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[A] Abstract

The dowermost dam on the Penobscot River, Maine, was removed in 2013, making new

habitat available for migratofysh. There is no evidence thetdangered Shortnoséuggeon

Acipenser brevirostrum have pawred in the Penobscot Rivier recent yearsut dam removal
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hasfacilitated access tpotentialfreshwatehabitatessential for spawningpawning success
also depends on the quality of the available habitat. We soudbstoibethe distribution and
amount of suitable spawning habitat in finst 5-km reach upstream of the removed dam.
Previously collected river elevation and bottom substrate data were used to create two
dimensional:hydrodynamic simulations of the rexlspring dischargesanging from 310 to
1480 n? stusing the program River2D. Simulations were validated and adjustedfieting
collected data:"Suitable spawning habitat was predidedd on literaturaformed suitability
curves of depth; velocity, and bottom substrate. Between 41% and 63% of the study arda offer
usable spawnig habitat, depending on river discharge. Velosigg the most limiting
characteristi¢goroverall suitability at almodeled dischargeEmbeddednessas minimal at
suitablesites.Based on the habitat characteristics considered, the newly accesablef the
Penobscot River could support Shortnose Sturgeon spawning, offering critical habitat for thi

endangered species.
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[A] Introduction

Access to suitable freshwater habitat for spawning is vitalibmiromoudish species’
persistence. Theestriction of movement in rivers by dams has detrimentally affected numerous
specieqe.g.,Sea Lampreyetromyzon marinus, Atlantic SalmonSalmo salar, andAmerican
ShadAlosa sapidissma; Liermann et al. 2012). Dams have contrilobusebstantially to declines
in Shortnose Sturgeokcipenser brevirostrum populations by restricting access to freshwater
spawning‘habitat required by the species (Limburg & Waldman; 2a@@r et al. 20)6Across
the species™rangest. John River, New Brunswick to the Altamaha River, Gedidgalswell et
al. 1984, Kynard et al. 2016), dam construcasnwell as other human impadtke habitat
degradation and fishing pressurs fgcatch)contributed to populatiodeclinesover the last
two centuries (Kynard 1997; NMFS 1998mburg & Waldman 2009)The species has been
listed as federally endangerigdthe United Statesince 196Zhroughout its rangeNMFS
1998).

Kynard (1997)demonstrated positive relationship between abundance of adult
ShortnosesSturgeon in northern and north-central populations and maximum upriver spawning
location, underscoring the negative impact dams impose on the spegiesemovals offer the
potentialfer.recovery of depleted populations by restoring access to upfeshmatehabitat
that is critieal for both spawning and growtlarvae require adequate amounts of freshwater
habitat downstream of spawning grounds to settle in areas where they are not exgalsed to
water before they gain salinity tolerance around age one (Jenkins et al. 1993) nideaiseon
two largeneorthernrivers offer some of the first opportunities to study how such restoration
activities could‘impact the specidie removal of the Edwards Dam from the Kennebec River
in 1999 restoredccess t@lmost 30 km of habitat. Within 10 years of the removal, Shortnose
Sturgeon spawningasconfirmed in theestored habitagWippelhauser etla2015).More
recently,two.dam removals from the PenobsRoter facilitated access to 14 km of historic
Shortnose, Sturgeon habif&igure 1) The Great Works Dam (rkm 58) removal was completed
over the summer of 2012 and the Veazie Dam (rkm 46.8) removal occurred from July to
November2013. The Milford Dam (rkm 62) is now the lowermost dam on the river, and sits at a
natural falls that would have been impassable to Shortnose Sturgeon even prior to dam

construction (Opperman et al. 2011, Penobscot River Restoration Project 2016).
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Migratory fish movement in the Penobscot River in Maine has been impacted by dams
since the 1820'¢Opperman et al. 2011). The Penob$Rioer Restoration ProjecPRRP dam
removals (Opperman et al. 2011) restored access to 100% of Shortnose Sturgeon’samgwric
in the Penobscot Riveout whether individuals will spawn in the newly accessible halsitat
unknown.The.first documented use of habitat upstream of the former VPanrkm 46.8)
occurred in.October 2015, when three acoustically tagged fish moved into the first 5 km of
restored river(Johnston 2016), bptisg movements upstream of the former Veazie Dam have
not been documented (Johnston 20E@males with late stage eggs have been captured in the
Penobscat River in summer and fall (Fernandes et al. 2010; Dionne et al. 2013; Johnston 2016)
and, based onithe speciesgratorybehavior in othenorthernriverslike the Connecticuriver,
would be expected to remain in-river until spawning the following sBuogkley & Kynard
1985; Kynard 1997; Kynard et al. 2016). However, no evidence of spawning in the spring has
been collected, and after overwintering in the Penobscot Rnese maturing females were
often detected on spawning grounds 140 km away in the Kennebec River during the spring
spawning peria@Fernandes et al. 2010; Zydlewski et al. 202ibnne et al. 2013\Vippelhauser
et al. 2015; Johnston 201@).central question is whether maturteo&nose &irgeon will
continuetamigrateto the Kennebec River to spawn, or begin to use the newly deailab
freshwateihabitat in the Penobscot Riv&pawning in the Penobscot River cob&hefit
Shortnose Sturgeon recovery in the region, but that outcome would depend on the availability of
areas with physical characteristics that meesgiezies’'spawning requirements (Kynard 1997).
This researchfocused on describing the quality of habitat made available by thé&/ &P
dam removal

Suitable water temperatures and flow conditions must be presegger the final
maturation of Shortnose Sturgeon eggs and induce spawnivitgya@uckley and Kynard
1985). In othenorthernriver systems, Shortnose Sturgeon spawn after peak spring flows, when
discharge returns to moderate leV@sckley & Kynard 1985; Kieffer & Kynard 1996; Kynard
1997). Suitable river temperatures range from 9 to 15°C (Taubert 1980; Dadswelb&da
Kynard 1997).. These conditions are annually present in the Penobscot River but Shortnose
Sturgeon spawning has not been documented (Fernandes et al. 2010; Wegener 2012; Johnston
2016).
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Althoughriver discharge and temperature are consideredl&mrminants of the timing
of Shortnose Sturgeon spawning, the location of spawning activity is governed by bottom
substrateand water depth and velocity. Spawning typically occurs in the main channel of a river
atwaterdepths ranging from 1.2 to 10.4 m (Richmond & Kynard 1995; Kieffer & Kynard 1996)
Suitable water.velocities farorthern populations of the speciasge from 0.36 to 1.2 mi's
based on research conducted in the Connecticut, Merrimack, and Androsoaggi{Buckley
& Kynard1985; Squiers et al. 1993; Kieffer & Kynard 1996)e survival othese adhesive
eggs has been'postulated to depensduitable watewelocities At high velocities, eggs might
not adhere to substrate and at low velocities eggs could deposit in clumps, inhibiting oxygen
uptake and inereasing risks of predation and fungal growth (Buckley & Kynard 1985; Crance
1986). Survival of larvae is dependent on velocities of 0.4 to 1.2 mtsch allow sufficient
downstream drift to rearing habit@uckley & Kynard 1981; Richmond & Kynard 1995).

Riversbottoms composed of substrate with large interstpmteas have been described as
critical for=sueeessful spawning because they provide protection from currents, surface area for
egg adhesion, and protection from predators (Kynard 1997; Cooke & Leach 2004). Substrate
grain size classeonsidered most suitable for spawning include boulder, cobble, and gravel
(grain sizes>»8.mm)(Dadswell 1979; Taubert 1980; Buckley & Kynard 1985). Highly
embedded river bottoms (e.g., bottoms composed of cobble with a large volsamel @jrains
interspersed) are not suitable for Shortnose Sturgeon spawning becaiuse sieeiment fills the
interstitial spacethat are important for egg and embryo retention and concealment (Richmond
and Kynard 1995; NMFS 1998).

The goal of this study was tiescribethe distribution and amount of suitable spawning
habitat in.the Penobscot River upstream of the lowermost dam removal sitsellve u
hydrodymamie-modelingalidated with fieldneasurement® address this goal. We focused on
the 5km reachjust upstream of the former Veazie Daenfeom rkm 47 to 52 (Figure 1).
Specific objectives included (1) creating hydrodynamic simulations of the studgtarea
representative spring riverstiharge rates, (2) applying fieldeasured water depth, velocity, and
bottom substrate grain size data to valigatd adjust simulations, (3) predictiagitable
spawning habitat for Shortnose Sturgeon based on combined depth, velocity, and bottom
substrate grain size, and (4) refining suitable habitat predictions by incangdsatiom
substrate embeddedness.
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[A] Study Sitel ocation and Geomorphology

The Penobscot River watershed is the largest in the State of Mainéglaiar 22,000
km? (Figure 1). Its largest tributaries, the East and Wiestches, join at rkm 160 to flow south
into Penobseot,Bay (rkm 0 is defined as the southern end of Verona Island). The river valley
traverses threughstwo physiographic settings dominated by igneous rock types withrthe rive
channels set within metamorphosed rocks. The headwaters of the East abdavidsts flow
through the Central Maine Highlands which hasuntainous terrain, including Mt. Katahdin
(Denny 1982)Downstream othe confluence of theast and Wediranchesthe mainstem of
the Penobscot River flows across the Coastal Lowlands where the river valley is relatively wide
and there are numerous depositional features such as sediment bars anditespaoes
identification as the IslanDivision (Kelley 2006). Then, the fluvial portion of the river between
river km 62-and: 36, identified as the Rapids Division (Kelley 20&)tains the study area. This
downstreanmest reach of the fluvial system is characterized by multiple rapids and fe
depositional features compared to the upstream reach (D&difyen 1999). River km 52 was
chosen as the upstream limit for several reasons: (1) the reach from rkm 47 to 52 is the first
habitat that"Sturgeon will encounter upstream of the previoussept dam, (2) it lies just
downstream of a set of rapiiSERC 1997hat may create a velocity barrier to Shortnose
Sturgeon passage at certain river discharges (Wegener 2012) and (3) bathydhsttystrate
data were-net-available upstream of these rapids. The active channel width is approximately 200
m along the reachnd some manmade structures related to log drive activities remain in some

locations, creating local obstructions to flow in portions of the channel width.

Thepresentday morphology of the river, including the bottom sediment characteristics,
is derivedfrom=a sequence of events related to the deglaciation approximately 12,000 years ago
(Borns et al. 2004) that affected the competence and capacity of the fluvial systemy
sediment. Down cutting through glacial outwash deposits continued downrtzkedtcrops
that provide the modern base level control along the river profile. A large awfaediment
was conveyed downstream to what is currently a paddta- inthe tidal portion oPenobscot
Bay. However, the sediment supply was reduced asldugafdeposits were progressively
erodedaway Remnant terrace and floodplain deposits are still observable today in the Island
Division upstream of rkm 62. Visual observations of contemporary river conditions anthegt
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are rarely mobilized in largeugntities over short time periods through large scale river bank
erosion and morphodynamic&ansport capacity was reduced afsastatic rebounébllowing
glacial retregtcausing a substantiaduction (estimated ~25%) the extent of the Penobscot
River drainage areeontributing to surface flon&elley et al. 2011). Isostatic adjustments
linked to glacial retreat and evacuation of outwash deposits also decreasegitiuelinal
gradient of.theriver, reducing sediment transport competence, spkgifhe ability of the flow

to move'gravels and largsized sediment particléslooke et al. 2017).

The slope and water discharge rates in the Rapids Division, which holds our study area,
are steep'enough to efficiently pass the fine grain sizes but not large enough to entrain the coarse
sediment grain sizes (large gravel and cobbles) that dominatedha# the river where bedrock
outcrops are not presehkine gain sizes of sand size or smaller are supplied to the mainstem of
the river at low rates far less than the capacity of the river flowsfifidagrainedsediment
supply is further limited by the minimal thickness of soil and regolith produced since
deglaciationsofsthe landscape. Deposits of sediment gravel size or smaller that do exist are mostly
stored in the Island Division of the river where bedrock outcrops ¢traagel gentle gradierst
(Kelley 2006; Hooke et al. 2017).

No largesfloodplain sediment deposits or bar formations have been obsetlkiedstudy
site Extensiverdeposits of fine sediment grains were not observed upstreanveaseDam
prior to removabnd most of the head pond bottom was dominated by cobble, boulders, and
exposed bedrock (CR Environmental 2008). The notable absence of fine grained deposits
upstream of the dam is unique compared to the relatively large amount of sedimerdrdy
stored behind.dams in other physiographic settings such as the mid-AtlantioRigunere
watersheds have relatively high modern sedimiid yonditions (Collins et ak017).Some
portionsrof-both shorelines in the study site do contain sand and gravel sized sediment,
presumablycreated by the few relic deposits on the valley sides, relatively low flow velocity
conditions, and delivery of sediment from bank erosion to the river channel in thasefare
erodingibluffiis located on the east side of the river at rkm 47 and temtipbsource of sand
and gravel sized sediment. Beeonditions generally make nearshore side areas of the channel
highlighted targets for detecting changes after dam remlovpéirticular, changes imearshore
area sediment grain sizes and deposition thickness can result from impoundmvdotara
effects on shoreline stability.
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The USGS stream gauge at West Enfield, ME (01034500) is approximately 53 km
upstream of the study area and is the closest gauge recording river discharge. The drainage area
atthe West Enfield station is 17,278 krithe mean annual flow there is 34&sthfor the period
of record (1903 to 2015). The range of flows during the spring season (period of interest, during
spawning) varied from approximately 138 stto 960 ni s. For the ten-year period from 2006
to 2016, the mean spring flow was 578sn

[A] Methods

Hydredynamic simulations were generated using River2D, a two-dimensional, depth-
averaged/model based on a conservative form of the St. Venant equations (Ghanem et al. 1996;
Steffler & Blackburn 2002; Waddle 2010). Data used to create the hydraulic model domain
included geaeferenced bed elevation points (from bathymetry data) and associated bed
roughness height at each point (from substrate data). A computational mesh tegbvaitba
R2D_Mesh by defining the perimeter of the study area and boundary condition parameters
inflow discharge, inflow elevation, and outflow elevation. The simulation was run to
convergence.and results were compared to freddsured data to calibrate and validate the
simulation. Inflew and outflow water surface elevations were adjusted to beilicah
simulations*used to acquire habitat suitability predictiomsadiitional examination of
spawning habitat suitability was accomplished by examining composite suitabdity a
embeddedness data using ArcGIS for Desktop 10.2.2 (Environmental SysseasdR
Institute, Redlands, CAptatisticalanalyses were performed in Program R version 3.3.2 (R Core
Team 2015).

[B] Bathymetry‘and substrate data collection and validation

Bathymetry and substrate data used in the River2D simulations were caile268Y,
prior to dam removal (CR Environmental 2008). A SyQwest, Inc Hydrobox precision
echosounder (SyQwest, Inc, Cranston, RI) and a Trimble DGPS (Trimble, Sunnyvalegi@A) w
used to collect bathymetry data. A side scan sonar (Edgetech, Inc Model 560, Edgestch, We
Wareham, MA), sediment sampling, and video surveys were used to generate a bott@te substr
map(for more detailed data: CR Environmental 20@3cause our interest was in pdam
removal conditions, we assessed the validity of usingrétdgm removal data collected in 2007
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229 to simulate postdlam removal conditions. To do this we estimated the conditions necessary for
230 incipient motion of the river bottom sediment (Wilcock et al. 2009) using the US Forest

231 Service’s bedload assessment fovgtded streams program (BAGS) to calculate bed load

232 transport ratePitlick et al. 2009and estimate the grain sizes most likely to move under the
233 discharge conditions experiencadce 2007 (see Supplement for details). Although we also

234 used the 2007.bed elevation data, we assumed that only water surface elevations relative to the
235 river bottomwould changafterdam removal.

236 Aftervalidating applicability of the 2007 survey data to post-dam removal modeling, the
237 2007 survey map delineating substrate facies was georeferenced in ArcMap and the facies
238 polygons werexdigitized into a layer of dominant substrate types. Each point in éh2Rimput

239 file was assigned a substrate tygyeperforming a spatial join of the substrate data to the bed
240 elevation dataset. The bott@mubstrateconditionswereincluded inthe River2D input file as a

241 roughness heighk{) by using half the median diameter of the dominant substrate at each point
242 in the datafile.

243

244  [B] River.2D.simulations

245 Discharge rates for River2D simulations were chosen to characterize suitable habitat
246 availability'under a range of conditiorepresentative agpringflow ratesin the Penobscot

247 River. Discharge data were collected for spring dates on which water temperature was suitable
248 for Shortnose Sturgeon spawning (9°-15° C) and five discharge conditions associated with the
249 5" 25" 5" 75" and 9% percentiles were determined (Supplement).

250 Inflow.and outflow water surface elevation values were specified as input parameters to
251 each spring.discharggmulation and were acquired using USGS gauge data (Supplement).

252  Field-collected-deptland velocity data were used to calibrate and validate each simulation.

253 Paired ttests were used to compare simulated values withd@ldcted values for a simulation

254  run for the discharge on the day of calibration data collection (6&8)rLinear egression was

255 performed to test for correspondence between measured and simulated values and ashypothes
256 test was performed to determine if the slopes of the relationships were equaéfitlvalues

257 associated with each spring discharge rate were also calibrated based on the field measurements
258 and USGS gauge data. See Supplement for details.

259
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[B] Predicting habitat suitability

Habitat suitability index (HSI) curves for Shortnose Sturgeon spawning habi@aiused
for calculating habitat suitabilityn River2D (Figure 2). HSI values from 0.7 to 1 were
considered highly suitable, HSI values from 0.4 to 0.69 moderately suitable, and HSI values
from O to 0.39.represented low suitabiligySI curves for depth, velocity, and channel index (the
metric used.tosepresent bottom substrate) were created based on Wegener (2012), Crance
(1986), and Squiers et al. (1993). Two velocity HSI curves were created: the origueabased
on literature reports and a second adjusted curve, derived by applying the measued ve
simulatedivelocity regression equation (Figure 3b inset) to the velocity valuesaidinal
curve.

Afterrmodel creation andalidation, habitat suitability at each spring discharge was
estimatedusing the PHABISM Weighted Usable Area approach in River2D (Bovee .1982)
curves wee. loaded into River2D and linear interpolation was used to determine the HSI value
for each characteristic at each node. The minimum calculation app&iafite¢ & Blackburn
2002;for each'node of the mesh, the minimum value for the three separatdisuitalices)
was used to determine combined suitability. Weighted Usable Area (WUA) was calculated by
multiplyingsthe combined suitability value at each node by the area assocititébdenmode and
summing-WUA for all nodes. Percent WUA is the WUA relative to the total area of the wetted
study reach.

The,suitability results were examined to determine which of the three habitat
characteristicsy(depth, velocity, or bottom substrate) was most limiting under each discharge
condition. Ferthe five simulatledischarges, the habitat characteristic that produced the smallest

percent WUA valuevasthe most limiting characteristic to combined suitability.

[B] Habitat.suitability analyses in ArcMap

For.each spring discharge simulation, the suitability results files were imported to
ArcMap for-additional analyses. The combined suitability value of each simulation asde w
used to assign,cell values to an output raster, with the mean value option used whiamore
one node fell within a celRaster cell size wak).4 by 10.4 mRasterbased Weighted Usable
Area (WUA) was calculated by multiplying the cell’s suitability value by tHeacea, and

summarizing the entire study area. Total area waslledéel by summing the area of polygons
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291 created from the rastéfhe process was repeated using each spring discharge habitat suitability
292 raster and the percent WUAsulting fromeach method was comparedconfirm that this

293 method corresponded closelythe approach used in River2D to calculate WUA. The mean

294  difference_between percent WUA values calculated from the rasters versus River2D was 0.5%.
295 Rasterdor the.five spring dischargegere averaged to create a composite map of habitat

296 suitability for allsimulated spring dischargéeRo test for a relationship between the distance

297 upstream 'ofthe former Veazie Dam and composite suitability Liheate Features Along

298 Routes’tool(Environmental Systems Research Institute, Redlandsyw@éused to determine

299 the distance of each of the simulation nodes upstream of the dam. A Pearson Pordect M

300 Correlationswas used to test this relationgkprrell et al. 2018)

301

302 [B] Combining embeddedness with habitat suitability

303 Because HSI curvdsr embeddedess have not been computed for Shortnose Sturgeon,
304 but embeddedness could be an important determinant of spawning saitadaitity (Richmond

305 and Kynard«1995; NMFS 1998), we separately mapped embeddedness throughout treatudy
306 (rkm 47-52)orjoint consideration wittHSI predictions. Embeddedneadsta collectiorwas

307 based onra.modifieslystem described B§ooke and Leach (2008 mbeddedness

308 measurements were takalong both shores of the river during late summer of 2015, when river
309 flow stage was at its minimum, exposing habitat that would be covered during the spring

310 spawning'season. A tape measure was extended perpendicular to the river alooigline sh

311 from the vegetation line down to 1 m into the rivemeter stick was laid pallel to the river at

312 each metemalong the tape measure, alternating in the upstream or downsteetom di

313 sediment particle immediately adjacent to ed@ltm markalong the meter stickkas examined

314 to determine its_extent of embeddedness. The percent coverage by fine sediment was

315 summarizedising a rating system from 3«{Platts et al. 1983); #400% coverage with fine

316 grains corresponded to a rating of 1 and <5% coverage by fine grains corresponded to a rating of
317 5. The overall'embeddedness ratatgach transe¢h = 20) used for analysis in this study was

318 the medianwalue for each site.

319 A spatial join was performed to relate each site where embeddedness was measured to
320 composite suitability. Embeddedness survey sites were assigned the composite suitability value
321 of their closest raster cell and the joined attribute table was exportstatistical analysisA
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Pearson Product Moment Correlation was used to test the relationship between embeddedness
rating and compositsuitability value

A separate indeXEmbeddedness + HSI”, was calculated ugnthbeddedness rating and
composite habitat suitability. To do thisewcaled the embeddedness ratings for each site to the
same 61 range as habitat suitability by dividing the embeddedness values by 5. We added the
scaled embeddedness rating for each site to the compuoi#bility value assoated with itand
divided'by 2.

[A] Results
[B] Substrate data validation

Results.of the BAG$cipient motionanalyses suggesithat substrate data collected in
2007could.beusetb predict posdam removal habitat suitabilifBupplement)There was no
differencefin the preand post-dam removal geometric mean grain size for the upper or lower
reach cross sectionthe geometric mean grain size transported in the upper and lower cross
sections were 38 and 32 mm, respectively, for all digghacenarios. This consistent result
suggests.that.changes in substrate composition since 2007 would be limited to the moement
very coarse gravel and smaller gra@sly 4% of the total study area was reported to be covered
by gravelrand'sand (CR Environmental 2008) anditieeemains fine sediment limited due to
its glacial history (Borns et al. 2008Based on these fagtshanges to the area since 2007 were
assumed to bémited andthe 2007 survey dat@ereused for the River2D modeling of suitable

spawning/habitaSeeSupplementor additional results.

[B] Model ealibration and validationlepth and velocity
Thefiverdischarges used to represent spring river conditions were 310, 422, 667, 972,
and 1480 ms* (Tablel). All spring discharge simulations were calibrated to predict depths
comparable 1o fiekneaswed depths (Table 1; Figure BA-or the calibrationaly simulation,
linear regression confirmed a significant correspondence between measdirgchulated
depths (Figure 3A inset, n = 25> R0.60,P < 0.001). The slope of the regression line, 95% ClI
[0.518, 1.083], was not significantly different than 1, indicating a lack of sRew0(157).
Simulateddepthaveragedielocity predictionsliffered from field measurediepth-
averaged velocities, even after bed roughness values and eddy viscosity coefficients were
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adjusted in River2@Steffler & Blackburn 2002)Predictions wereonsistentlylower than
measured valug&igure3B, n = 25 paired ttest,P < 0.001). Measured and simulated velocities
werecorrelatedvith an Rvalue of 0.50 and a difference of 0.49 T(Bigure3B inset,P <

0.001). A hypothesis test for determining if the slope of the regression line, 95% CI [0.326,
0.815],wasequal to Ipointed toskew @ = 0.001). The standard deviations of measured and
simulated velocities were 0.27 and 0.21 respectivelyWhen the velocity validation results
were considered along with bottom substrate tgpeQupplement)mean differences between
measured-an@'simulated velocitiasged from 0.43 mi’sto 0.59 m &. When only bottom
velocity (rather thawlepthaveraged) measurements were compared to simulated values, they
still differed by=0.25 m s (Supplement, pairedtest,P < 0.001) As such, velocities predicted

by the five'spring discharge sinatilons weredetermined to be undgredicted.

To adjust forthe difference between actual agichulatedvelocity, o velocity HSI
curves(original and adjustedyere used to evaluate combined suitability at the five spring
discharges. An adjusted velocity HSI cui#gure2) was created by applying the measured
versus simulated velogiregression equation (Figus® inset) to theoriginal curve b account
for the model’'s‘under-prediction of velocity. Thgginal velocity HSI curve resulted igreater
percentWUA for all discharge ratesompared to the adjusted cuiregure4). The mean
difference-between percent WUA at each discharge usimgitfinal and adjusted velocity
curves was 18% * 5.4 Because the adjusted velocity HSI curve was most represermtive
field-measured conditions and resulted in the most conservative estimate of WUA, it was used

for remainingassessments of habitat suitability.

[B] Habitat suitability predictions

Habitat suitable for Shorthose Sturgeon spawning was predicted to be present throughout
the length.of the study reach atdibcharges considered (Figuteand generally expandedth
increasing.discharge R 0.77,P = 0.05)) Percent WUA was least for th® &nd 18
percentile.dscharge simulations with 41% of the study area being u§Balde 2). Percent
WUA was greatest for the #%ercentile discharge simulations with 63% of the study area being
usable. Within all simulations, suitability was generally low along the wedtere sf the study
area between rkm 48.25 and 49 (Figure 5uitability at all discharges was also limited (to
varying degrees depending on the discharge) around the bend in the river at rkm 50.75 and
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within the main channel of the river upstream of the bend around rkm 51 and downstream of t
bend around rkm 50.

Velocity was the most limiting characteristic for suitable spawning habitat in the study
area at all_ spring discharges (TaB)ePercent WUA based on velocity ranged from 55% to
77%, percent.WUA based on depth ranged from 75% to 100%, and percent WUA based on
bottom substrate stayed constant at about 82%.

The'ecomposite suitability map afi five spring discharges indicat&d % of the study
areaofferedusable habitat for spawning (Figure 6). Two regions provide the highest suitability
at all flows, the most upstream portion of the study area (around rkm 52) and mid-channel
habitat between rkm 47.5 and 4%ere was a significa but weak relationship between distance
upstream ofthe former Veazie Dam and composite suitability. The Pearson Product Moment
Correlation between distance and composite suitability was signifiean0(001) with a

coefficient of-0.1.

[B] Embeddedres

Sites.with suitable levels of embeddedn@ss, little to no fine sediment dispersed in
larger substratesr a rating of 4 orBwere distributed throughout the study area on both shores
of the river((Figure). East shore sites had a median embeddedness rating of 4.1 while the west
shore sites were 3.1. The mode for all sites was 5 and the average was 3.5 (n = 20). Locations
where embeddedness measurememte collected that were within areas of high (0.7 to 1)
composite suitability exhibited low levels of embeddednessigatf either 4 or 5) (Figure 6).
In areas with.moderate (0.4 to 0.69) composite suitability, 70% had low embeddedness and in
areas with low.composite suitability (0 to 0.39), 33% of the sites had low embeddedness.
Embeddedness decreased as the composite suitability value for a site iné?eassah(Product
Moment coefficient = 0.4 = 0.037). Overall, ten of the 20 embeddedness sites had joint
Embeddedness + HSI index values of 0.7 or greater, indicating the predominance of highly
suitablerhabitat.
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[A] Discussion

Suitable habitat for Shortnose Sturgeon spawning was predicted to be available in the
first 5 km of newly accessible habitat iretfPenobscot River. Spawning by Shortnose Sturgeon
hasyet to bedocumented in the Penobscot River (Fernandes et al. 2010; Wegener 2012; Dionne
et al. 2013; Jehnston 201&ut with an increase in available freshwater hapibstdam
removal, and theredictedpresence of suitable spawning habitat, spawisimgore lilely.
Successfulreproduction in the Penobscot River wimditate progress towards recovery of this
endangered'speciasthe Gulf of Maine. In the Kennebec River, Shortnose Sturggtamed to
historicalspawning habitat within 10 years of the Edwards Dam removal and spawning was
confirmed.in the restored reach by the collection of early life siaUgpelhauser et al. 2015).
Shortnose ‘Sturgeon in the Penobscot Rivamrewirst confirmed to access newly available habitat
as far upstream as rkm 52 in the fall of 2015 (Johnston 2016). However, in the spring, when we
expect spawning to occur, individuals have not been documented moving upstream of the former
Veazie Dam atkm 46.8 (Johnston 2016). By focusing on the study area from rkm 47 to 52, we
were ableoydetermine that suitable habitat is available in the reach that would be first accessed
by Shortnose'Sturgeon if they return upstream of the former Veazie Dam during sppagmo s

Shortnose Sturgeon have been described using 1 or 2 km long reaches for spawning in
other rivergKieffer & Kynard 1996; Wippelhauser & Squiers 2015). The 5-km study area
described in this research may represeatreach most likely to support spawning because the
rapids at rkm 53 may present a velocity barrier to Shortnose Sturgeon duringftimggds river
discharge sOunyresults indicate that between 41% and 63% of this reach is usable habitat for
Shortnose ‘Sturgeon spawning. Although this research focused on the first 5 km of this newly
available habitat, future research on the reach from rkm 52 to the Milford Ram6g) would
enhance understanding of the quality of habitat made available by the PRRP dam removals
because, as.a.whole, the @ reach restored by the Veazie and Great Works Dam removals
represents.a substantial increase in the amount of critical freshwater habitat for Shortnose
Sturgeon_insthe Penobscot River. If spawning commences, the survival of larval and young of
year Shortnese Sturgeon will depend on adequate freshwater habitat downstream of the
spawning site to allow them to grow without exposure to salt water (Dadswell Eaik&hslet
al. 1993). Shortnose Sturgeon larvae have been reported to travel between 15 and 25 km from
spawning grounds to downstream rearing habitat (Bath et al. 1981; Taubert 1980). In the
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443 Penobscot River, salt water has been reported to reach rkm 20 or 30 during the spring, while
444  dryer summer months, salt wat@mncreach rkm 32 or 42 (Haefner 1967; Stich et al. 2016). Prior
445 to the PRRP dam removals, access to freshwater spawning and rearing habitat was limited by the
446 Veazie Dam at rkm 46.8. Now, if spawning commences within the study area or upstfaam as
447 as rkm62, up.to 42 km of freshwater habitat would be available to fish for rearing, depending on
448 the intrusion of/salt water.

449 Ourmodel predicts th&hortnose Sturgeon would find the greatest amount of usable
450 spawninghabitat during springs with high dischargeelenof the last teryears, discharge

451 rates excéeded the"7percentile discharge andtiwo of thetenyears, values exceeded thd'90
452  percentile diseharge. A Shortnoseiigeon that lives to be 50 years old, perhaps spawning five
453  or six times‘ints life (Dadswell 1979; Kynard 1997), might eneder discharges close to the

454 75" percentile value twice and discharges around tHg@écentile value once. Usable

455  spawning habitat will be most prevalent in the study area at these high dischange®rho

456 lower discharges also provide conditions offering usable habitat.

457 Waterwelocity, thought to be the most important habitat characteristic determining
458 spawning habitat suitability (Kieffer & Kynard 1996; Kynard 199%gs the most limiting

459 charactenstidor all spring discharge simulatiorSpawning habitat choice has been related to
460 thewater.velocityrequirements of eggs and larvae surv{iaéffer & Kynard 1996 Kynard

461 1997). Water depth and bottom substrate wes® lieniting for combined suitabilityBottom

462 substrate consistently provided a high percent WUA for all discharges wpite mrevided

463 lower percentWUA values at the lowest discharges and became less limiting at the highest
464 dischargeswhe composite siltlity map reflects the limitations imposed on combined

465 suitability @&t all discharges and illustrates that suitable spawning halzsitsast ithe main

466 channel in the upper part of the study area due to high veloEitigber collection ofelocity

467 measurements.from thield would provide higher confidence simulations predictinguitable

468 spawning habitat and perhagddresshe skewed relationship between simulated versus field
469 measured.velocitighat we observed

470 Spawning Shortnose Sturgeon in other rivers prefer bottoms composed of grave], cobble
471 Dboulder, and ledg€Crance 1986; Squiers et al. 1993; Kieffer & Kynard 1996). In addition,

472 spawning habitat is expected to contain low levels of embeddedness because fineitiriain

473 interstitial spaces cdmit egg survival (Richmond & Kynard 1995; NMFS 1998he reach
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upstream of the former Veazie Dam is dominated by suitable bottom substratessaddyip
available data, is characterized by moderate to low levels of embeddedness. The limited
embeddedness found at most sites is consistent with the geology of the PenobscwitRiver,
limited supply of fine sediment (Dudley & Giffen 19%orns etal. 2004).

Habitat. suitability predictions from hydrodynamic simulations were basedldmated
and fieldcheckedesults. Fielecollected measurements were used to successfully calibrate all
spring discharge simulations for depth. The River2D modd¢restimated velocitiggonsistent
with observations of Waddle 20BddWegener 2012). We addressed thisibyg a correction
to adjust the HSI curve. Based on the percent WUA predicted usiogdimal and adjusted
velocity HSI eurves (Figure 4)headjusted HSI curve reselfin more conservative estimates of
percent WUAWe also addressed our use of the 2007 substrate data to represent the river bottom
and found that this was reasonable based on calculated incipient motion and trateport
(Supplement)Additionally, the geologic characteiist of the Penobscot Riveratershed
support our use of prdam removal substrate data; the study site falls in ardefesed as a
high-energysreach with limited fine sediment supply (Dudley & Giffen 1999; Borns et al. 2004,
Kelley 2008)."We also acknowledge that our embeddedness surveys were conducted along the
shorelinevand not across the entire width of the river, but because they were penfioamed i
period oflew flow in late summer and early falietsurveyed area still represents what would be
potential habitat during higher spring flows. Due to the high-energy nature of thleseen
River, we expect that fine sediment deposition in the deeper channel is Igsthakealong the
shore. Therefore, our prediction of the study area being suitable based on low embeddedness is
likely conservative. Current-day substrate and higher resolution embeddednegsuldtae
effective in decreasing the uncertainty of usinggme: removal data.

We, acknowledge that the inclusion of depth, velocity, and bottom substrate as
independentdr.equally importantfeatures of the environment is an assumption of our approach
using River2D.and deviates from reality. To compensate for the default equal mgeigihtihese
habitat chara€teristics in River2D, we examined the WUA predictions basegtbn widocity,
and bottomrsubstrate separately. This provided insight into how each charadenistimuted to
the suitability predictions since researchers have suggésteddach are separately important
(e.g., Buckley & Kynard 1985). Better documentation of the physical conditions at spawning
locations is necessary to inform more accurate HSI curves for Shortuiogedd spawning,
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e.g., from the Kennebec, Androscoggin, and Merrimaeks (Kieffer & Kynard 1996;
Wippelhauser et al. 2015).

The methods used in this study alemus to synthesize information concerning four
habitatcharacteristics that influence Shortnoser§eon spawning habitat suitability: depth,
velocity, bottem substrate, and embeddedness. Although the spatial resolution of the
Embeddedness + HSI index locations was limited to 20 data points alamggettehore these
methods coul@asily be applied to a larger embeddedness dataset to provide finer scale details
on overall'spawning habitat suitability. Researchers have employed River2D to medehgpa
habitat for Shortnose Sturgeon (Wegener 2012) and other species prefioesisl. 2010;

Hatten et al. 2013), but our additional analyses methods using ArcMap could be useful in other
systems tofurther refine River2D habitat suitability predictions for multiple fish species.

Habitat suitability analyses and field monitoring can be effectively paireatget
sampling activities. fie true confirmation of the valué the habitatighlighted in this study
would occumwhen early life stage Shortnoseifeon are documented in the Penobscot River.
The habitatssuitability maps creatiedthis study can be usedtarget directedampling
activitiesto'areas where spawning is sttikely to occur. Conversely,goforming field
monitorings«(e.g for eggs, larvae, and fish presence in a restored area) would allow for validation
and refinement of the habitat suitability modelipes joint efforts can be particularly valuable
for researching the response of a fish species to restoration activities. Because of the imperiled
status of Shortnose Sturgeon, anddhiécal importance of suitable spawning habitat for the
species’ persistence, habigssessment and suitability modelowyld be used to increase
effectiveness:of recovery efforts for this and other species of concern

With the confirmation that Shortnose Sturgeon visited the area upstream of tee form
Veazie Dam during October 2015 (Johnston 2016), this study offers timely information on the
suitability of the habitat for spawning. Shortedsurgeon in other northern rivers spend the
winter in areas.clos® spawning grounds, movirigpm these staging areas a short distance
upstream tesspawim the spring (Buckley & Kynard 1985). In the Kennebec River, Shortnose
Sturgeon wintexdas close as 2 km downstream of spawning habitat (Wippelhetugie2015).

In recent years, Shortnose Sturgeonteredbetween rkm 43 and 44 in the Penobscot River
(Lachapelle 2013johnston 2016), conforming to the trend observed in other rivers that support
spawning. Continued monitoring during the springodusticallytagged adults will be
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important to determine whether fighlove upstream andgse tle newly available habitatf
Shortnose Sturgeon spawning does beagimpuld represent the restoration of spawrnimghe
river that has likely not happened for more than a century, promoting future sucdiss for

endangered specigsthe Gulf of Maine.
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