giparian community and potential
long-term collapse of the existing riparian vegetation community (Johnson, 1992; Friedman and
Lee, 2002Dixon et al., 201p

A further threat to riparian foresa®id associated ecosysteimshe western U.S. is the
increasing recurrence, duration, and severity of wildfire in the landscape (Westerling et al., 2006;
Dennison et al., 2014; Jolly et al., 2018}hile riparian ecosystesrand environments have
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historically been subject and evolved in response to wildfieatsArno, 2000; Everett et al.,
2003; Olson and Agee, 2005¢gional wildfire impacts are projected to increase over the next
century (Moritz et al., 2012; Abatzogi@and Williams, 2016), challenging the current
management dhesecritical habitats (Ttner, 2010; Westerling et al., 2011 arid
environments ofhe southwestern U.S. riparian forests are increasingly experiencing wildfire
whichin combination with reducefiibod peaksis becoming a dominaetcologicaldisturbance
factor(Busch, 1995;Johnson and Merritt, 2008mith and Finch, 2017As flood disturbance
decreases in managed risfeyodplain systems;onditions leave the ripanaorest more prone to
forest fireand stand clearing burn evefiBisch, 1995;Ellis, 2001) Yet little is krown about
how native riparian forests respondite disturbances and whethauch events afgeneficial

for seedling recruitmer{tGom and Rod, 199®Dwire and Kauffman, 20Q3Beche et al., 2005;
Kobziar and McBride, 2006Zharron and Johnson, 2008pnkka et al., 201)

Successfuliparian vegetatiomecruitmentdepend on infrequent high discharge evettat

perform three critical criteria for successful recruitment: 1) induce a sufficient disturbance along
streambanks and floodplains to scour (or heristing vegetatin to producéare soil, 2)

transport seeds during the period of viability to thesently disturbed areas, and 3) maintain

soil moisture for sufficient time that root growth can keep up with the recession of groundwater
levels Mahong and Rood, 1998; Braatne et al., 2007; Burke, et al., B&9ankar, et al.,

2014). These parametersaneextracted froma two-dimensional (2D) hydraulic modahd
incorporated into a nativ@arian vegetation recruitmentodel to predict seedling regtment
successlong thesemtarid South Fork Boise River in Southern IdahAdditionally, results from
aonedimensional (1D) sediment transport model were analyzed to evaluaitdetiod erosion

and deposition on seedling recruitment proceasése each scaleThe recruitment model was
used teevaluatewo majorrecentdisturbanceswildfire and flood which took placevithin the
riparian corridor below Anderson Ranch Darhe first disturbance was the Elk Fire in August

of 2013 that burned throughd riparian forest with major canopy and urstieny loss. The

second prturbation in the system wass0year floodeventthat occurred ir2017 Results are
intended to guide dam operational flexibilggd conservation activitidsr improved ecological
functionof the riverriparian systemvhen appropriatbydrologicconditions are available.

Study Area

The South Fork Boise River (SFBR) is located in southern I¢iigare 1)and has a
contributing drainage area of 3,382 %fihe basin has a granitichilogy n the upper
watershed and basalt canyons below the ddms. study analyzes tH&FBRwithin a23 km
study sitedownstream of the Anderson Ranch Dam. The s®mfined rver runs through the
SFBR @anyon withan average channel width of 41 m and arctel slope of 0.0043 m/m.
Bankfull discharge is spatially variable in the canyon, ranging froi®468¢/s depending on the
specific floodplain unitCanyon width fluctuates between 75 m and 450 m with inset flamdp
ranging between 30 m and 250 nithan the study siteThe river has mixed morphology of
single and multithread channels, with discontinuoudeschannelshatremain weduring the



summer season and act as backwater environments until theyieaitedct higher flowsThe

SFBR canyon guports upland vegetation along the terraces and canyon walls consisting of
mixed grasses, sagebrugirténisia tridentatg, and Ponderosa PinRiflus ponderoga

Riparian vegetation communities along the banks and floodplains consist of a black cottonwood
(Populus trichocarpdorr. & Gray)dominant communityvith an understory of redsier

dogwood Cornus sericep water birch Betula occidental)s andmixed willows (Salix spp.

along the ripariaraquatic interface. Former floodplains that now act asdesrhave a high
percentage of established sagebrush indicating its transiteostaileupland habitat.



Figurel. A) Location of SFBRn Idaha B) Extent ofstudysitedownstream of Anderson Ranch

Dam White dashed boxes identify example ReachesddBaiC) Burn severity majlustrating

the range of burn conditions within the study.dRedhigh severity, yelloamoderate severity,
greenlow severity, anegémptyvery low severity.

The SFBRhas awarm temperate to serarid climate with high evapotrapiration rates in the
summer and light snow accumulation in the winter. The basin has a rsowahelt driven
hydrologythathistorically peaks between April and midne however, closure of Andess
Ranch Dam in 1950 effectively reduced peak flogusoff upstream sediment suppbs well as
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altered the timing and recession rates in the downstream cary®ourrenflow regimebelow

the dam(Figure?2) is principally operated foirrigation delivery and flood control, with

hydropower production occuing as a secondapyiority. Reservoir operations duriryerage
hydrologic years allow a small spring peak release with a return to relatively steady irrigation
delivery dischargebetween 451 m?/sthroughout the summer monttiReleases are scaled by
available water in the reservoir depending upon the annual hydrologic conditions and irrigation
demandRamping down the flow in the fall is performed stepwise until baseflow conditions are
metnormally at 8.5 r#is for the duration of the winter montHs. 2017, high levels of snowpack

in the basirprovided hydrologic conditions that required flomzhtrolreleases to occur at
Anderson Ranch Darhat exceeded bankfull conditions for 100 daisese high flow releases
resulted in theseconchighest magnitudddod below the dan240 n#/s)in recorded history

The historic hydrograptiustrates the range of conditions that are possible in the SB&8Bw

the reservoir
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Figure2. A) Long-term hydrographs for the USGS gages upstream (blue series is near
Featherville, ID - 13186000 and downstream (orange serieatidnderson Ranch Dam
13190500 of Anderson Ranch Reservoir. B) Recent hydrographs for the SFBR since the Elk
Fire occurred in 2013. Upper black stippled I{Bé m¥/s) shows the upper bound of binll
discharge and thgrey stippled lin¢68 nv/s) shows the lower bound of bankfull discharge.
Observations in the field suggest flow greater than 84 im required to initiate floodplain

inundation in most areas.

The 2013 Elk Fire occurred in Augustdwascontained by 08/30/2@1 The wildfireextended

from the upland Ponderosa and grassland habitat into the riparian area with variable burn
severityacross the floodplaiBBurn severity within the riparian zone was patchy and ranged

from very low tomoderat§USBLM, 2013). Tree mortality was limited in very low severity

areas with light crown and bole scorch, whereas moderate severity areas had greater percentages
of top kill. Many top kill trees responded with coppice and root sprouts after theetdtirg in
vigorous regrowth on the streambanks and floodplain. Vegetation loss in the upland tributaries
resulted in subsequent debris flows occurim§eptember (09/13/2013)ebris flows entered

the channel as alluvial fans at five locations witia stug site thatdelivered large quantities of
sediment directly to the fluvial systein.2014, experimental high flow releases mobilized these
sediments and moved them downstream with limited geomorphic changes in the dbamel.
operations duringverage hgrologic conditions in 2016 were capable of minor bar
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redistribution within the active chanpathereaghe high dam releases of 2017 redistributed
sedimenthroughout the system formimgewbars andnodifying islands.

Methodology

This study seekto impove understanding of riparian seedling recruitment within the managed
river corridor of the South Fork Boise Riv&ecruitment is defined here as seed germination,
root extension, and seedling growth over a one growing sdasssons from thistsdy should

be usefuin other settings ranging from warm temperatsamtarid riverriparian systems in

the western U.S. and elsewhere. In particular, this study conceptually examines how geomorphic
changes below dams affect nativedieng recruitmenand how the current conditions can be
incorporated into parameters for a nativedimg recruitment modeAdditionally, two system
wide perturbationgiparianwildfire anda 50year flood provide an opportunity to evaluafe

these gents are benefididor seedling recruitmenthe question to address Given these large
disturbancesn the riparian corridor, were théisturbancesvents of sufficient magnitude to
establish a viable seedling populationnaitive pioneer riparian spges?This study leerages
earlier modeling work in the SFBR bagliSBR, 2014; USBR, 2017; Benjankar et al., 2018)
evaluatehe impacts ofhese perturbation evertds riparian seedling recruitment processes

Historic Aerial Photography

To understand the evolutionargjectory of the SFBR, historhannel and floodplain
conditions were examined through aerial imagery. The earliest available images from 1957 were
suppled by the U.S. Forest Service amdlect the conditions shortly aftdam closure in 1950.
These higric photographs were compared with more recent imagery from [efiité)and
after(2015, 20183he 2013 Elk Rre to assess changes in channel morphology and floodplain
vegetation density?hotographs in 1957 and 2018tbotcur after the two highesbfls on
recordthatdiffer by 14%, providing insight into how the riparian conditions respond after 68
years of flow regulation. Active channel width was measured in GIS and is defitwdlagidth

of the channel that is capable of transporting sedimahtausing aisturbance sufient for
native seedling recruitment. This includespaimary and secondary channels, as webas
andbare sediment featuratong the channel marginas a function of interacting disturbing and
stabilizing forces, aste channel width is considate surrogate for the extent of geomorphic
disturbance and seedling habitat availability.

To generally characterize changes in riparian forest density along the floodplain to perturbations
from the predam conditions, tree cats were performed along 200transects (n=14) spatially
distributed throughout the study site. Each transect ran roughly parallel to the channel and was
located within75 m of the streambank to include a rangenofphologicfeaturege.g. bas and
floodplains), as well as burn sevées. Burn severity mapsere used to identifthe distribution

and spatial extent of burn severity (USBLM, 2013). All trees that had their canopy intercept the
transect were included in the count. Temporal trends in treeysionly representee dengy

and do not capture changes in age class or tree species, although dominant forest canopy was
usually black cottonwood. Field tree counts were also performed along select transects (n=10) in
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September 2018 to validate coufrtam aerial photog¢Figure 3) Mean percent correct
enumeration between 2018 aerial and field surveys was 88% (max % difference = 25%), with a
tendency for aerial counts to underpredict owing to difficulties in resolving individual small

trees. Root measquare error was agputed for tree counts &0 "YO B , Where

xi= field counted trees per transegs photo counted trees per transect, and n= number of
transects. Reported RMSE between aerial and field approach8 was 5.60. Statistical
significance of temporal changes in active channel width and tree density were performed by

nonparametric ManWhi t ney tests. All tests were perforr
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Figure 3. Calibration chedketween aerial surveys and fiedurveys. Dashed line indicates 1:1
relation. Stippled line shows linear trend in data.

Seedling Surveys

Field surveyof riparian seedling recruitment were performe@®utoberof 2016andSeptember

of 2018to evaluate the success of native seedlingisentduring average and wet hydrologic
conditions in the basiMative vegetation patchesnsisted of the dominant riparian forest
specieswillow andbr cottonwood seedling$he 2016patches wersurveyedwith a handheld
GPSand represent recruitmehtiringthe first bankfull flow event after the fire during average
hydrologic conditions in the basinh& 2018 survewassurveyed with RTK GPS angsed to
evaluate seedling recruitment for dam operations during wet hydrologic condgeeding
cohortage wthin a patch was determined by counting the number of intervals between terminal
bud scarsSeedling recruitment areas were categorized by morphologic feature that included
floodplain, streambank, debris fan, island, and bar. To quantify surfaceesedexture, gain

size measurements were performed by Wolpelrblecounts at eight successful seedling
patchesaand dominant surface size was classified at an additional five patches across the study
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site An additional three bulk sediment samples waken fom the floodplain within 50 m of
the channel and sieved in the laboratorgompare with surface pebble couesults inforred
the seedling recruitment parameters for the recruitment model.

GroundwateMonitoring

To characterize how the groundeaconditions changed with river flow, the water table (WT)
elevation was monitored by pressure transducers located in floodplain observatioihweés.

1.4 m groundwater wells were installed to investigate the cha@no@hdwater interactions over
thecourse of a growing season. Hobo Troll pressure transducers were installed on April 28, 2019
and removed September 18, 2019. One pressanmsducemalfunctioned during the

deployment, leaving two reliable timeseries resdod the locations in figure.AVell 01

(upstream) and Well 03 (downstream) were located at 103 m and 41 m away from the main
channel, respectively. Cross correlation analysis was used to identify the relationship between
river WSE and WT as well as thafiitration time lag associatealith elevation changes.

b 1161

£1160 Channels
<
£ 1159 \
S
1158 | T~
w Main Channel
1157
0 50 100 150 200 250
Distance from edge of main channel (m)
—Downstream o Well 03 Upstream o Well 01

Figure4. Groundwater monitoring locations and associated floodplain cross sections.

Hydraulic Modeling

The native riparian vegetation recruitment madelst be coupled with separatéwo-

dimensional (2D) hydraulic mod#& provde the necessary input parametérghis study
discharge and inundation values were simulatg#ld a calibrated®D MIKE21 hydraulic model

(DHI, 2017 overthe study domain foelevensteady state runs that bracket hydrologic
conditions in the basirSteady state model runs were performedtf@&; 17, 28, 45, 57, 68, 102,
142, 184 and 227 fis flow releases from the Anderson Ranch Dam. Channel dimensions were
provided by a bathymetric LIDAR flighn 2007 that established a2 m resolution contimous
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DEM of the channel and floodplaiModel calilration used an iterative optimization of

manni ngbébs roughness and eddy viscosity values
values (RMSE) for measured river water surface elev@iM®E)and flow velaity. Respective

RMSE values foWWSEand flow velogy ranged from 0.1:0.2 m and 0.0:0.27 m/s depending

upon flow.Water surface elevations for discharge between simulated runs were linearly

interpolated to provide information on any flow betwdeand 27 m/s. For example WSE,

depth, and velocity faa discharge of 61 #fs were calculated in each grid cell from linear

interpolation of results for the 57 and 6&/snFull model details can be found in USBR (2017)

and Benjankar et al. (201

To understnd seedling recruitment potential durengerage and wet hydrologic conditions,
simulated seedling recruitment were compared betwaenreleases durirayerage (2016) and

wet (2017) hydrologic conditions (Figus. Natural peak discharges upstream efriservoir at

the USGS Featherville gag&3186000)\were 104 r¥s in 2016 and 274 {fs in 2017, with
respective recurrence intervals of-Y&ar (2016) and greater than 20€ar (2017). Peak
discharges were reduced below the reservoir, with dam operhtinisg peak flood flows to

80 m/s (1.5-year) and 240 fifs (50year), for 2016 and 2017 respectively. Spatial extent of
bankfull channel was delineated using the River Bathymetry Toolkit (McKean et al., 2009) and
overbank flomwas initiated at 68 Afsin the study site.
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Figure5. Simulated hydrographs reflectiageragg2016)and wet(2017)hydrologic conditions
in the South Fork Boise River basin.

Seedling Recruitment Modeling
Thenativeriparianvegetatiorrecruitment modeks a fuzzy rulebased rodelto determine
habitat suibility for seed germination and seedling survival through the first growing season

14



(Benjankar et al2014) The modeivas modified to be relevant fararm temperate teemtarid
conditions of the SFBR canyohhe flow chartdepicting the calculation stepvithin the riparian
recruitment modek presented in Figuré The recruitment model us#se daily outputs from
thehydraulic modebver the six month growth season (April 1 through Septembeas3@put
parametesto cakulate areas favorable foative ripariarseedling recruitmemithin the

riparian corridor Input parameters for the recruitment modelagiseed dispersal periold) bed
shear stress) 3-day moving averag&ater surface recession ratculated as mortality
coefficient and d)elevation of topography referenced to the base water level in the channel
(Table 1) The recruitment rodel repors fully favorable, partially favorable, less favorable, and
unfavorable conditions for each celithin the modedomain Predictive model outputs were
spatially mapped and compared to field surveyed patch extents to refine model parameters for
thesemtarid conditionsfound in the SFBR canyoAreas in the channel that are submerged by
baseflow conditions of 8 #s are excluded from analysis owing to continuous inundation.

e e e e R e e e Rk R 1
i Seed Shear Mortality : I
- . 2 | |Elevation| |
. |dispersal stress Coefficient
Modell—"—"—"—"—;[' ....... l ....... _l
parameters 5
|
:_..+ ........ N —— = — — . —..
Favorability | ot Less Partially Fully ||
. |favorable favorablg favorable favorable| -
] [ | |
*Calculated from stage *Simulated with HD
recession rate model

Figure6. Flow chart of the physical variables and output categories froniptmgan recruitment
model. Figure is modified from Benjankar, et al. (2014).

As with any model, the riparian rectment model should be calibrated before using for future
prediction. Original model parameters were developed for the Kootenai Riveheddale
Canada border, where hydrologic, lithologic, and morphologic conditions are considerably
different from tle environmental conditions found in much of the western U.S. Origiodeél
parameters were based on literature values from a limited nwhsterdieson large riversn the
Midwest, Pacific Northwest, and Canada. These values were askesbedcondibns in the

SFBR based on field observations and numerical re€iatgration was done through adjusting
the threshold values for each paeter according to local conditions in the SFBR basin (Table
1). Threshold parameter values may change basedeanrtype, geographic location, and size of
river system. In the current stugygak flows correspond to the period of active seed dispersal in
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theregommnd t hat rul e was wuni f or niheythreahsidvialgesferd t o
the other paramets were modified/calibrated based on local conditions found in surveyed
riparian seedling patches along the SFBR study site.

Table 1: Thresbld values of physical parameters considered for riparian vegetation recruitment.

Natural recruitment* Plantation Condition Reference

Braatne et al., 1996; Burke et al.,

1. Peak timing May-20- July-15 2009

2. Shear stress (NAY

>25.00° >0 Good Calculated shield's criteria usingsd
and critical dimensionless shear
13.00- 25.00 Fair stress of 0.03 and 0.06
Other (<13.00) Poor

3. Mortality coefficient ¢)°

<20 Good Braatne et al., 1996; Braateeal.,
Same as for natural 2007; Burke et al., 2009, Benjanka
20-30 recruitment Fair etal.,, 2014
>30 Poor

4. Elevation (mj

0.12-0.6 0.12-1.0 Good Mahoney ad Rood, 1998; Burke el
al., 2009, Polzin and Rood, 2006;
0.6-1.0 1.0-1.4 Fair Benjankar et al., 2014
Other Other Poor

*Threshold values can be altered and used as calibration parameters

UMaximumlocal shear stresturing peak flood bMortality coefficient threshold values
°Elevationreferenced to river base flow level. These values are estimated based on field condition
Based on dimensionless critical Shields str

YBasedondimle nsi onl ess <critical Shields stress, d =

The disturbance parameter of shear stress was calibrated according to the grain size distributions
within surveyed seedling recruitment patches. From observationsfieltheéhe removabf

existing vegetation was based on erosion of the sediment around the stem and rooting zone. The
range of threshold shear stress values of 13 and 25wietalculated based on the critical

Shields parameter values of 0.03 and @®telds, 1936)The bed shear stress is defined by
equation (1):
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L ¢ O (1)

Where U = bed?sdrdengityossedinest g N/ m = density of
(kg/mP), g = gravitational acceleration (rfysDes (26 mm) = grain size where 65% of the bed is

finer, andU & = critical dimensionless shear stress required to initiate sediment movamdent

hydraulic disturbance for seedling habitat preparatibi < 0.03 was considered to have
insufficientdistub ance, @< 0B. 66 Utrad moder ait>@.060miasst ur banc e
considered to have excellent disturbance for seedling habitaberestiear stress was
considered fAGoodoriwaeno Pwhe&bB<RBmM/dniPoor o whe
<13 Nm?, as it was considered insufficient for creating bare surfaces. When the model was run
specifically for identifying restoration planting asgaechanical sediment preparation was
assumed and shear stress valuea were consider

The mortality coefficient accounts for desiccation stress on seedlings by incorporating the
recession rate of the river WSE and associatedrglwater in the floodplain that maintains soil
moisture in the seedling rooting zone. The average recesssonseghe convention of a-8ay

moving average of daily stage decline. An average recession rate of O to 0.05 m/day is
considered favorable, 0.05 to 0.1 m/day was considered stressful, and greater than 0.1 m/day was
categorized as lethét.g., Benjankar et al., 2014;datne et al., 1996; Burke et al., 2008)ater

surface recession rates in bars and floodplains (where seedling recruitment occurs) is calculated
with an assumption that the groundwater table isctly associated with WSE in the channel

(Amlin and Rood, 2002; Busch et al., 1992; Mahoney and Rood, .1998)

Computation of the mortality coefficient (M) uses thdd@/ average recession rate in each cell to

account for the effects of the capillary fringe and root elongation on seedling desiccation due to

lethal recession ratéBraatne et al., 2007; Burke et al., 200R)e coefficient M is based on the
principlethat a few days of lethal recession rate may stress seedlings, but not necessarily Kkill

them. Furthermore, lethal stress may be compensated by groendhvfitttation, intermittent

precipitation during the growing season, and substrate moisture reteittionthe capillary

fringe. A mortality coef f30ciiesnti Ka2iOr d,s acnodn s> 3dC
similar to previous studigg.g., Benjankar et al., 2014; Braatne et al., 2007; Burkie €089)

The same range of coefficients was considered appropriate for survivahigdp&aplings.

The elevation parameter is based on the topographic elevation of each cell within the surveyed
riparian seedling patches that is above the referencefloas@/SE (8 m?/s). A majority (63%)

of field surveyed seedling grid celis{1028) occur within an elevation range of GILA m.

From this he elevationrange 0.42. 6 m i s consild®dr end i FCecohd, de.r &
and elevations <0.12mand >1.0mabovbase fl ow are considered AP
recruitmentin this stidy the critical rooting depth was defined as 1 m, which is basedamt a

growth rate of 4.2 mm/d for riparian seedlings that can tap groundwater at depths df.8.i#b

by the end ofthe first growing seasdidohnson, 1994)or computation ofestoration planting
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parameter thresholds, the elevationrange of-0.120 m i s consi dledmed AN Good:
categorized as AFairo. Theseumngtepahtingsars ar e c
oneyear old saplings with an existing roob¢gh of 0.50.75 m or dormant pole cuttings will be

planted to this depth.

Model prediction of successful riparian recruitment was evaluated by comparing field surveyed

and simulatedgac hes. Si mul ated predictionsorwere repol
occurring on a Anew featureo. Simulated fAsucc
recruitment cel/l intersected with a fureédad. sur

A Anew featureodo i s def i ned07wahentkemodelbahgmetryh at wa
was collected (e.g., bar) arsllocatedwithin the basdlow channel extentlefined by8 m’/s
discharge

To evaluate recruitment potential within the datalie floodplain, the collective favorable

seedling recruitment area (summation of fully favorable, partially favorablessfdvorable

areas) was computed for average (2016) and wet (2017) hydrologitiaas, as well as a

planting option. From fiel@bservations of riparian vegetation extent, the available floodplain

was operationally def i nflewdWSESUsi2gthm dedirbtionytee t he r i
total available floodplain within the SFBRugly site is 165 ha. This effective area allows

restoration alternatives to be normalized as percentages of total available floodplain area.

Sediment Transport Modeling

A one-dimensional (1D) coupled hydraulic and sediment transport modet 8outh Fork

Boise River between Anderson Ranch Dam and Amok Reservoir was developed to simulate
postfire sediment transport through the rifeyodplain systen{USBR, 204a). Cross sections

for the modelvere extracted every 30 m from the same 2007 DEM that was used for the 2D
hydraulic mode(see hydraulic mdeling section)Boundary conditions were established from

the upstream Anderson Ranch (USGS 13190500) and downstream Neal Bridge (USGS
13192200) gaging stations for discharge and stdg@raulic model calibration was performed

through optimizingthe Mani n g 6 s n paramatetp mmimigeshe difference between

surveyed and simulated water surface elevations during low @9 and intermediate (45.6

mY/s) discharges. Low flow simulation&Gllempl oye
s/m3, whereas the interediate discharge had n=0.88372 s/mY3. Roughness values were

refined until deviations between modeled and observed water surface elevations had RMSE<0.15
m, which wasapproximatelyequivalent to the vertical accuracy of thedel batlgmetry

(McKean etal., 2009) Complete model details can be found in USBR 42D1

The proces$ased coupled hydraulic and sediment transport model used the Ackers and White
total sediment load transport equatiBoundary conditions for sediment influelow the dam,

from tributaries, and hillslopasere set to zeras these sources are limited outside the influence
of the debris flows. The delivered sediment volume from thewidtire debris flows was
distributed over the streambed craestion unibrmly wherethe debris flows entered the
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channel. The modeled sediment sizes included 0.22, 2.0, 11.31 and 38.89 mm that were
determined by bulk sieved sediment samples from the debridfartcentage ofrgin size from

each fan and the river chantie#t informed he modelsedimengradationcurvesare reported in

Table 2.The sediment transport model was not calibrated due to lack of sediment transport data.
Therefore, all results represent relative trends through the system instead of absolute transpor
values.

Table 2.Percentage of grain sizased in the sediment transpgradation curvérom the
riverbedand each debris flow.

Location 0.22mm 2mm 11.31 mm 38.89 mm

Riverbed 2% 10% 20% 68%
Debris Fan 1 45% 33% 22% 0%
Debris Fan 2 37% 32% 15% 16%
Debris Fan 3 43% 35% 22% 0%
Debris Fan 4 22% 48% 29% 1%

Simulations were run for aear duration (201-2018) to examine cumulative

erosion/deposition after the 2013 wildfire and debris flows. Results are spatially limited by the
1D modelingapproacho provide data every 30 m through the model domain. Surveyed seedling
patches often extend over numerous cross sections or are located between cross sections of the
sediment transport model; therefore, sediment transport results employ-ertisesedbn

moving average (90 m) to illustrate general trends in deposition or erosion within the reach.
Cumulative sediment transport within the model domain was spatially compared to surveyed
seedling patches to illustrate whether erosional or deposifpyo@sses facilitate seedling
recruitment in the SFBR.

Results

Historic Channel and Floodplain Analysis

Dam construction and operations in the SFBR system have resulted in reduced peak stream flows
and sediment supply from the upstream b#si haveresultal in geomorphic stabilization of

the riparian corridor downstream of Anderson Ranch Ddm.earliest aerial images show

broad sediment bars and sparse riparian forest coverage on the floodplain, illustrating high
alluvial turnover rates and associatedd$ieg recruitment potential of the natural system (Figure
7). Historic channel morphologycluded a wide active channel with a complex mosaic of
attached and medial bars that were dissected by secondary channels and chute cutoffs. The
dynamic geomorphicrpcesses provided a diverse array of erosional and depositional surfaces
for seedling canization and recruitment. Howevel, gears (1952011) of regulated flows and
reduced sediment supply in the SFBR led to active channel narrowing, reduced adusia)

and coarsening of the active channel substrate that collectively stabilizaceth@anform.

With reduced geomorphic disturbance, dense cottonwood and willow forests colonized the bars
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and floodplains that were present before reservoir clotuis.expansion of pioneer riparian
vegetation into these formerly open areas incredsetbtal riparian tree population and forest
cover along the floodplaiim both Reaches A and. Bs the riparian forest further colonized and
matured on the floodplajistreambanks, and islands, seedling recruitment processes were
reduced by 1) eliminatioaf bare sediment patches, 2) shading potential habitat under the forest
canopy, and 3) stabilizing the streambanks and floodplain surfaces with a root network to
effectively eliminate erosional processes during high flow events. Without disturbance or
avdlable bare sediment, pfeee seedling recruitment habitat in the SFBR was spatially restricted
to the narrow margins of streambanks and bars. The recent pertushiattbe riparian corridor
resulted in littlegeomorphic alteration to the channel planiorfloodplain extent. Photosvb

years after the wildfire (2015howthere is little evidence of geomorphic change to either the
channel or floodplaimesulting fom vegetation lossAdditionally, photos ae year after the

flood (2018)illustratesome evidence @eomorphic change in the channel, with meedial and
point barsforming and deposition at the head andadaVegetated islandsiowever, 0
geomorphiachange arevisible on the floodplain.
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Figure7. Timeseries o) Reach Alocated 5 km below Anderson Ranch Dd) Reach B
located near Cow Creek 12.5 km below Anderson Ranch Dampanel 1957, second panél
2011, third panél 2015,bottom panki 2018.

As vegetatiorcolonized the barand encroached on the rivelnanneharrowingoccurred in the
years following dam closure.gduced peak flows that no longer provide sufficlgydraulic
disturbanceto maoilize sediment or clear vegetatiomthe floodplain allowederal
advancement of the riparian forest community and further geomorphic stabili&ttbilization
of sreambanksnd floodplain surfaces occurrfdm biomechanical strengthening of the
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sediment matrix via the addition obfous root bundles from trees and shrubsannel

narrowing has occurred on otheestern rivers when dam operations or drought conditians
reduced historic flood peaks (Friedman et al., 1996; Shadtath, 2002; Stromberg et al.,
2010).In the SFBR significantchanneharrowing occurred between 1957 &1 p=1x107°),
whereas the combined influences of riparian forest fire (2015) and flood (2018) led to no
significant w3d6dCorhparisdnafragive shar(ng Width (Fig@®equantifies the
stabilizing impacts of river regulation and ability of riparian wileliand subsequent flood to
provide available habitat for seedling recruitment at the reach scale. Historic median active
chamel width within the alluvial floodplain was 105 m, which narrowed over time to its current
median width of 40 mThe effects ofiver regulation significantly reduced active channel width
and the associated seedling recruitment habitat by 62%g toreduced hydraulic disturbance
and bar colonization.

140
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Figure8. Distribution of active channel widths within the alluvial floodplagaches of the study
reach.

For further contexinto the effects of floodplain stabilizatidrom riparian vegetatiorthe 1957
photographs were taken one year aftaragor floodevent was released from the dé@peak=

277 n¥/s) and show broad, unveged bars up to 137 m wide. While these photosvshe
system response to an extreme flow, the 2017 flogeh(©240 n¥/s) waswithin 14% of the
1956peak dischargand did not show a similar geomorphic response to the high flow.event
Active channel wdth after theflood showed only local erosioof streambankdeading to a

small increase in variand@tweerthe preflood conditions irr011 (Var240.0 and2015
(Var=144.2 andthe postflood conditions irR018 (Var466.5. Thisindicakes thathe

stablizing force of riparian vegetatiotan increase the threshold of disturbance above the pre
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damcondition requiring either an extreme evemeater than a 59ear floodor intervention
from management to attaperiodic channel dynamics in the river ¢dar.

The processes of channel narrowatgng thefloodplain andoarstabilizationprovided greater
surface area for riparian vegetation to colonize. The greater available floodplamvithoed
hydraulic disturbancesitially allowedfor increased catinwood and willow populatiorefter

dam closureThe initiation of flow regulation and redtimn in hydraulic disturbance led to an
overall increase in riparian forest population that scaled with the colonization of bars and
reduction in active channel wild Surveyed tree transects on the floodplain show that median
tree density increased 59%tWween 1957 and 2011, owing to riparian colonization of the
formerly exposed bars (Figug®. One growing season after the wildfire (2015), tree density was
reducedo approximately similar density as the jol@m floodplain. However, tree density had
increased five years after the wildfire as trees recovered from the burn and/or responded via root
sprouting. The 2018 survey has the greatest variation in responsewer# a range of burn
intensities across the floodplain, but median values sheignéicantincrease of 33%p=0.02)
above the prdéire (2011) tree density. This increased density occurs mainly as greater light
availability, existing root networks withiccess to the shallow water table, and spatially
distributed root sprouting providdeal regrowth conditions on the floodplairhereforefive

years after the fire (2018)ee density on the floodplamas greatethan beforghe wildfire.
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Figure 9.Tree density estimates in the SFBR from aerial photographs.

RiparianWildfire Response

Fromthe earlieshistoric imageryin 1957 floodplain vegetation density was very low owing to
periodic flood disturbancemnd vegetation export dmstream The1957 photoswere taken the

year aftera major floodn 1956 showng sparseree population near the active charaed
grassland# higher elevationgFigure?). Hence, thdulk of riparian forest fuels that built up

prior to the 2013 Elk Firaccumulated ovehe 56 yearsof managed flowsDry temperate to
semtarid climates like that of the SFBR basin may have increased fuel loads and increased fire
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risk owing to preservation of downed wood on the floodplain, lack of flood disturbance to
provide a mechanisnof exporting downed wood frometfloodplain, and dry fuel conditions

that persist over most of the summer and fall seasons (Skinner, 2002; Gould et alln2008).
combination with the decreasing channel width, stabilizing floodplain area, increasing tree
density, and limited flows todkh out downed wood from the forest floor, the riparian corridor

had a larger quantity of forest fuel than in 1957. With a higher density of older trees, the riparian
forest was likely more prone to wildfire than historieddions, which has been seeroimer

riparian forests (Smith and Fischer, 1997; Ellis et al., 1998; Ellis, 200XTeduce fire hazard

and potential fire severity in floodplains, managed disturbances from fire or flood may be
required in riparian areds remove fuels from the undessy and thin forest population. Floods

may be particularly effective forest fuels management option below dams that block all upstream
LWD from the upstream basin that would otherwise deposit and build up in the floodpé&sh f

Little information is curently available on riparian fire response (Hall and Hansen, 1997; Smith
and Fischer 1997; Kobziar and McBride, 20Bétit and Naiman, 2007 making any
determinations on whether the disturbance is ecologically bendéicigbarianforest
regeneratiorthallenging (Zasada et al. 1983; Agee, 1991; Brown, 1996; Gom and Rood, 1999;
Wonkka et al., 2017). Riparian wildfire response is complitaieher by its relation to the burn
severity, which can show high spatial vanatalong a river corridoiThe 2013 wildfire

removed much of the tree canopy and understory along the streambanks and floodplain,
providing a window of opportunity for geomphic disturbance and seedling recruitment to occur
before vegetative competitisrmoved both bare sediment and light availabilitygeneral,
moderate burgeverityoccurred upstreaneloser to Anderson Ranch Dam and low bsererity
took place in thelownstream directio(Figure 10A) On the floodplain the fire ranged in

severity fom very low to moderate that resulted in top kill of most cottonwoods and willows but
did not kill the root structures of most trees. While canopy cover was removed frdmoirthe
floodplain, field observations show that existing riparian root systesns prone to vigorous
sprouting and clonal propagation that rapidly regenerated much of the floodplain vegetation in
the years following the firel'his resets the apparenteaglass of the riparian forest, but not the
genetic diversity of the population.
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Figure10. Example of lirn severityalong Reach Af SFBR below Anderson Ranch D4tap).
Mixed survival of cottonwoods and willowsgithin the riparian corridobased oriow (middle)
andmoderate (bottomfurn severity

The variable burgeverityaaoss the floodplain resulted in a mosaic of tree survival (FitydiBe

C). Postfire riparian forest regeneration on the floodplain was spatially variable in response to
burn severity (Figur&l), with increasing tree density corresponding to burn ggvéield
observations show the primary pdisé forest regeneration mechanism on the floodplain was via
coppice and root sprouting, particularly by the black cottonwood population. Willow species
mainly grew in lowelevation wet areas and along the bafsich generally encountered lower
burnseverityand reduced mortality. In the areas of very low burn severity most trees recovered
with the ratio of posfire/pre-fire population very close to unity (median=1.03). Low severity
burn areas had a statistigainsignificant (p=0.06) increase in pefge/prefire ratio

(median=1.26), as damaged trees showed mixed coppice and root sprouting responses. The
highest burn severity on the floodplain reached moderate levels and had the higHes/pest

fire regrowth ratio (median=1.57), a significant increase above the very low and low severities
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(p<0.014). The principal regrowth mechanism in moderate burn severity areas was by root
sprouts from top killed trees, with very few observed coppice sprbuitsinaeased tree density
along transects is related to clonal regeneration from root suckering and limited coppice
sprouting, with little to no signs of seedlings away from the river margins aghegwith other
studies that found riparian fire impacts teadavor clonal sproutingnd regrowtlover seedling
recruitment buts dependent updourn severity and fisequentlood disturbance (Gom and
Rood, 1999; Ellis, 2001; Wonkka et al., 2017).
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Figurell Ratio of postfire/pre-fire tree counts ifloodplain tansects based on burn severity
(n=14).

Vigorous clonal sprouting and shoot growth has been observed after megerig/fires and

in riparian areas that can lead to fast stem growth and canopy development, especially when the
water tablds accessibléo established root systems (Hall and Hansen, 1997; Gom and Rood,
1999; Miller, 2000). Asexual clones have faster growth rates than seedlings owing to greater
reserves of carbohydrates and nitrogen in their root systems that provide adir@aterof

suvival (Hartman and Kester, 1975; Burgess et al., 1990; Francis, 2007). In river sgstosss

the Northern Hemghere asexual clones have been observed to gr8viRes faster than

seedlings in the same river system (Rood et al., 1998; &ohiRood, 199; Francis et al.,

2006). Therefore, clonal growth from root suckers and coppice sprouting can outcompete
seedlings that would otherwise establish after a fire disturbance that opens the canopy and
provides bare mineral soil for establishmsités. For gecies dependent upbigh river

dischageto distribute seeds, remoegisting vegetatiomompetition, and maintain soil moisture
content, an overbank flood event is required in the few years after a fire disturbance when these
conditions persist (Joharmsset al., 1996; Shafroth et al., 1998, 2002). Insératarid

floodplains of the Rio Grate, seedling recruitment was observed when floods were released
from the upstream dams within one to two years after wildfire (Ellis, 2001; Smith and Finch,
2018). h the SFBRthe wildfire disturbance removed the canopy and understory that opened a

26



window of opportunity for seedling recruitment by creating both bare sediment and light
availability on the floodplain. However, as sprouting and regrowth occurred frigtmgxrees
and root networkghe window of seedling recruitment reduced as a functidimef since the

burn.

Observed and simulatededling recruitment within this window was fundamentally dependent
on dam operations. In the two years immediatelpp¥ahg the fire, dam releases were kept

below bankfull during average hydrologic conditiamshe basin (FigureB). This resulted in

no floodplain inundation, which limited the primary seed dispersal mechanism (hydrochory) for
both cottonwoods and willosvas well as the surface and subsurface soil moisture to support
initial seedling growthMaintainingdamreleases less than bankfull (Figli2A) that provide a

high water tablen the floodplain (see groundwater nitmning section¥or already establishe

roots to accessay actually favor clonal sproutir{gllis, 2001; Smith et al2009).

Consequently, much of the floodplaesponded via root sproufSigure12B and 1Z). In the

third year following the fire, bankfull dam releases during average foglootonditiong2016)

could only inundate the neahannel and lovelevation floodplain areas themcountered very

low burnseveriy and associatetllee mortality. As a result, the existing vegetation prohibited
seedling recruitment in these areas andlserved recruitmemtccurred along the floodplain.

Four years following the fir€2017) high dam releases related to wet hydrologic conditions
inundated’8% of the floodplain and were capable of recruiting seedlings across a wider variety
of riparian enironments. However,igorous tree sprouts had already reduced much of the
available lightin thepotential seedling habitat ardags forming dense willow and cottonwood
thickets as well as reduced bare sediment from the colonization of grasses omthpdsgiio
(Figurel0).

7= o
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Figurel2 A) Nearbankfull flow conditions provide a high groundwater table that is accessible
to existing tree roots along ti-BR butdoes not ttribute seeds over flaplain B) Clonal

root suckers growing well overhe&mlr growing seasons after the fire in areas without flood
disturbanceC) Clonal root sprouts on the floodpldhmat at first glance appear to $eedlings
butare connected tother sprouts via arterial roots

Seedling Recruitment Processes

Field survgsidentified the locations and spatial extent of seedling patches along the floodplain
andactive channelGiven the strong regrowibn the floodplain from clonal regeneration, by the
time bankfull flows occurreth the SFBR three years after the wildfinere was substantial
competitionfor seedlings to overconandeffectively all seedling recruitment occurred in and
along the margins of the active channel (FigL@&). For dam releases durimyerage
hydrologicconditions (2016ho seedling patches veefound on the floodplain (FigudeB)
indicatinggreater flows are required soibstantially inundate éise surfaces and distribute seeds
Overbank dm releases during wet hydrologic conditions (2017) led toftogdplain

inundaton extent, buseedlingrecruitment on the floodplain was limited to 5% of the total
observed seedling patches along the river corridor. These recruitment patches occurred in
erosional areas where existing tree density was low and overbank velocitigstsuppressed

by vegeation.Hydraulic modelingesults below showneffective seedling recruitment on the
floodplain of the SFBR because of two main influences, 1) lack of hydraulic disturbance on the
floodplain and 2) floodplain surfaces wenederwater for much of the hydnagph. These results
combined with the poswildfire vegetation responsadicate that the window of disturbance on
the floodplain following riparian fire in a serarid environment was reduced within 3 years of
the fire andalmost gone by the fourth year.
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Figurel3. A) Observed seedling recruitment patches for both average and wet hydrologic conditions in
example Reach A of the SFBR study site. Patches are outlined in red. Arrow indicates direction of flow.
B) Percent occurrence for field observeddtiag recruitmenbn morphologic features in the SFBR study
site for dam releases during average and wet hydrologic conditions.

With limited postfire seedling recruitment on the floodplain, successful recruitment occurred
within the active channel, raimg from 100% dung average flow releases and 95% during wet
yeardam operations (FigurE3B). Riparian seedling recruitment occurred as small, spatially
distributed patches (median area = 40% along bars, streambanks, floodplains, margins of
debris fins, and at the hd and tail of vegetated islands (FigliBA). Sediment deposits on bars
and islands were the most commonly observed recruitment areas, with streambanks and fan
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deposits providing secondary areas. During the average hydrologi@29&8j all recruitment
occurred at low elevations along the streambanks, debris fans, and bar surfaces, with the majority
of recruitment (75%) occurring on unvegetated bars. The unvegetated bars had the largest areal
patch size as recruitment tended to occur dlve entire emgent bar surface. Patches ranged

from 33-2,952 n%, with median patch size of 361.3n$eedling patches larger than 170were
usually associated with bar top recruitment. During the wet hydrologiq3@&r) recruitment

tended to ocauacross a wider variety of morphologic features, including higher elevations along
the streambanks and debris fans and on sediment deposits at the head and tail of vegetated
islands (Figurel3B). Seedling patch sizes rangednfr@-679 nf, but recruitmenareas during

the flood conditions usually resulted in smaller patch imeslian area=35.6 9nthan during

average hydrologic conditionBuring the2017flood, less frequent recruitment occurred on bars
(16%) and more frequengcruitment occurred on nénwdeposited sediment around vegetated
islands (35%).

Riparian forest regeneration within the active channel was directly related to erosion and
deposition processes that provided for seedling recruitment habitat and segpaghtion. The
postwildfire debris flows added the requisite sediment for bar building and sediment deposition
that were reworked during the average and wet flow releases from the dam. Cumulative surveyed
seedling recruitment patches during both averagenast years show depositipnocesses

provided more than an order of magnitude greater recruitment area than erosion processes
(Figure14A). The average year had 100% of all seedling recruitment occurring in depositional
areas within the active river chainThe wet year had 62% w#cruitment occurring in

depositional areas and 16% occurring in erosional afelhtionally, 22% of the patches were
located on the margins of debris fans where recruitment occurred on depositional features from
upland sourcg These depositional featisrwere not formed by fluvial sediment transport
processes but did occur as depositional features that provided new sediment to theumivelr
Therefore, including both geomorphic features shows that 84% of seedling recruitment was
related to depositital processes during dam releases related to wet hydrologic conditions. In
depositional areas where recruitment occurred, higher percenfdgessediment were present

that supplemented the moisture retention capacity of the coarse armored cobiidelesh t
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Figurel4. A) Cumulative surveyed seedling recruitment area related to sediment transport process for
dam operations during avemgnd wet hydrologic conditionB) Simulated erosion/deposition over a
five-year period within the SFBR studyesi Red lines indicate depositional recruitment patches, green
lines identify erosional recruitment. Blue lines show where islands occur kirtthesflow. Stippled

boxes show confined reaches.

To quantify the role of erosional and depositional process®ss théarger spatial scale of the

study site, results from the 1D morphodynamic m¢Brjure14B) illustrated the trends of
cumulative sediment transport in the five years after th€Z0&32018) The horizontal stippled

line indicates the initiadetrended bed elevation and the solid black line stib&80 mmoving
average of cumulative erosion or deposition over the sitionl period. Overall bed erosion

0.04 mhas occurred within the study site as there is no upstream sediment suppky outisel

debris fans and local bank erosion, which leads to general bed incision through the reach below
Anderson Ranch DanThis ked incision has likely been occurring during high flow events since
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dam closure in 1950. The consequences of this bed in@sid channel enlargement are greater
channel conveyance, whereby flows that historically inundated the floodplain are no longer
cgpable of leaving the channel. This effectively increasesitbedischarge that is required to
provide a disturbance in tfl@odplain. While the 2D hydraulic model results show that in 2007
bankfull flow was approximatel§8 m®s, field observations i2019 show that bankfull

discharge might be closer to 84/apwing to changes in channel morphology after2@&7

flood.

The general erosional tred Figurel14Bis punctuated with strong periodic erosional and
depositional spikes. The erosional spikes identify the scour occurring at the four debris fans that
enter the river within the study sit&s the principal postire source of sediment to the channel
thesedebris fangrovide sediment thas distributed downstream during high flows, superposing
depositional features on top of the generally erosional reach Debds flows in semconfined
canyon environments providiee required sediment to form new defiosal alluvial features

like bars, islands, and floodplains, especially in sufipiyted river systems (Benda et al., 2003;
Tranmer et al., 2015). In 2014, limited experimental flow releases were employed tidbreeis
sediment downstream. The limitddration flow release in August 2014 removed sediment from
the debridans butwas insufficient to redistribute the sediment throughout the valley bottom.
The 2017 flood, with greater magnitude and duration, wasesstul in redistributing both fine

and coarse sediments from the debris fan derived material, as well as localdsak gvurces.
Deposition occurred where there was a reduction in channel slope or in areas of canyon
expansion. Simulated depositionatas spatially aligned with the existing morphologic features
that support riparian forest species including floodglauegetated islands, and instream braid
bars, indicating longerm sediment transport processes are ultimately responsible for the
creaton and maintenance of riparian forest habitat. Early aerial photos (Figure 3a) confirm that
the bars and secondary anals were present in these locations prior to dam construction before
sediment supply limitations impacted the river system.

The greatst observed seedling recruitment occurreth@seareas of complex channel

morphology, where bars and vegetated issasqlit the flow and deposited sediment in their
wakesto create dynamiseedling habitat conditionReachscale modeling shows that aged
seedling patches (red points) occur in many of the depositional areas within the study site (Figure
14B). These ecruitment patches occur mainly at the head and tail of morphologic features like
point bars and islands, particularly in the wake o$txg vegetation that can encourage

sediment deposition. Limited recruitment occurred in erosional areas (green gibhaispn the
floodplain or across large islands with low existing vegetation density. Additionally, seedling
recruitment was not obsezdt in every depositional area. There was very little seedling
recruitment within the confined reaches of the canyoen @v simulated depositional areas.
Deposition in these reaches tended to create submerged bars that remained mobile during high
flows ard migrated through the reach without providing emergent habitat for seedling
colonization.
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As unique morphologic featas,thedebris fans providia large depositional surface for

seedling colonization. While theyrodeover the subsequent years after ifitial event, debris

fans maintain broad bands of fine sediment along the channel margins and often an upstream
backwater environment that can store sediment and create medial bars and islands34&jgure
The seedlig recruitment area along the margof these fans can provide habitat at variable
flood magnitudes, resulting in generations of seedling recruitment (Fi§Bje Recent surveys
show that three of the four debris fans in Figlde@bove have had signifinseedling

recruitment since theO27 flood. In the depositional areas upstream of the debris fans, dynamic
medial bar features formed after the 2017 flood and are active areas of recruitmentiffigure
However, giverthelow elevationof the barsuccegul recruitments challenged bgubsequent
flows that willinundatethese featurefor long periods in the spring and kill successful seedlings
from the previous year.
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Figurel5. A) Debris flow related depositional features along the channel margins and in the
upstream backwateone. Riparian seedling recruitmdsjtas generational bands along margins
of debris fan and Gjegetation recruitment on timeedial bar upstream afdebrisfan.

Outside of where the debris fans enter the channel, most surveyed seedling patguastgyed

occur in depositional areas at the head or tail of established islands or grayEiduaesl 3A).

Those that do not directly align with simulated areas of channel deposition occur in areas where
secondary channels (blue lines) allow for flow expamsind a reduction in sediment transport
capacity to form new islands/bars in the channel. The 1D naoesl not capture the hydraulics

of flow expansion across split channels well and cannot predict these areas in the model with
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high accuracy. However, Bectively these results illustratbatdepositional processes drive
successful riparian seedling retmentin the SFBR, especiallpllowing the 2017 flood. Once

the sediment supply from the debris fans is exhausted, it is unclear how stable tHamd=sw is

and bars will be. If they have reached a vertical elevation that is high enough to establish
perennial vegetation they may persist, but if they are frequently inundated and cannot maintain
vegetation cover it is likely that they will be eroded bysaguent high flows. Therefore, post
wildfire debris flows below reservoirs are critical sediment s@tocgupport riparian

recruitment processéisat can serve as natural surrogatasnderstanananagement options
concerningsediment augmentation prograbelow dams.

Riparian Seedling Recruitment Model

Model Parameterand Performance

The riparian seedling recruitment model of Benjankar et al. (2014) was modified to incorporate
the aboveenvironmentatonditions for predicting successful seedling reanant inwarm

temperate teemtarid environmerttlike thatof the SFBRFour princi@l parameterare used to
broadly characterize both the biological and physical seedling habitat requirements: a) seed
dispersal period, b) mortality coefficient, c) béxkar stress, and d) elevation above baseflow.
The first two parameters are dependgmin biological drivers related to specific plant species
and genotypic variation, such as the timing of seed dispersal, the vigor of seedling root growth,
and toleranceotthe period of inundation. These biological processes are broad but can generally
beaccounted for by the model parameters of seed dispersal @mdtge mortality coefficient
based on species of interest and local site knowledge. For example, tenepéatitude, and
elevation play significant roles in the timing of seed dispersdipgak snowmelt runoff based

on specific location (Stella et al., 2006). Additionally, the mortality coefficient relates to the
recession rate of the hydrograph andrtpact on the water table in the floodplain. The existing
model parameters for seedpiersal timing and the mortality coefficiitable 1)were

determined to be appropriate for the riparian vegetation community in the SFBR and could be
applied to most Salaceae species in midtitude and mieelevation riverine environments.

The other ecruitment model parameters that describe physical seedling habitat conditions are
bed shear stress and elevation above baseflow, which were both adjusted to capioa¢ the |
grain sizes, channel gradient, and river morphology in the SFBR. The bedtstssaparameter
incorporates many of the physical environmental properties that may have high spatial variation
over short distances and contain high levels of uncertdtotyexample, the shear stress required
to remove sediments from the base of a pafalegetation will vary based on both the

vegetation community and the sediment properties within the patch. Existing vegetation
conditions that include plant speciesggtation community composition, leaf area, root density,
stem spacing, and stem d@ggfficients can change spatially based on forest community, as well
as seasonally for annual growth characteristics (Schnauder and Moggridge, 2009; Diehl et al.,
2017). &diment grain size distribution and grain packing configuration can also be spatially
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variable and change over timescales ranging from singular storm events to multiple years.
However, in the SFBR below Anderson Ranch Dam, sediswgnly isextremely limted and a
coarse armor layer exists on most bars and low floodplains that rangehdf&00 mm.

While grain size distribution will change from one river to the next based on local lithology and
stream power, these armored conditions exist for many efadawnstream of dams.

Therefore, the B (grain size for which 65% of the distrilborh in the patch is finer) was selected

as the representative grain size in the surface layer to define the threshold bed shear stress for
sediment disturbance in the SFBR

The elevation above baseflow parameter defines the vertical band along thansvandb banks

where viable vegetation establishment is possible. It is defined at the lower end by elevations that
will be frequently disturbed from active removal/erogmwacesses or extended inundation

periods. At the upper end, it is less well defibgdimited water availability for seedlings. The

upper bound reflects the lumped influence of the depth to the groundwater table, the influence of
the capillary fringe angore water within the sediment matrix, the hydrologic connectivity

between the suréa and groundwatethe range ofvater surface fluctuations in the chanrieé¢

local vertical grain size distribution of the patch, the amount of seasonal precipaaticocal
climate.In broad, low gradient riveitoodplain systems witsummeiprecipitation andine
sedimentdike those in the MidwestnU.S, the groundwater table and associated capillary

fringe could remain largely dissociated from the recessienmahe stream and support water
availability for riparian species yeaound.Alternatively, drier, steeper rivegeservoir systems

like those of th@Vestern U.S. have more responsive floodplain groundwater conditions and are
directly coupled to the watsurface elevation in the river chan(&te groundwater sectior)
thesemtiarid climate of the SFBR canyon the distance between baseflow and the spatting
surface wadimited to a distance 0d.121.0 m from observed seedlingcruitment patches

(Figurel6). This verticalrangeis limited because ofhe warm daytime temperatures, high

seedling evapotranspiration rates, amgh hydraulic conductivity of the sand/gravel floodplain
sediments that requires seedlings to be closer to thédvaseatertable.
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Figure B. Boxplots depicting thdistribution of elevations above baseflow for cells within
surveyed vegetation patches.

The above parameters wenaployed to predict areas of potential seedling recruitment within
the riverfloodplain corridor Simulated favorable recruitment areas waympared with field
surveys to evaluate general model suc@emgirel7). The recruitment model predicted similar
spatial patterns for seedling recruitment potential when compared to the field surveys. The mode
correctly predicted averagear(2016)sealling recruitment in 75% of the surveyed patcaed
25% occurred on new featurédodel prediction for the wet yeg2017)was able to predict
successful recruitment ir0% of the surveyed patches and faile®¥. Furthermore, B4 of
patches occurred arew featuresNew featuregonstitute the bars and modified island features
that occurred after mporarysediment supply was mtduced to the channel vistwildfire
debris flows which were not present dog thebathymetricLiDAR survey in 2007 The

survival of seedling patches on new depositional featuna@scisrtain given their location in low
channeklevations and lack d@irthersediment supply below the dam once the debris fans are
exhausted. Hower, even with the recent morphologic chespappening within the river
corridor the predicted locations for favorable recruitment during average and wet hydrologic
conditions aligned well with the observed seedling recruitment patches.
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Figurel7. Percat occurrencéor modelprediction of field surveyedseedling recruitment
patches

While the recruitment mdelwas successful at predicting obsergeédling patches iénds to
overpredict potential seedling habitat within the model donf@airdam opertionsduringboth
average and wet conditiarfSgures 18 and19 show the recruitment potentidliring average and
wet hydrologic conditionfor the two most alluvial sectioms the canyonReaches A and.B
Much of this ovesprediction area occurs from telocated along the streambanks that lie within
the appropriate elevational bands that were already populated with existing riparian vegetation.
The model does natccount for competition froraxisting vegetatiomand cannofilter this
vegetation constrat. However this limitationcan be circumventeir management decisions

by combining recruitmentresults with recent aerial photograpbdllustrate where existm
vegetation limits seedling recruitmeAtditionally, someoverprediction occurs withinhie

channel that is inundated durisgmmeiirrigation flowsand would eventually die from
extended inundation of the rodtirowning) Those cellsvere eliminated by masking the
channel with the average summer irrigation flow of £%m
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Figurel8. Simulatedrecruitment areas iReach A for 2016top), 2016 with river mask of 45
m®/s dischargesgcond, 2017 with river masktkird), and 2016lanting optionwith river mask
(fourth). Green is fully favorable conditiongellow is partially favorableanditions, andrange

is lessfavorable.
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Figure19. Simulated recruitment areas in Reach B for 2016 (left), 2016 with river mask of 45
m/sirrigation dischargegecong, and 2017 with river maskhird), and 2016 planting option
with river mask (dburth). Green is fully favorde conditions, yellow is partially favorable
conditions, and orange is less favorable.

Predictive limitations in the SFB&edlinghabitat model stem from both data inaccuracies and
mechanistic simplifications. The princidahitation in the data&omes from the LIiDAR survey

that was taken in 2007. Since the initial data collectioere was the 2013 fire related debris

flows and the 2017 flood that has since altered the bathymetry substantially in some areas.
Therefore, th&D hydraulic model redts, as well as the bathymetry that make up the input
parameters to the seedling recruitment model may have local accuracy limitations. This can be
seen for most of the surveyed seedling patches that are located on new sediméstadé¢pes

head of vegeted islands or on new bars in the middle of the riwbichgeomorphic

adjustments have modified to usually increase haduiigbility. Limitations to he existing
recruitment modetierive fromattempting tacaptue all of the @mplexbiological and pysical
processesf river-riparian systemsia four input parametergotential limitations within the
modelinclude thesimulation periodhatruns over a skmonth growth season from April 1 to
September 30 to account for the tigiof active growth in most regiorRotentiallimitations

can arisaluring extended growing seaspwhere seedlings are stressed from hot days in early
October wherthe irrigation flows have been reduced in the river and the seedlings have not yet
gone @rmant. Additionally, the mechanical disturbance parameter predicted by the bed shear
stress has a range that does not account for sgmaesic vegetation removalich as

individual ripariantrees, Reed canary grass, or other stabilizing vegetaties tijpt may have
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interlocking roots with other vegetation in the riparian zone. The shear stress parameter was
adjusted to better account for grain sizes at the reaalR, but cannot account for local
variations of grain size at the patch scale or addbdeésion from fibrous root bundles, mats, etc.
If seeds are able to germinate owing to a proper disturbance and sufficient soil moisture, there is
no means of account for 1) competition from other pioneer plants that are also trying to
germinate in theame space) the overhead forest canopy that may shade out otherwise
successful young seedlings 3) trampling fromgrazing of livestock or wildlifeFinally, the
recruitment model is also only run for a single year and cannot account for subsegjuent hi
flows that may kill young seedlings. Adwture developmento the modelrunning a multiyear
simulation could provide guidance for dam operations to supporirsgettrough the first few
years when seedling mortality can be high.

Model Results

Recuitment model results show limited suitable habitat for seedling recruitment during average
hydrologic conditions (Figusgl8 and19). Dam releases during average water ybakse

variable peak flowsbut usually attaitankfull conditionghatinundae ~40 ha(24% of

available floodplainpf low-elevation floodplainThesebankfull discharge values lealsge

areas of the available ripan floodplain dry limiting the dispersal of seedsross the

floodplain Therefore, favorable seedling recruitment wamarily located along the margins of
the main channel banks and islands that provide physical characteristics similar to floodplains,
but at a smaller spatial scale. The model simul&tea (06% of available floodplain area) of
collectively favorableseedling recruitment area (Figut®), which includes all fully favorable

(FF), partially favorable (PF) ardssfavorable (LF) areas. These locations were sparse and
spatially distributed, leading to an average favorable riparian habitat densityl tigkén

within the study site. Whilehese areas are located at elevations high enough to satisfy the
minimum recruitment model parameters, their location within the channel makes their survival
unlikely in subsequent years. Repeat field surveys in 20812019confirmed the removal of

many d these patches.
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Figure20. Simulatedfavorablearea fordam operations duringverage/earrecruitment wet
yearrecruitment and averagplaning conditions FF fully favorable,PF partially favorable,
and LF less favorable.

Simulated dam releases during wet hydrologic conditions show 129 ha of floodplain are
inundated, approximately 78% of the total available floodplain area. As ag€thigher peak
flows and greater inundated area overall increase inegling recruitment occurred within the
floodplain (Figure20). The recruitment model predictéd.4ha (7% of available floodplain

area) of collectively favorable ar€ehese results show larger contiguous areas of potential
riparian habitat that is an adof magnitude larger than the average hydrologic conditions, with
a habitat density of B.ha/km.

As an alternative to natural seedling recruitmesstoration plaimg habitat is presented

identify shortterm habitat gainsviodeledrestoration plamhg habitat in the model domain was
computed by categorizing the entire inundated area as fully favorable with regards to shear
stress, thereby sapling success wasaedio only a function of the recession rate and elevation
above base flow. Simulatedvfarable area during average hydrologic conditions for restoration
planting reache@5.6ha (15.5% of available floodplain areal\s restoration planting does not
require existing forest removal in many placgge selective planting in open areas can
potentially increag the existing riparian habitat density by to1.11ha/km.

Given the low seedling recruitment potential below the tarboth average and weydirologic
conditions the model was used to identify seedling recruitment failure mecharosmadh
hydrologic condition. While seedling recruitment during average hydrologic conditions is
principally limited by inundation extent (40 daring average yasvs the 129 ha during wet
yearg, specific failure mechanisms were identified for eachinghhe model domain. Figuil
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belowsummarizes the percent inundated area that satisfies the recruitment paraneaidrs

cell. The physical variable with the leastea is considered the limiting parameter for
recruitment.The most limiting factor dimg average hydrologic conditioi2016)is insufficient
disturbance, characterized in the model as shear stress. This allovisnlyf theavailable
floodplainarea to be viable for seedling recruitment. Secondarily, recruitment success is limited
to 8% of theavailablefloodplainareabased on elevations that are unlikely to be eliminated by
subsequent higlvater events (elevatisrr0.12 m) and mortality due tesiccatior(elevatiors

<1 m). The recession rate under current dam operations allow® &t of theavailable
floodplainarea to be favorable for recruitmeAtternatively, the limited recruitment success for
wet conditions illustrates that greater inundated area alone is not enough for increased riparian
seedling recruitment. In fact, eleia@t values become the most limiting factd0 (2o of the

available floodplairareg for the wet hydrologic condition (201 ®9wing to the fact that most of

the seedling habitat on the floodplain is underwaterflaating seeds cannot germinatean
stablesurface Shear stress the secondary limitation on the floodplanth 11.3% of the

available floodplairareaconsidered favorabléecause oflow velocities through the vegetated
floodplain Finally, themortality coefficientprovided23.8% of favorabe floodplainareafor

seedling recruitment.

30 Ave Year (2016)
mWet Year (2017)

20
10 | I I
O 1 1 )

Mortality Elevation Shear stress
coefficient
Physical variables

Available Floodplain Area (%)

Figure21. Percenof available floodplairareaidentifying limiting recruitment mechanisms in
the SFBR floodplain.

Floodplain Groundwater Monitoring

Analysis of the floodplain water table (WT) timeserieswgh that groundwater levels track the
flow of the river closely (Figur@2). Cross correlationrelysis shows that there is a tday lag
between the river WSE and the floodplain WT in Well 01 farthest from the channel (103 m),
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whereas Well 03 (41 m frorhé channel) had only a ow@y lag. During discharge greater than
bankfull (May 4" to June 23, n=49) Well 01 had water within the critical rooting depth (~1 m)
and there was good correlation (r=0.83) between the simulated daily river WSE and the WT,
with a mean difference of 0.09 m. During the same time period at the downstream Well 03, both
corrdation (r=0.92) and mean difference (Diff=0.05 m) illustrate the closer hydraulic connection
with the river owing to its lower elevation and closer proximityhg channel. Examining the

Well 03 record over the entire summer growth season, May 4th terSiegt 14th (n=134),
correlation (r=0.99) and mean difference (Diff=0.14 m) both increase. This implies that the WT
responds almost linearly to the WSE in theeriand changes mlischarge butemains

approximately 0.2 m higher when flows are less thakfodinTherefore, in confined and semi
confined fluvial environments that may inhibit groundwater losses, the WT may be influenced
more by the WSE at the upsira end of floodplains and islands than in the adjacent channel and
should be confirmed in theeld. Collectively, theseesults show that the Wil the SFBRs
responsiveao changes in dischargedmay support root networks during the posidfire

recoery period When dam releases are maintainedwddankfull dischargeduring the spring
existing root networks can readily accessWAE, but seedlingsnay have trouble surviving if the

top 10 cm of soil dries out before their roots oceach thanvT.
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Figure22. Floodplain groundwater monitoring results in relatiositoulated water surface
elevations in the riveior a) Well 01 and b) Well Q3Horizontal dashed lines show the lower
limit of the critical rooting depth of 1 m.

To understand if the grodwater would support newly recruited seedlings or planted saplings
the WT and the rate of recession were examined within the critical rooting depth. At the
upstream transect in Well 01, the WT is approximately equal to the river WSE during bankfull
dischage and above. When dam operations reduce the river dischargeapgmximately

bankfull after June 2 the WT drops below the critical rooting depth of 1 m, indicating

mortality for both seedlings and newly planted saplings. This does not occurli@3Mehereby

the WT remains within the 1 m critical rooting deptrer the entire growth season. The WT
decreases in both wells proportionally with the river WSE. However, while the drawdown rate in
the river is rapid owing to dam operations, a lag exi#tsin the floodplain water table that
dampens the rate of WT ressgon in the floodplain that is a function of the hydraulic

conductivity of the floodplain sediments. In the SFBR, the average WT recession rates were 28%
(Well 01) and 39% (Well 03) of thecession rate in the river channel. This trend is for only one
floodplain unit within the study site, but indicates that changes in the WT -d@%38lower

than those occurring in the river channel, which may prob@gficial soilmoisture conditions
within the rooting depth during the receding limb of the hydrograjprs lag will likely change

by setting and sediment composition in the floodplain, but local groundwater monitoring could
be incorporated to the seedling recruitment model to inform treality coefficientand
elevationparametes.

DiscussiomndRecommendations

Model Limitations and Refinement

In coupled reservoiriver systems that must balance societal water demand and ecosystem
function, numerical models can provide resource masdgertools required to increase
operational suainability (Benjankar et al., 2012; Shafroth et al., 2010; Tranmer et al., 2018;
Tranmer et al., 2020). Procelsased ecohydrology models have previously been used to quantify
human impacts on ecosystems &mgredict the areas for natural riparian seegtecruitment
(e.g., Benjankar et al., 2012; Carmel et al., 2001), as well as guide restoration design for
ecologically degraded systems (e.g., Hammersmark et al., 2005). This study has shown the
capabilityof coupled hydrauligiparian seedling recruitemt models for predicting the location
and spatial extent of riparian seedling recruitment, as well as restoration planting for native
riparian species.

Successful seedling colonization and recruitment regurspecific combination of
environmental factors that includes hydraulic disturbance, flood recession, and period of no
subsequent disturbance that are a collective result of the geomorphic procéssegatershed
(Benjankar et al., 2014; Braatne &t 2007; Burke et al., 2009; Mahoney and Rood, 1998). The
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proposed recruitment model effectively captures these parameters (Table 1) to successfully
identify the locations and spatial extents of segdiecruitment within the SFBR study site.
However, tlere are some model limitations that must be acknowledged. Principally, the
predicted favorability of seedling recruitment in each cell can only represent the maximum
recruitment potential, as it doestraccount for all the environmental conditions thgtact
seedling colonization and growth. Therefore, the model naturally overpredicts favorable areas
that may be further limited by shade from existing forest canopy, competition from existing
understoryegetation (e.g. Reed canary grass), grazing presisease, and insects.
Additionally, the model does not explicitly include parameters that may improve predictive
accuracy buare subject to high spatial variability like sediment grain size or ntitrie
availability.

Because pioneer riparian species@rer competitors with established vegetatibe creation

of bare sand/gravel bars or open floodplain areas are critical for successful seedling recruitment
(Johnson, 1994). However, from a proceasdpoint the greatest uncertainty in the recruitment
model concerns the shear stress values required to erode existing vegetation in these locations
(e.g., Friedman and Auble, 1999; Prosser and Slade, 1994). This uncertainty stems from the
different typesof soil, vegetation type, and density that exist atiahaheterogeneous patches
within riparian communities. Physical extraction and removal of rooted vegetation requires
physical rupture of the roots or stem through hydraulic forces that can beiexalyphigh, on

the order of 1x191x10 N/m? (Abernehy and Rutherfurd, 2001; Bywat&eyes et al., 2015;
Karrenberg et al., 2003). These combined lift, drag, and gravitational forces are rarely realized
by hydraulic forcesn riverine environments; thefore, physical disturbance of the topographic
surfacesurrounding vegetation requires the erosion of the sediment matrix. Riparian vegetation
in sandbed channels and adjacent floodplains with labile sediments will likely be eroded more
easily than in arored gravel channels near the threshold of motion @h@006). Therefore,

the disturbance of existing vegetation in the recruitment model is based on erosional processes
that act to undermine and topple vegetation based on the intensity of theedshear stress
(Maturana et al., 2013). In the SFBR, reétmnent favorability was overpredicted in cells that

were able to move thesBbased on critical Shields stress, but may have been locally modified

by the influence of existing vegetation that can act at scales finer than the model grid resolution
(Bouma ¢ al., 2007; Kleinhans et al., 2018; Li and Hodges, 2020). Additionallyrelifte

vegetation types have unique biomechanical parameters such as frontal leaf area, stem and
branch pronation, and resultant fluid drag that have variable impacts on thidodadld that

change with relative submergence (BywdRetyes et al., 201&olitti et al., 2018). Collectively,

this complicates identifying a singular threshold parameter that is capable of removing existing
vegetation for natural recruitment procesgksnieson and Braatne, 2001a; Polzin and Rood,
2000). While model results siwaemarkable accuracy in predicting the surveyed recruitment
patches under different hydrologic conditions, to reduce overpredicted areas more information is
necessary othe hydaulic flow field nearvegetatiorand the resultargrosion and removal

proceses.
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The mortality coefficienin the modeprovides an index for the rate of recession of the water
table with regard to theoretical root growth rate. This is based on the@gsuthat the WT is
equivalent to the WSE in the channel. In the coarselfil@n sediments of the SFBR, the
observed WT recession rate in both wells decreases proportionally with the river WSE.
However, while the drawdown rate in the river is rapidragiio dam operations, a lag exists
within the floodplain groundwater that daens the rate of recession in the floodplain. The
reduced river flow from the dam initiated a lag between river drawdown and groundwater
elevation oftwo daysin Well 01 andoneday in Well 03, illustrating the effects of distance from
the channel and hydslc conductivity of the floodplain sediments. The time lag observed
between the river WSE and WT in the floodplain might support moisture conditions within the
rooting depth thiabuffer rapid reductions in dam releases based on observations in two wells.
Alternatively, heexisting lagcould also impadiashy river sygems where steep terrdeads to
short flood peaks or hydropeaking below ddha limits the infiltration of iver water into the
floodplain groundwater systerti.the duration of the peak shorter than theme lag required to
raise the water tableparian root systems may nagtefit from thencreased WSE in the river.
Nevertheless, more well observatigheoughouthe study area or a groundwater model would
inform local WT information in the floodplain. In conjunction with the capillary fringe that rises
above the water table as a function of soil characteristics, this lag could dampen rapid changes in
dam release¢hat can be added to the model in future iterations

Riparian seedlings that recruit in higher elevations can be destroyed by drought stress, whereas
scour or drowning at low elevations can occur during subsequent flows (Johnson, 1994;
Mahoneyand Rood1998; Rood et al., 1998; Scott et al., 1997). Therefore, seedling recruitment
is only successful within an intermediary band of elevation where seedlings are safe from
drought stress and still avoid scour disturbances from successive floods@ylaml Rod,

1998). Definition of the lower elevation limit in managed streams should be linked to the lowest
flow over the growing season. This study used the base winter dam release as the reference, but
acknowledged that higher irrigation releases ¢tersummeeliminated any favorable habitat

below that level because seedlings would be drowned from constant inundation. This contributes
to model overprediction and is evident in Figulid and 19where favorable cells along the
streambanks fall belothe summeirrigation discharge of 8m?s. Once the lower elevational

limit is defined in the system, the environmental conditions will setipipervertical extent of
favorable conditions. In the Kootenai River this elevational band was up to 4 mtovange

variable flowsthat could change the water surface elevation dramatidalthe SFBRthe

favorable elevation range was limited between 0.12 to 1.0 m above mean baseflow because of
the steep channel slodew range of water surface vapuility, and coarsegnoncohesive

sediments that readily drain.

Native Riparian Vegetation Recruitment Processes in SFBR
While mechanistieanodelscancapturemany ofthe complexbiological and physical processes
observed in rivefloodplain environmentsadditioral detailsof seedling recruitment processes
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can assist conservation and management actiwitbs specific river systemdherefore,
additionalinformation that is relevant to the SFBR gratentiallyother senmyarid river-riparian
systemss providedthat can put the modeltputs ingreatercontext

Pioneer species in the Salicaceae family, like cottonwoods and willows, are the dominant forest
species within the riparian corridor of the SFBR. Black cottonwoods provide the primary
overstorycanopy alog the floodplains with various willow species pagirig much of the
streambank and lowlevationbars. These riparian species reproduce via hydrochory, whereby
prolific seed release in the early summer is distributed by flowing water. Successful seedling
recruitment depends upon the complex interactiémsagnitude and timing of streamflow,

channel and floodplain morphology, existing vegetation, sediment transport processes, and the
ambient environmental conditions (Mahoney and Rood, 1998; Amlin and R002;, Stella et

al., 2006). In natural systems rqpelic large floods correlate with seed dispersal periods to
distribute seeds along wet depositional surfaces. As the water surface recedes, seeds are
deposited at intermediate locations between the loghdnd base flow elevations along the

lateral floalplain gradient. Seeds are viable for an estimat®@d @ays, but onceeedsare wetted

they require deposition within a 3 day window (Braatne et al., 1996; Karrenberg et al., 20002;
Gage and Cooper, 200Stella et al., 2006). When bare mineral soil veitifficient moisture is
present, germination rates are high (Karrenberg et al., 2002; Gage and Cooper, 2005). After
germination, seedling survival requires root growth and vertical extension to keep fratteewi
declining water table (Mahoney and Rood, 1.9%0hnson, 1994).

Seedling mortality occurs when soil moisture is depleted faster than root extension can access the
capillary fringe,with high rates of mortalityanging from 77100% in most riverineettings

(Hughes et al., 2001; Karrenberg et alQ20 Surface moisture levels tend to be higher in fine
sediment distributions, making sediment texture an important habitat component for seedling
survival (Nilyama, 1990; Karrenberg et al., 2002; Coopeat.e2003; Moggridge and Gurnell,
2009). Fine sddhent availability within the current river channel is limited in the SFBR below
Anderson Ranch Reservoir, with coarse substrate along most of the channel and bars (Figure
23A). Historic conditions in theiver and floodplain likely had ample sand and senaize

sediment influx from the upstream basin owing to the granitic lithology. Evidence for this can be
seen in the depositional delta at the upstream end of Anderson Ranch Reservoi2@8yure
Without the presence of the reservoir, the large questitf sand that deposit at the reservoir

inlet would be available for distribution within the SFBR canyiiely altering the sedimentary
character of the bars and islands along the channel toward diBtréoutionthat favorsseedling
growth
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Figure23. A) Mixed cottonwood and willow seedlings growing on a coarse medial sediment bar
in the SF Boise River that represent the current near channel substrate conditions. B) Fine
sediment storage in Alerson Ranch Reservoir near Fall and Castle Cr@éis. Image from
Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Anderson_Ranch_Reservoir_1.jpg)

The finer sediment size distribution of the SFBR floodplains is likely more characterisie of t
historic bar conditions when finer material v&agpplied from the upstream basin. These surfaces
with finer sediment size distributions tend to support the greatest seedling and sapling success
within the SFBR system (Figu®A, B). Studies have showthat sediment texture and its role

in maintainingsoil moisture is important for seedling recruitment, but limited information is
available to suggest ideal sedimentary conditions (Niiyama, 1990; Rood et al., 1998; Gurnell et
al., 2001; Gage and Cooper,02). Grain size distributions were measured ditesges near the
channel and visually estimated at another five sites in the SFBR where successful riparian
seedlings were established. Seedlings grew in sediment ranging from pure 1 mm sand deposits to
coarse bars with a median grain size of 128 mm anslmd visible in the surface layer. No

existing upper limit exists for the size of surface sediments that can support riparian seedlings,

but data from the SFBR show that median grain sizeg {@thin the patches are usually less

than 40 mm and the caar material in the distribution gk) is less than 90 mm (Figug&C).
Additionally, three floodplain locations were bulk sampled to capture the grain size distribution

in the floodplain and representeddashed lines in Figur24C. Floodplain sedimentwre

spatially heterogeneous and the shaded area illustrates the range of grain size distributions that
span the neachannel conditions to much finer sediments in depositional areas. In general,
sediment ditributions in the floodplain share similaritiesthe upper grain sizes with the river

channel and streambanks, but has a higher percentage of fine material in the sediment matrix that
may support seedling recruitment if appropriate moisture conditrensrasent.
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Figure24. Successful A) seédgs and B) saplings along limited areas of the SFBR corridor with

finer substrate than surrounding areas. C) Distribution of measured grain sizes at locations where

seedlings were successful. Dashed lmegsesent bulk sieved floodplain samples andidwoies

show near channel Wolman counts. Shaded area represents potential range of grain sizes within
the floodplain.

In addition to seedbed substrate, topographic elevation of the floodplain surfamedstadal to
seedling success. Riparian areathuhe greatest seedling establishment are located in areas that
do not flood annually owing to the repetitious disturbance that occurs at lower elevations along
bars and streambanks (Auble and Scott, 1@@®iper et al., 2003; Gage and Cooper, 2004).
Seedings that successfully recruited in the lothvanneklevations during the spring of 2016

were all removed during the 2017 flood. Therefore, high flows that have the ability to both
disturb the sediment amtkposit seeds above normal water elevationsrdieatin the

recruitment process (Braatne et al., 1996; Benjankar et al., 2014). Under natural flow conditions,
high stream discharges that provide mass seedling establishment are most successful when
periodic overbank inundation can occur (Braatne gt1#l96; Rood et al., 1998; Hughes et al.,
2001). Along the SFBR floodplain, seedling recruitment occurred in limited areas along meander
bends and lovelevationfloodplain areas where the 2017 flood watgese able to produce a
significant hydraulic distrbance. Figur@5shows an example of such an environment with a

close up of high seedling success seen in Figdheabove.
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Figure25. Low-lying floodplain area with fine sediment that fostered heaegbng recruitment
after 2017 flood. Figur@4A above shows close up of sediment texture and seedling density.

Seedling growth rates depend on local combinations of water and nutgabdity, sunlight
exposure, temperature, elevation, genotype saiigrofile (Merigliano, 1998; Gage and
Cooper, 2005). Water availability is critical in riparian environments where water levels fluctuate
rapidly and mortality occurs most commonly wheot growth cannot keep pace with water
table recession later ihe year (Kranjcec et al., 1998). Root growth rates are high for black
cottonwood seedlings, reaching up to 1.2 cm/day (Braatne et al., 1996; Mahoney and Rood,
1998). Therefore, water tablecession and the associated capillary fringe cannot exceed this
average rate until the end of the first growing season. Alternatively, seedlings that remain
submerged for long periods of time can be killed via inundarahdrowning Mortality has
beenreported when seedlings remain inundated for periods ranging betuw@and eight

weeks, with tolerance that depends on species and soil texture (Hosner, 1958; Bradley and
Smith, 198; Harrington, 1987; Smit, 1988). Therefore, if high flows persist imitleg for long
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durations before the water surface recedes, anaxi&itt young seedlings that were established
during the previous year. Within low elevation riparian areas in SFBR, inundation of existing
seedlings occurred for 51 continuous days inR2Figure26) leading to spatially variable
mortality. However, give the periodic monitoring of the areas it could not be definitively
confirmed that inundation was the sole cause of mortality.
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Figure26. Inundation of mixed cottonwood and willow seedk in low floodplain areas in
SFBR in April 2019.

Additionally, swnlight exposure and competition are critical factors in seedling success. Black
cottonwoods are shade intolerant and successful seedling recruitment rarely occurs where
existingvegetation is established (Roe, 1958). Therefore, shoot growth rates tbataanpete
nearby competitors is critical for successful establishment. Growth rates vary depending upon
local environmental conditions and can range from < 1 cm/yr to 30 cRadpd(et al., 1998).
Assuming an averageedlinggrowth rate of 15 cm/yafterrecruitmentyoung trees would
requireat least years to attain a height @f75m that could outcompetavasive species like

Reed canary gras$§hus continuous management of grazing amhsive vegetation would be
required for at least that many yeafter a riparian wildfirer mechanical land disturbantze
supportnativeseedling recruitment success.

Implications in the SFBR

Results of this study indicate that the floodplain habitat below Anderson Ranch Dam is a
disturbancdimited system, whiclis negatively impacting the successful recruitment of native
vegetation seedlings. Without future operadilditexibility introduced into dam operations,
riparian forest recruitment within the river corridor will remain limited and the-teng
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persistene of these native species is uncertain. Therefore, a program of managed intervention
will be required to povide for successful seedling recruitment and resultant genetic diversity to
the native riparian forest ecosystem. This may come in a variety afaaghyes that can be
combined based on hydrologic conditions, recent wildfire activity,-teng maintenance
operations, active restoration projects, and/or volunteer programs. Thetongoal of these
collective activities is to maintain sustainabléiveriparian forests in the SFBR and the
ecological benefits that they provide to the aquaparianeccssystem. As shoitierm goals, these
actions are intended to increase heterogeneity of the physical structure and the hydrologic
connectivity of the ser-floodplain system in order to support coupled ecosystem function. The
principal existing limitation taative seedling recruitment is reduced geomorfiricover and
resultanthabitatcomplexity along the channel floodplain interface arising from rediypdysical
process dynamics. Native seedling recruitment would benefit from a) greater inundation of the
floodplain to both disturb surfaces and distribute seeds for germination, especially Hiiigpost
environmentp) increased sediment supply to paw/greater depositional surfaces within the
active channeland c) increased distribution of large woodpiiein the floodplain and at the
channel interface to provide local scour and deposition areaxfeasedeedling habitat.

Dam operations duringverage hydrologic conditions in the SFBR resulted in limited observed
and simulated seedling recruitmgwhereas dam operations during wet hydrologic conditions
with large peak floods provide more favorable hab@anvergly, dam operations during dry
yearsusuallyprovideirrigation releases without any high sprirgease. These stable conditions
are sinlar to dam operations during averadgearologic years and would likely provide no
seedling recruitment owing to the lack of disturbance or baresedmedimenSeedling
recruitment would likely improve with tailored dam releases and greater geomorphic turnover of
habitat surfaceS hese separate processes likely would require different magnatidgdraulic
disturbance on the floodplaiSimulations show that &#nkfull dam releasedo not have sufficient
inundation or disturbance to create habitat outside of the main river claauahigle immediate
streambanks/hile greater overbank dischaigarerequired to support native riparian
recruitment proessesinunddion alone is insufficient tproduce ideal germination and
recruitmeni The high discharge event of 20itfindated a large percentage (78%) of the
floodplainand maintained those levels for a long duratidowever, feld results show thatven
after ab0-year flood (2017) only 5% of observed seedling recruitment occurred on the
floodplain. Thisoccurred becausauch of the floodplainvasunderwateandseedshat had
germinatedvere not able toeach stablsurfaces within thei8-daywindow of viability.

Therefore pverbankdam releases less than theys@r flood would benefit seedling recruitment
processes in the SFBRailoring a target hydrogragb support native riparian vegetation
advancehat can be releas@thenannual hydologic conditionsallow, would provide the best
approach for native riparian foresigeneratioron the floodplain

Additionally, large floodsan removexisting vegetation, creabpen, bare surfaces the
floodplain, and initiae morphodynamic channel chaafpr newseedlinghabitat Unfortunately

54



the rgyulated flow conditions in the SFBR have allowed existing vegetation to stabilize the
floodplain and streambank&hichresuledin little geomorphic change belailve dam even

during a 5@year flood.This agees with experimental floods in other managed river systems that
have been effective in restoring some riparian ecosystem function through natural recruitment
processes (e.gBenjankar et al., 2012; Rood et al., 2005; Stevens et al., 2@Were

incgpable of initiating major geomorphic change outside the active chetegkfs et al., 2001
Dixon et al., 2015; Johnson et al., 2015; Kui et al., 2017). Without large areaeafediment

that may accompanyananneklvulsion or meander cutoff everttetincreased seedling
recruitment in the SFBR occurred in small isolated patches-602€ (Figure13A) that were
located across a wide range of habitat types (e.g., islands, floodplain, bars). This differs from
observations on larger, leslope rivers Were long bands of riparian cohorts developed along
the banks of the Oldman, South Saskatchewan, anteKaiaivers during high flow events
(Jamieson and Braatne, 2001b; Rood et al., 2005). Therefore, seedling recrnitine8FBR

may requirea flood d greater magnitude than the-$Barreturn intervato initiate dynamic
geomorphic turnover processassome form ophysicaldisturbance in the floodplaio provide
large areas of cohort recruitmehat lead to a mosaic of age classes withériparan corridor

Additionally, the majority of seedling recruitment in the SFBR during wet hydrologic condition
occurred in depositional environments, where fine, bare sediment was available. The most
successful of these areas were found at the head arelwake of stdle vegetated islands and

bars, where velocity was reduced and4gnained sediment could accumulate within the

cobbles. Similar results have been found around established riparian vegetation in the laboratory
and field when fine sedimentawailable fotransport in the system (Chen et al., 2012; Gurnell

et al., 2019; Kim et al., 2015). Once these bar surfaces are colonized with estatgggtaton,

they become very stable featutkatprovide a locus for further deposition andgetatio

growth. Everduring the high flow conditions that were equivalent to /&8r recurrence

interval in the watershed, the vegetated bars within the study site acted as net depositional areas.
Field observations and seedling surveys indicate that freghesgiddepositalong the margins

of vegetated islands and new medial bars provide the best recruitment habitat in th& ISFRR.
features can be locally modified to enhance seedling recruitment processes in the SFBR.

Additionally, examination of the sedient transporinodel results illustrate that areas with strong
depositional tendencies spatially correlate well with seedling recruitment. Therefore, the
wildfire-initiated debris flow in combination with the extended 2017 flood releases provided

both the ediment supplyand transport capacity to establish the majority of new riparian
vegetation habitat along the study site. From an ongoing management perspective in the SFBR,
this effectively provided a natural test ofedimentiugmentation approach in tiears

following the 2013 Elk Fire. It follows that further sand and fine gravel augmentation in the
reaches belownderson Ranch Damould be beneficial for native vegetation recruitment
processes by providing for vertical accretion to sufficiently bmiégtlial bars above the water
surface that can successfully support seedling recruitment and multiyear sapling growth. Such
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sediment augentation strategies have been applied in the Yuba and Trinity Rivers in Northern
California for salmonid habitat (Bunt2004; Wheaton et al., 2004; Brown and Pasternack, 2013;
Gaeuman and Stewart, 2019) and are increasingly applied to European anddapang for
geomorphic stability, aquatic habitat, and water quality improvements (Kantoush et al., 2010;
Ock et al., 2@3; Arnaud et al., 2017). Conceptually, extending this approach to support riparian
vegetation succession could build on the lesseamed from these ongoing experiments in

other watersheds and support an erodible corridor concept (Florsheim et gl K@008If,

2013) for holistic river management. In the SFBR, there are optimal conditions to allow dynamic
river processes to occur support of aquaticiparian processes, as bridges are located in stable
straight reaches and houses and roads are sdtbackhe active river channeAn active
sedimentaugmentation program could be instituteilow Anderson Ranch Datu facilitate

sedlling recruitment and sexual regeation of native riparian forest species. An active sediment
management program coudd institutedas a series of measutbat1) attempts tareaten-situ
seedling recruitmergatchesn strategicafforestatiorareasduring averaggear dam operations
andbr addintroduceareas of sediment supply similar to the debris flow examplesadoaat

sediment piles or slidedong the bankthat could be redistributashen wet hydrologic years
require high discharge releases from the reservoadoommodation space in the reservoir or
flood control activities in the basin. In such applicatioms]@gical function could be improved
during years when operational fledity of the dam is possible.

If holistic sediment management strategies are impractical in the SFBR, local physical alterations
could also be pursued in the channel and floodplaimct@ase hydraulic connectivity between

the river and adjacent areas. [doally increase water surface elevations of the river that increase
inundation depths and duration along specific areas of the floodplain various options are
available. Mechanicallteration of the channel could build bars and expand islands in anteffort
reduce therosssectionalarea and hydraulic conveyance of the channel. For the same discharge
from the dam, this would locally increase overbank floodplain disturbances alosgseon

areas in the canyon without increasing the flood hazard on deansinfrastructure. This

option would provide both physical instream features for seedling recruitment in addition to
expanding the inundation area of specific floodplain areashéuoftchannel mechanical
adjustments can be made to the floodplairufpsrt seedling habitat, without instream

restoration activities. Construction of nedmannel swales would provide lestevation, moist

habitat in the floodplain where seedlings eatablish with appropriate sunlight exposure. This
requires an understaing of the riparian water table dynamics to ensure proper moisture
conditions are available for seedlings throughout the growing season. All construction activities
and mechanical digrbances should be timed to capitalize on seedling dispersal in otiheit to
competition from invasive species. If such mechanical activities are completed after the seed
dispersal period, it is likely that other vegetation will occupy the newly canstrareas.

The diminished flood peaks and lack of sediment influx froenupstream basin limits
deposition/erosion processes that constitute the drivers of bar building and channel migration.
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These geomorphic processes provide the bare mineral sotesufta seeds to germinate and
successfully recruit. In the absence aftbiic flood magnitudes to deposit sediment and erode
streambanks, riparian wildfire may provide an additional disturbance that could benefit native
seedling recruitmenRiparian foest response on the floodplawas dependent upon burn
severityand shoud be accounted for if prescribed burns are used as a treatniatrian areas,
especially poplated byblack cottonwoodsThis potentialbenefit is contingent upon upstream
dam opeations to provide at least moderate overbank spring flows iyettwefollowing the burn
event to maximize ecological functiamd reduce competitiomntentional posfire disturbance

in the floodplain can challenge traditional management approachesiadlspin sensitive

aguatic systems managed for threatened ocaregeted fisheries. Such pdse floods could

even be performed as short duration pulses to limit major geomorphic channel changes while still
delivering seeds and replenishing soil moistoontent in the floodplain.

Introduction of large wood debris (LB to the channel margins can provide hydraulic
complexity and fish habitgin addition to inducing local scour and deposition features that can
support seedling recruitment. In particuldmyv separation zones in the wake of obstructions like
LWD createfine sediment deposition zones that are optimal for seedling establishment (Dixon,
2003; Schnauder and Moggridge, 2009; Kondziolka and Nepf, 2014; Corenblit et al., 2016;
Gurnell et al., 209). A greater density of LWD as either individual pieces or coetbi

structures in or near the channel provide for passive localized mechanisms to enhance native
seedling habitat. Pe$ire conditions in the SFBR floodplains provide large quantities oDLa¥
either standing tofilled trunks or downed partially burnédinks (Figure27). These LWD
materials were not mobilized during the 2017 flood and have little opportunity to interact with
the channel owing to the lack of flood disturbance to move ttmamstream. To increase their
impact and provide local scour anepmsition near the channel, these LWD materials could be
placed in neachannel environments or used to construct LWD jams along the channel margins.
Concerns about their mobility during hiflows and impact on downstream infrastructure are
valid and musbe accounted for during this process. In general, downed LWD mobilization on
the floodplain will be determined by site specific conditions including flow depth and velocity,
tree size (rootvad, bole, branch complexity, trunk length), surrounding forestmatrix

alignment and density, wood density in relation to hydraulic forces (will the wood break into
smaller pieces), and management activities like notching or limbing (Wohl, 2018B)itiDe$ of
LWD fall in two general categories to support 1) gewultal and ecological functionality and 2)
physical/structural heterogeneity of the channel. Those in support of the former define LWD as
greater than 1 m in length and 0.10 m in diameteth@rston et al., 1995; Wohl et al., 2011,
Wohl, 2017; Matrtin etla 2018), whereas those that promote physical structure and habitat
define LWD to be greater than 3 m in length and 0.30 m in diameter (USDA, 2003; USBR,
201%). To accrue physical neahannel habitat improvement, 1 m long is of little use for
creating lydraulic flow separation, inducing physical scour or deposition to increase physical
diversity, or produce channel shading in rivers greater than small headwater streams. Hence,
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LWD >3 m lorg are recommended for use, but downstream infrastructure limgdiik@ bridge
openings should guide the maximum size of LWD allowable for these projects.

Figure 27. Current LWD present on the SFBR floodplain after the 2013 Elk Fire.

For longterm management of LWD, the quantity of LWD available to the red@nnel
environment has been found to increase with forest age (Warren, 2009). Therefore, as the
riparian forest recovers from the 2013 EIk Fire LWD loading to the channel margins should
become ineasingly seHsustaining. However, there are numerous challettge®intaining
nearchannel LWD in the SFBR basin. Principally, willows are dominating the majority the
channel margin recruitment area, but are insufficient to meet LWD criteria thabtasililow
separation, fine sediment deposition, and further sepddécruitment. Secondly, recreational
camping and firewood collection is very active along the riparian floodplain and may limit local
streamside/floodplain LWD distributions. Finallystiould be noted that historic LWD
composition in the channel woubdve consisted of mixambnifersfrom the upstream basin and
local cottonwood, but with the presence of the reservoir to capture upstream LWD now only
cottonwood is possible. If insufficiequantities of LWD sources are available in the floodplain,
largewood can additionally be captured in the upstream reservoir and transported to the
downstream riparian environment.

If seedling recruitment is simply not economically viable in the SFBRamaged planting

regime to introduce clustered age classeabadloodplain ecosystem would provide genetic
diversity and a mosaic of structural forest habitats to support ecological function. As hydraulic
disturbances are limited in the floodplain, arming regime of established seedlings or saplings
would allevate the overbank flow requirement to provide bare mineral sediments and seedling
survival would simply depend upon the water tahbd could be monitoreat specific locations
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(see groundwatamonitoring section)in the SFBR, restoration planting has greatest

favorable continuous area (FiguEs 19, and 20, which allows wide floodplain areas to be
identified and targeted for restoration activities that are not limited to the patchTduale

greater favorable area was an expected outcome, asahydisturbance was not required for
saplings to be planted, which relies on a mechanical disturbance during planting operations.
Also, the favorable elevation range was expanded from 1Indton owing to the assumption of
existing roots. Saplings witlin established root system or cuttings that can begin to grow root
systems from an initial depth have substantial advantages for accessing the water table. This in
turn, allows planted cuttirggor saplings to survive at higher elevations within the fl@d@and
avoid subsequent hydraulic disturbances. Planting also has the implicit benefit of human site
selection within the larger favorable area that can target areas with high light exausure
beneficial soil conditionsThese open canopy areas wer@axded by thavildfire in 2013that
reducedcottonwood canopgind understory shading the floodplain. This recent disturbance
allows for increased sunlight exposure to much of the floodpiaare low to moderate burn
severityoccurred and an opportunity introduce a planting strategy without the removal of
large existing trees.

To facilitate management and decisimaking, the riparian recruitment model provides useful
information for idemifying location and spatial extent of seedli@gruitment and restoration
planting potential over a 23 km river reach. It is emphasized that priority should be given to
restoring riparian functions rather than simply vegetation conditions when perfaestogation
activities within a river corridofTherefore, natural seedling recruitment should be pursued while
restoration planting should be employed as a means of supporting ecosystem function at the
intermediate timescale if necessddentified habtiat for restoration planting in the SFBR can
support dormant period (late fall to early winter) plantings of cuttings and bare root stock or
spring planting of saplings {2 years old) with 0.50.75 m root length. For cottonwoods, a
minimum planting dengy of 40-80 trees per ha is recommended (Elefeit al., 1998). Planting
activitiescouldbe accomplished by volunteer organizations in the basimithat beled under
Reclamation oversight. This alternative management strategy requirestariongpmnitment

to forestmanagement bytrovides the flgibility to occur during average to wet years when
there is ample spring precipitation and groundwater tables are supported by high flows in the
river.

Finally, highly competitive species are also presetitén'SFBR canyon, which can potentially
outcompée native pioneer species in riparian environments. In particular, Reed canary grass is
establishing on bars, islands, and streambanks, creating competition for bare surfaces and light
exposure. Fierke and KiEman (2005) found that once established, tlggass mats can

substantially limitforest regeneration processgsapproximately 15% coverage (Fig@&-a).

Given its increased inundation tolerance, Reed canary grass will provide serious competition for
available mineral sediments because it can establ lower topographic elevations near the

waterds edge. For exampl e, areas that may pro

59



sediment deposition, like the tails of vegetated islands and baedready be populated by
Reed canary grass (fire28B andC). Active removal of these potentially problematic species
in the SFBR system may assist in native seedling recruitment success.
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Figure28. A) Influence of Reed canary grass on smallrigratree populationgrom Fierkeand
Kauffman 2009. Reed canary grass establishing on B) streambankS)agxposed sediments
along the tail of islands.
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