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Summary

The Historical Shoreline Analysis providiegormation on longtermtrends in shoreline
movemento support understanding of coastal change aflumg systems within the Eureka
littoral cell. The study is a component of the Dunes Climate Ready project, which seeks to
understand how sea level rise will impact dune systsrdshow land managers can promote
adaptation. Shorelines digitally traced from aerial imagery dating tb93916revealed varying
patterns of erosion and accretion across ¢hawked shorelines of the Humboldt Bay afdse
ArcGIS plugin Digital Shorelindnalysis SystemSAS) analyzed shoreline change along
digital transects$o provide linear regression rates of shoreline change over the study. period
Most of the sandy shorelines around Humboldt Baytatele tgprograding, with the exception
of the Noth Jetty areaThebeach at the North Jethyasbeen eroding rapidlgince 19392.08+
0.16ml/yea). The North Spit from Samoa to Mad River Beach has been stable to acfmeting
significant change to less than 1m/yeat)e Clam Beach to Little River stedine stretch has
shownhigh accretion (2.5& 0.15m/year). The South Spit has shown moderate accretion (1.27
+ 0.06m/year).The longterm rates of change provide historical reference for monitoring coastal
responses to sea level rise and climate events



Introduction

The Historical Shoreline Analysis iscamponenbf the Dunes Climate Ready Study,
which seeks to provide information on patterns of sediment movement within the Hiboedkia
cell and identify potential coastal vulnerabilities and respsrts sea level rise and other aspects
of climate changeDunes of the Eurektoral cell stretch 54km from Little River to Centerville
Beach.The Historical Shoreline Analyssghowslong-term shoreline change trends by tracing the
shoreline along thioredunebase (toejrom available aerial imagery taken over the plaste
guarters of a century. This analysis covers the northern portion of the littoral cell surrounding
Humboldt Bay from Little River State Beach to Table Bluff, and it will be suppiedeby a
similar analysis of the Eel River area.

Foredune Morphology and Processes

Foredunesaredynamicseawarddune ridge running parallel to the shore that can form
along sandy shorelines above tigical reach otides and wave swaghiesp 19832002
2013. Foredunes are created &gpolian sand deposition in vegetatimnother roughness
elementgHesp 19832002,2013. Vegetation growth is limited at the seaward edge by high
spring tide and storm swash, and this zone marks the transition ymen lneach to foredune
(Hesp 2013)The transition zone where the slope increases from the upper beach is the foredune
toe.Storminducedwave heightsespecially coinciding with spring tides, can erode sand from
thetoe of the foredune, causing scarpimdfting) and moving the foredunteeinland (Battiau
Queney 2003, Hesp 2013, Pickart 2014). Erosion from the base of the foietymeally
followed by the formation of aerodynamic sand ramps that, in the absence of vegetation, allow
sand deposition @r the crest of the dunene mechanism by which foredurteanslae inland as
sea leels rise (Davidsomrnott 2005,Hesp 2002Hesp 2013)

The Humboldt Bay areeontains many sedimestpplying rivers and streams. Major
sources of sediment includlee Little River, the Mad River, and the Eel Riyarich discharge
53,000,486000, and?,300,000m*/yearof sedimentrespectively Patsch and Griggs 2007
Although the Eel Rivedischarges more than twice as much sediment as any other river in
Californig, an unknown quantity is lost to submarine canyons offshore, making the sediment
budget for the Eureka littoral cell difficult to estimakéapke et al. 2006Patsch and Griggs
2007) The direction ofittoral drift may vary by season, year, and locatiothwi the Eureka
littoral cell (Patsch and Griggs 2007, Moffat & Nichol 2013¢diment availability and
deposition patterns are complicatednoynan engineering as walhcludingthe jetties at the
entrance to Humboldt Bay amdanagement of dredged magdsifrom the bay

Sealevel

Comparing longermglobalsea level rise with shortéerm changes shows that the rate
of sea level rise has increased. Global mean sea level has risen more quickly sincelffe mid
century than has been seen over the previous two millennia (IPCC Z@&4urrent rate of
global sea level rise is very likely to increase over thiec2htury (IPCC 2014 Rates of sea



|l evel rise differ by | oc agravitatonabfield ehangieg oaedn v ar i
currents, and tectonic movement (I PCC 2014).
higherrelative sea level rise rate than any other gauge oRabiéic Coast of North America

(Appendix B:Figure 1) (NOAA COOPS, Accessed July 2017)ide gauge analysis anarid

level surveys have shown subsidence along the ob#st Humboldt Bay aref@atton et al.
2017).Humboldt Bay is located in the tectonically active southern end of the Cascadia

Subduction Zone near tlenction of the Pacific Plate, North American Plate, and Gorda Plate at
Cape Mendocinaand \ertical land motion compousdhe rate okea level rise in the Humlat

Bay area (Patton et al. 2017

Sea levels subject to seasonal, interannual, and isteadal variationSea levels vary in
a predictable way over the course of the year, wighdst ocean temperatures and sea levels
occuring during the winter in the Pacific Northwe#tdpendix B: Figure 2)NOAA CO-OPS,
Northern Hydrology 2015)Spring upvelling brings cooler, more fertile water to the Pacific
coast,causing a seasondiop insea levelEl Nifio Southern Oscillation (ENS@)vents, which
are characterized by warmer ocean temperatures, increase sea level along the Pa¢NiR Coast
2013).Average wave heights are greatest during the winter on the North Coast (Hapke 2006).
During EI Nifio winter months, wave heights are elevatedl®8 (Hapke 2006).a Nifia can
also elevate wave heights to the North Coast by @Xm (Hapke 2006)[he Paciic Decadal
Oscillation(PDO)is a longetterm cycle between warm and cool phasescean temperatures
that also affects sdavel.Local £a level also varies ondaily basis with tides, wave height, and
storm surgeThe many cycles affecting sea levahaccompound to produce exceptionally high
seas when cycles are in the same pf@agan et al. 2008)ncreases in sea level magnify the
impact of storm surge and high waves on the coast (NRC 20l®aterelatedevents can
cause short term variability shoreline positigror they carhave a lasting impage.g., Barnard
et al 2009).

Measuring Shoreline Change

The United States Geological Survey (USGS) has conducted several studies of shoreline
change in coastal areas acrossihéed Statess part of the National Assessment of Shoreline
ChanggMorton et al. 2004, Morton et al. 2005, Hapke et al. 2006, Hapke and Reid 2007, Hapke
et al. 2010, Fletcher et al. 2012, Gibbs and Richmond 20h8)USGS has used Digital
Shoreline Analysis Syste(@SAS), a software extension for ESRI ArcGIS, to calculate rates of
shoreline changén the 2006 study of shoreline change along sandy shorelines of California,
USGS used Mean High Water (MHW) derived from historical mapd @8R as an indicator
for shaeline(Hapke et al. 2006). The USGS study found aerall long termaccretion trend of
0.2 +£0.1 m/yea (dating to the 18009)nd a short term erosion trend-0f2 +£0.4 m/year
(1950s70s to 1998002)along the sandy shorelines of Califoriike USG study found a
0.7mlyear long term accretion trend along sandy shores of the Hittaih cell (185470 to
2002) although a large data gap occuradahgthe bulkof thenorth and south spits of
Humboldt BayLong term erosion areas occurred along @8 of the measured coast in the
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Eureka littoral cell, and average@l2m/year. The highest erosion in the area was recorded on the
North Spit of Humboldt Ba®.8km north of the jetty a®.7m/yearfrom 195668 to 2002
(Hapke et al. 2006)

Both the U.S. Army Corps of Engineers (USACE) and U.S. Fish and Wildlife (USFWS)
have studied shoreline movement in the Humboldt Bay arelJSACE analyzed shoreline
changeover a study area that extendetiles on either side of the jettigtem 19922015
(USACE 2012,USACE 2017). The study used flyover imagery amdAR on the North and
South Spits to monitor movementariupper beach reference line as part of the Humboldt
Shoreline Monitoring Prograntd SACE 2012). ThaJSACE studyfound that the sholiee
around the North Jetty was rapidly eroding in the 1990s, followed by a period of accretion that
brought the 2015 shoreline nearly back to the 1992 starting pSACGE 2017). The beach
around the South Jetty showed overall accrettACE 2012,USACE 2017). TheJSACE
concluded that the latest 202015 study period was a period of widespread beach growth on
North and South Spitd&JSACE 2017).A similar pattern was observed in the USFWS study,
which found that 1992000 was a period of widespread évosalong the North Spit study area,
which extended from Manila to Lanphere Dunes (Pickart 2014). The USFWS study found lesser
erosion over the 200R012 study period (Pickart 2014). The agency studies are limited in time
to the last few decades and do ooter the entire coast of the Humboldt Bay area.

The Historical Shoreline Analysflls spatial and temporal gaps in the previous studies
of shoreline change along the Eureka littoral ddle USGS study of change along sandy
shorelines of California pwvided a broad analysis of shoreline change patterns across the state;
however the data sources used in the study were not availablsifprificant portiorof the
Eurekalittoral cell, with a gap in data along the spits of Humboldt Bagpke et al. 208). The
USGS study was also limited by time interval, with three shorelines digitized from available t
sheets representing each of the 1800s, 198sand 1950%0s, and a current shoreline
extracted from post998LIDAR (Hapke et al. 2006 he Historical Shoreline Analysis for the
Dune Climate Ready Study aimspmwovide more complete coverage of sandy shorelingseof
Humboldt Bay areandto provide more detailed information on patterns of shoreline change
than the broader statewide stumuld provide. Like the USGS National Assessment of
Shoreline Change, the Historical Shoreline Analysis uses DSAS to calculate rates of shoreline
change along transects, but data sources and shoreline indicators differ from the USGS study.

Defining theShoreline

Studies of shoreline change have used a wide range of indicators to delineate the
shorelineThe USGS National Assessment of Shoreline Change used the Mean High Water
(MHW) line, and the Army Corps of Engineers usedipper beach reference lirgoak and
Turner (2005) found 19 different generic shoreline indicators in a review of 45 shoreline change
studies, highlighting the importance of thoroughly defining the shorelindelmgation
methods. Commorhsreline indicators along sandy shores hackided the higtwater line,
scarp line, the seaward dune vegetation line, mean high water, instantaneous water line, and the
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debris lineg(Boak and Turner 2005Yhe high water line is a widespread indicator, but it has

many potential problems. Wave rup and tides can cause the high water line to vary by many
meters on a daily basfPajak and Leatherman 2003torms can cause the high water line to

migrate up to 100n{Leatherman cited in Moore 200Because of the high variability of the

high water line, it may be better to use more stableifes such as the blédiunetoe or

vegetation line in areas where these features @tmton 1991; Thieler and Danforth 1994)

Dune toe is a common shoreline proxy in areas where dune features are present because it is less
dependent on meteorological conditigbel Rio and Gracia 20}.3e.g.,(Barrard et al. 2009;
BattiauQueney et al. 2003; Chaaban et al. 2012)

BattiauQueney (2003) used a similar method of measuring shoreline change using the
foredunetoeas a shoreline proxy along sandy beaches in the north of Fidrecdune
morphology alag the study area in the north of France was similar to sandy shores of the Eureka
littoral cell, with 1620m-high foredunes dominated by European beach gfasmpphila
arenaria). In the field, BattiatQueney (2003) defined the foredunea s t herlegdsmor e o
sharp break of sl ope from the Bmnbmodines upper be
associated with sea rocké&dgkile maritimg were considered to be part of the beach. The study
determined the foredunee stereoscopically from orthorectifiederial imageryBattiauQueney
et al. 2003)In a later shoreline change study in the north of France, Chaaban et al. (2012)
delineated théoe of the foredune from georeferenced aerial photogré&phaaban et al. 2012)

ShorelineVariability and Error

Although foredunes to not fluctuate as dramatically as the high water linegtbiethe
foredune is dependent on deaeland can vary seasonally or interannuéithesp 2013).
Foreduneseflect shorterm, mediurrerm, and longerm processes occurring in the bedcime
system (Hesp 2002n Humboldt Bay, the foot of the foredune typically coincides with the
vegetation line, where European beachgrass, American dunegrass, and otheefplats
grow fairly continuouslyForedune foot is not a true linear feature, but a zone of transition from
upper beach where the slope begins to steapeétbuild into a foredun@s observed by Battiau
Queney et al. 2003, see Appendix Ahe foot of the foredune can be visualized as the location
one could mark the seaward edge of foredune while walking along the Bdaist.the coast of
Humboldt Bay the foot of the foredune was observedytaically coincide with 6m elevation
NAVDS88 (McDonald 2014)which is approximately 4m above MHHW (NOA&Datum,
accessed July 2017he upper 20% of imter wave heights in Northern Caliform@ach4m or
higher(Hapke et al. 2006potentiallybringing these larger waves just in reach of the foredune
toeat higher high tide.

Temporary and seasonal variaso(with more scarping occurring during winter storms,
and ramping occurring during the summer) can be a source of error in determinhtgriong
trends. The influence of outliers in shoreline position caused by-t&norvariability in
determining longerm trends can be reduced by limiting the imagery used to a particular season
and excluding posstorm imagery (Moore 2000). Seasonal and-gta®im variation is reduced
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by using the foredune compared to the higlvater line, but it is still a potentigburce of

error. Most of the aerial imagery used in this study was flown during the summer and early fall,
with the exceptions of the imagery used for the earliest shoreline (1939 in the stwithern
thirdsof the study area and 1941/42 from the Mad RBesich to Little River) and imagery

from 1999 (Appendix B: Figure 1). Winter imagery was included to fil temporal gap the

datain the 1990sndto include the earligt available imagery. The relatively largfeoreline

sample size (n=10 yearsf shorelines used ilinear regression rate for this studdduces the
influence of shorterm anomalies in shoreline position, which are assumed to be random and
normally distributedResults calculated for individual intervals usemgl point rateare more
vulnerable to nofindependent operator and georeferencing errors, and should be interpreted with
more caution.

Objective

The objective of the historical shoreline analysis study is to show patterns of erosion or
accretion that have occurred alahg sandy shorelines of therthern portion of th&ureka
littoral cell over the last7 years. This study utilizes thee of the foredundraced from aerial
imageryas a proxy taneasurdong-term shoreline chang@&hestudy also provides baseline
condtions for monitoring future movement of the shoreline, aht®ry of shoreline movement
for interpreting ongoing studies of dune translation in the area.

Methods

Aerial Imagery

The Historical Shoreline Analysis used aerial imagery for the Humboldt Bay area coast
that was availablerom 19392016 at approximately decadal time intervalfie study area
covered the dunes of the Humboldt Bay area from Table Bluff north to Little BiseeBeach
(Figure 1). Imagerywas acquired for the yeat9391941/42, 1948, 1958, 1965, 1970, 1981,
1988, 1999, 2005, and 20lfhagery sourcemcluded historical aerial imagepbtained from
Humboldt County Public Works Departmehat was scanneahd georeferencegreviously
orthorectified aerial mosaics from the Humboldt B&el River Historic Atlas, and modern
digital orthoimagery from the National Agricultural Imagery Program (NAR)National
Digital Ortho Photo Program (NDOPAgpendix B:Tablel). The Humboldt Bay Eel River
Historic Atlas extends from the Eel River Estuary to the Mad River, and it does not include the
dune systems from Mad River north to Little River Be@chird 2007) Historical aerial imagery
of the northern portion of the study area was georeferenced using ESRI ArcMap for the years
19481981to supplement imagery from the Humboldt Bak¢el River Historic Atlas.
Georeferencing methods followed those outlined by [@hend Danforth (1994), using pass
points between images where ground control points from the metemmagery (2012 NAIP)
wereunavailableAt least 30 total ground control and pass points were used to georeferenced the
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aerial photographs, and a splinensformation was applietimagery for 1988 was available as a
mosaicfrom the National Digital Ortho Photo Program (NDOHRhe imagery for 1939941/42

and 1999vasgeoreferenced for their entire extents along the Humboldt Bay area sandy
coastlines. Ta imagery for 1939 does not include the area north of Lanphere Dunes, and the
imagery for 1941/42 does not include the southern portion of the South Spit. The earliest
available imagery was used as the start date for statistical analysis; imagery froma$98®d

for the South and North Spits, and imagery from 1941/42 was used for the northern portion of
the study aredmagery for the two most recent years, 2005 and 2016, cameHeddational
Agriculture Imagery Program (NAIP).

Shoreline Delineation
This study followed a similar method to those used by Ba@aeney (2003) and
Chaaban et al. (2012) of delineating the foredoedérom georeferenced and orthorectified
aerial photography, including the bases of continuously vegetated incipient duriesednde
scarps. Small, isolated incipient durmesiebkhanear the ocean formed by sea rockkjle
spp) and other species that do not form a mostly continuous perennial linear shoreline feature
were not includedThetoe of the foredune was identifiein aerial photographs by looking for
the foredune vegetation line or topographical relief at the edge of the foredune.

The foredung¢oewas digitally traced three times on all imagery mosaics using ESRI
ArcMap software for all yearand the three lines were averaged to reduce.&restices were
placed as needed to delineatettieof the foredune, approximately every-500m while
inspecting the imagery at a 1:3000 scale. The shoreline as drawn is intended to reflestiong
changes in accretion or erosion, so small scale temporary features (up to 200m) like blowouts
were interpolatedi.e. a continuous line drawn along the mouth of the blowout lined up with the
foredune toe to the north and south)areas that were challengit@interpret, the shoreline
delineation was checked and edited using a stereoscope with aerial photographs to look for relief
displacementShorelines were segmented to exclude any larger areas that could not be
interpretedjncludingriver mouthsoverwash areasand other breaks in the foreduGound
truthing the 2016 shorelingy walking the toe of the foredune with a GPS shidwed that the
methods of remotely delineating the foredtmefrom aerial imageryvere accurate taithin an
average distare of~3mat allcheckedocations(See Appendix CGround Truth Report 2016
Table J.
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Figure 1. The Humboldt Bay study area wasdedinto three broad locations: Mad River Beach
to Little River, North Spit, and South Spit. Each of the broad locanas divided into smaller
shoreline stretches to provide more specific information on patterns of shoreline change.



Analysis

Digital Shoreline Analysis System (DSA®)4.3 a software extension for ESRI ArcGIS,
was used to calculatates of shoreline @mgeusing the single transect meth@dieler et al.
2017)A 500m buffer of all yearso shorelines was
offshore from the shoreline$ransectsverecast perpendicular to the baselatd 00mintervals
with a 500m smothing factor usingpSAS software.Three shorelineseretraced for each year
and average shorelines for each year were calculated from the intersections of the three traced
shorelines with each transect. Calculating the average of the threedinacelihegprovided an
improved assessment of tphesition of the foredune foaandit provideda way to quantify the
humanerrorin interpreting and digitizing shorelinéise digitizer error'Q )) from aerial
imagery

Digital Shoreline Analysis Syste (DSAS)calculatedhe shoreline change statistics
linearregressiorrate andnet shorelinemovementor each transeaver the study period 1939
2016 (where 1939 imagery was available) or 194P@P6(Table 1) Linear regression is a
common method afdculating shoreline changehere sufficient data from multiple time
periods are availablend it is used by the National Assessment of Shoreline Change for
calculating longterm rates of change (Hapke et al. 200®)e slope of the line fit through the
paositions of the shoreline over time provides the rate of shoreline change (Himmelstoss 2009).
The intersection thresholgasset equal to the total number of years to be used in the analysis so
that areas with gaps in the shoreldigitizedfor any year wald not be used in the analysihe
shoreline change statisend wint ratewas then calculated using DSAS for each interval
between yearglable 2) Statistics calculated for each transect using DSAS were then averaged
by shoreline stretch and over thitire study area to provide average rates of change for specific
shoreline stretches as well as overall rates of change for the study area.

Uncertainty calculations were derived from USGS National Assessment of Shoreline
Changemethodsdeveloped by Hapkand other£2006. The error in shoreline positioi®( )
was calculatedsing the root sum of square errors that derive from measurement errors and
physical uncertainty in delineating shorelines: georeferencing @rjyrdigitizing error © ),
ard shoreline position errof) ) (Equation 1) Georeferencing erroi) ) was estimated to be
10m. All scanned aerial photos were georeferenced in ArcMap 10.3 finsh @rderpolynomial
transformation RMSE on the orderXmprior to selecting a spie transformation, which
causes the RMSe&alculationto go to zero. Digitizing erroid ), was calculated usg the 95%
confidence interval, calculated using twice the standard deviftion tracing each shoreline
three times. Shoreline position er{@ ) was estimated to be 3m, based on the observed
uncertainty of identifying the trughysicallocation of the foredunte feature while walking the
beach(See Appendix CGround Truth Report 2016)



Equation (1)

The shorelie position uncertainty values were used to calculate end point rate confidence
intervals ECI) in DSAS according to Equation 2 (Himmelstoss 2008gerror in thelong-term
linear regressiomates of shoreline changéong individual transects is tl9% confidence
interval. The reported uncertaintiesrfall averagedransect rate€Y ) were calculated using
root mean square err@sdescribedn Gibbs and Richmond (2018tquation 3) Multiplying
the averagegend pointrateconfidence intervals bghe time interval provided the uncertainty in
net shoreline movement

Equation (2)

O O
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Equation (3)

Results

The dunebacked sandy shores of the Humboldt Bay area have shosweeageattern
of minor accretion (0.5% 0.03 m/yea) over the past eight decaddsble 1) Most of the
shoreline has been prograditegvard the sea, with 70% of all transects showing accretion,
followed by 22% showing no significant change, and only 7% showing eréfiovever,
inspecting the shoreline change over smaller stretches of the shoreline shows variable localized
patterns (Fjures 2-3). The highest accretion occurred in the northern portion of Little River
Beach, wheréghe maximumaccretion was 4.2/year Appendix A:Figurel). Of the three
major subareashé northernmost stretch of shoreline from Clam Beach to Little Bieach
showed the highest average accretion, with 2.86.5m/yea (Appendix A:Figure2). Rate of
change was not uniform over thierth Spit The shoreline from Mad River Beach to Samoa
along the North Spit of Humboldt Bayasstable to accretingdpperdix A: Figures 35). Near
Fairhaven, shoreline change switche@n erosive patterd\ppendix A:Figure §. The North
Jety shoreline showed the higbsterosion, with an averagateof -2.08+ 0.16m/year
(Appendix A:Figure 7. The pattern of shorelirehange switched back to accretion at the South
Jetty, and theouthern subare&@uth Spit showed medium accretion (1.270.06m/year)from
the jetty to Table BluffAppendix A:Figures 89).
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Ratesof shoreline changand percentage of transects eroding/accretisg varied by
time interval(Table 2) The first time interval 1939941/42 showed high average erosihg6
m/year) with 69% of tranects erodingver thestudy area where imagery was available (from
the South Spit to Lanphere Dunesjosion at the North Jetty was extreme during this time
period nearly-20 m/yearThe following interval 1941/42948 showed high average accretion
(2.65m/year)over theentire study aredBubsequent time intervals showed no significant change
to medium accretion over the entire study anetdl 1970(Table 2).Both 197601981 and 1988
1999 were periods of overall erosion (TableT2)e North Spit showed @eriod of erosion from
1981-2005. The North Spit switched to a significant period of accretion during the most recent
time period 20022016, with the exception of the erosive North Jetty and Fairhaven areas. The
South Spit was stable to accreting overdghgrestudy period with the exception of the erosive
19701981 time period (Table 2).

11



Table 1. The net shoreline movement (m) and linear regression ratestfrafyshoreline change show overall patterns of accretion

and erosion for each location betwdd89 and 201@magery for 1939 was not available for the Mad River Bead_ittle River

study area, andverall ratedor this locationare for 1941/422016.Blue text indicates that the linear regression rate shows accretion,
and red indicates erosiofhe percent of transects showing significant erosion, significant accretion, and no significant change at the
95% confidence level afgrovided.Error valuegprovided in the tablét) reflect uncertaintpf the averaged ratésf ) (see

Equation 3)Locations in theable are depicted in Figure 1

Net Shoreline| Linear Regressio| % % % No
Location Latitudes n |Movement (m Rate (m/yr) Erosion| Accretionf Changs
Overall Humboldt Bay Study Arepd0°41'49"N - 41°1'35"N 271 |48 +1 0.51 +0.03 [|7% 70% 22%
Mad River Beach to Little River | 40°53'57"N - 41°1'35"N | 54 | 97 +2 1.19 +0.07 | 0% 85% 15%
Clam Beach to Little River 40°5850"N - 41°1'35"N| 21| 197 4 2.56 +0.15] 0% 100% 0%
Bair Parcel to Mad River Beach 40°53'57"N - 40°56'9"N| 33| 33 + 3| 031 +0.05] 0% 76% 24%
North Spit to Mad River Beach | 40°45'53"N - 40°53'56"N| 159] 11 +1 | 001 +0.04 | 13% | 55% 33%
Lanphere to Ma-le'l 40°52'21"N -40°5356"N| 31| 28 + 3| 0.32 +0.03] 0% 100% 0%
Manila 40°50'34"N - 40°52'20"N 36| 46 +3 0.55 +0.03] 0% 94% 6%
Samoa 40°4829"N - 40°50'33"N 41| 38 +2| 040 +0.07] 0% 54% 46%
Fairhaven 40°46'33"N - 40°4828"N 39| -8 +4] -051 +013] 21% | 0% 79%
North Jetty 40°45'53"N - 40°46'33'N 12| -174 + 5| -2.08 +0.16] 100% 0% 0%
South Spit 40°41'49"N - 40°45'18"N| 58 | 106 +2 | 1.27 +0.06 | 0% 100% 0%
South Jetty 40°4359"N - 40°45'18"N 22| 126 + 4| 147 +0.09] 0% 100% 0%
South Spit to Table Bluff 40°41'49"N - 40°4358"N 36| 93 +3 1.14 +0.08] 0% 100% 0%
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Table 2. End point accretn or erosion rates (meég) showshoreline change over each time interval for each locaioe. text indicates accretipn
and red indicates erosioBtror values(z) reflect theuncertaintyof the averaged end point ra€¥ ) (seeEquation 3) which was calculated using
end pointrateconfidence intervalKCl) (seeEquatiors 1-2).

End Point Rate Accretion (+) or Erosion (-) of Shorelines by Interval (m/year)

Location 1939-1941/42 |1941/42-19481948-1958 [1958-1965 [1965-1970 [1970-1981 |1981-1988 [1988-1999 [1999-2005 [2005-2016
Overall Humboldt Bay Study Arge.66 +0.04 [2.65+0.16 [0.67+0.11 [0.89+0.15 |1.64+0.23 |-0.15+0.09 |1.42+0.14 |0.02+0.08 |-0.01+0.15 |1.29+0.08
Mad River Beach to Little River| [0) 2.84+028 | 066+0.18 | 0.80+0.27 | 291+041 | 0.10+0.18 | 3.69+0.28 | 065+0.15 | 0.27+0.29 | 1.74 +0.15
Clam Beach to Little River @ 531+048| 0.49+0.33| 361+040| 428+0.70] -0.17+0.33 8.46+0.45 1.99+0.23] 0.90+0.45 4.00+0.26
Mad River Beach Q 254+047| 106+0.31] -045+054 196+0.72] -008+0.24 0.17+0.39] -049+0.23 -057+0.41] 0.46+0.21
North Spit to Mad River Beach | -3.83+0.05 | 2.82+0.23 | 094+0.15 | 050+0.22 | 095+0.31 | 006+0.12 | -1.29+0.19 | -0.78+0.11 | -0.82+0.21 [ 0.35+0.11
Lanphere to Ma-le'l -220+0.08| 1.06+052| 0.83+0.35 -0.18+04§ 047+0.70] 0.79+0.30] 0.11+046| -016+0.2§ -060+049 1.17+0.26
Manila 0.37 £0.09 0.27+0.45| 0.72+0.30] 154+041| 065+0.58] 0.39+0.25| 0.90+0.43| -0.31+0.24 -0.12+0.44 1.47+0.24
Samoa -1.49 £0.08 2.68 +0.40 1.84 +0.28 140+045| 0.79+067| -032+0.25 0.01+0.36] -0.21+0.2Q0 -047+0.41 0.04+0.22
Fairhaven -6.17+0.12 | 8.04+048| 1.09+0.31| -0.02+0.43] 243+058| -068+0.23 -4.02+037] -1.80+0.2] -1.69+044 -0.35=+0.2]
North Jetty -1961+0.21 -146+104 -1.68+059 -1.97+0.84 -1.27+1.13 1.03+045| -6.95+0.7Q -2.32+0.3§ -1.78+0.79 -1.64 +0.4]
South Spit 0.99 +0.07 1.74+£0.43 0.02 +0.26 1.9+0.37 1.22 £0.57 -0.94 £0.21 | 487 +0.29 1.05+0.16 143 £0.33 2.76 £0.18
South Jetty 1.32 +0.10 3.59+0.62| 0.28+045[ 051+0.66| 216+098] -0.88+0.34 3.31+0.45 2.71+0.27 1.64+056( 2.62+0.30
South Spit to Table Bluff 0.67 +0.10 0.28+0.59| -0.12+0.32| 2.72+045| 067+0.69] -098+0.29 5.83+0.37| 0.03+0.21] 1.31+0.40| 2.85+0.22
Percent Transects Eroding 69%] 22% 22% 29% 33% 53% 32% 61% 48% 249
Percent Transects Accreting 31% 78% 78% 719% 77% 47% 68% 39% 52% 769
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Figure2. Linear regression rate$ change along transects are plotted from north to south with
the 95% confidence intensdhaded in greyAreas where the 95% confidence intervals
encompass zero are considered to show no significant chdungdered shoreline stretches in

the plot corespond to the map on the rigiihe northern portion of the study area from Clam
Beach to Little River showed the highest rate of accretion. Most of the North Spit from Samoa
up to Mad River Beach was stable to accretivith the patterrswitching to higherosionatthe

North Jetty. The South Sgithe South Jetty to Table Bluff) showed steady accretion.
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Figure 3 Average linear regression rates show general patterns of shoreline change rates over the
Humboldt Bay study area. The northenost study area Clam Beach to Little River showed

medium to high average accretion. Study areas between Mad River Beach aacsBawed no

change to low accretion. Areas of insignificant chasaigenot depicted, notably in the Fairhaven

area, where the pattern transitioned from accretion to eragenNorth Spit between Fairhaven

and the North Jetty showed increasingly highierotoward the North Jetty. The South Spit of

Humboldt Bay showed medium accretion.
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Discussion

Over the nearly eight decades of the study period (P83%), most of the sandy
shorelines of the Humboldt Bay area have been stable to accreting. The hdaxth aetty,
which has eroded at an average rat€d@8m/year, is a dramatic exception to the general trend
of accretion. At the northern end of the study area, the Little RiGam Beach area has
experienced equally dramatic accretion at an avestgeof 2.56m/year. The South Spit, which
has shown accretion of 1.26m/year, has visibly widened since 1939 photos, which show a thin
spit of land with areas where the waves wash over the spit into the bay.

Comparison with Previous Studies

The results of tis study coincide with theverallchanges documented tye USGS
National Assessment of Shoreline ChangetardArmy Corps of Engineeesosion monitoring
when taking into the account the different time periods encompassed by these Atiiagh
theUSGS National Assessment of Shoreline Change covered a much larger area, data was
lacking altogether for most of the North and South Spits, and the areas covered used shorelines
from only two dates for sheterm rates and four dates for loteym ratesKlapke et al. 2006).
TheUSGSstudyalso found overall low accretion rates for the Eureka regubich theydefined
as the 74km stretch from Little River State BesxRape Mendocino. The USGS study found
accretion oD.7m/year between thate 1800s and002 and.4 m/year between 19588 and
2002(Hapke et al. 2006xompare to 0.51 m/year between 1932 and 2016oundin this
study. Both this study and the USGS studwynd the highest accretion at Little River State
Beach where thenaximumrate was wer 4m/year (Hapke et al. 2006). The USGS study found
long term accretion at the North Jetty, but their data included frapghe late 1800drawn
prior to the building of the jetties and stabilization of the entrance to Humboldt Bay (ketaglke
2006).TheUSGS maximum shotterm erosion rate o2.7m/year195668 to 2002at the
North Jettywas similar to the maximum raté -2.29m/year(1939 to 2016at the North Jetty
found in this study.

The Army Corps of Engineers monitorfeat eroson along théNorth and South Spits
from 19922015(USACE 2017) The Corps documented extensive erosion along the North Spit
during the 19922005, which was especially concentrated atNbeh Jetty USACE 2012). B
2015 the North Spit had regained muchtlee aredhat was lost during the erosive period in the
1990s(USACE 2017) Likewise,the Historical Shoreline Analysis showed a period of erosion
on the North Spit from 1982005, followed by accretion from 20@®16. The Corps also
documented overallcaretion on the South SIWSACE 2012), backing up the finding this
studythat the South Spit has steadily accreted sediment sinceTM8SQSFWS finding of
widespread erosion from Manila to Lanphere Dunas 19982000 (Pickart 2014) also backs
up eosional end pint rate calculated along theoNh Spit 19992005, while the USFWS study
interval 20062012 does not clearly correspond to a study interval in the Historical Shoreline
Analysis.
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PotentialMechanisms of Shoreline Movement

Potential drivers of the variable trends in shoreline movement include ressatinyent
source, littoral drift, tectonicsclimate eventsand human activities such as jetty construction
anddredging Jetty construction in the late800s dramatically chaed sediment deposition
aroundthe entrance to Humboldt Bay. The differenes be seen in maps frdirat era available
in the Humboldt Bay AtlagLaird 2007. The jettiesmost likelystill influence the patterns of
littoral drift andsediment deposition ithis area.Dredging from Humboldt Bay and deposition
offshoredecreasethe availability of sediment within the littoral zgrend might decrease the
potential for dunes and beaches to accrete sediment (MoNathol 2013).Previous nearshore
disposakites in use before 1990 may have influenced sediment depgsitiennsas well
(Moffat & Nichol 2013).Landlevel surveys and tide gauge analysis have shbewoastal
Humboldt Bayareasubsiding leading to local relative sdavel rise of twao three times the
rate of anywhere in California (Patton et al. 2017). Rates of subsidence were highest in the
southern part of Humboldt BgiPatton et al. 2017), and a gradient in vertical land matiigynt
influence patterns athoreline changedigh relativesea level risen the Humboldt Bay area
couldpose an increased threat of shoreline erosion.

Rivers and streansipply more sediment to the Eureka littoral cell than any other littoral
cell in California, although much of this may be lost to offshore sulo canyons (Hapke et al.
2006, Patsch and Griggs 200The Mad River has fluctuated over 4.75 km in the study period,
alternately building and breaching a substantial sand spit at the mouth of the estuary (Appendix
A: Figure 10). Sediment from the M&iver and Little River might play a role in the accretional
shoreline trends seen in the northern part of the Humboldt Bay study area, especially in the Clam
Beach to Little River Beach shoreline stretch, which has shown high accretion over the study
periad. The Eel River to the south of Humboldt Bay is a major source of sediment for the Eureka
littoral cell, and might influence the accretional trend seen at the South Spit. Variable seasonal
trends in littoral drift direction and sediment deposition withia Eureka littoral celinay
influence the patterns of shoreline change, and this complicates identifying sediment sources for
any given shoreline stretch.

Extreme weather can change shorelines considerably over a short period of time. El Nifio
and La Nifiaevents often increase the intensity of winter storms, which can cause visible erosion.
Although data from the North Coast has not been anal{¥tédifio has beemssociated with
wave direction shifts, high wave energy flux, elevated water levels, andlcerastion on the
North American west coafiiom California to British Columbi@Barnard et al. 2015)ntenseEl
Nifio and La Nifia even{@\ppendix B: Table 2jnight have influenced theidespreaderosion
in the study intervals 1971981 and 1988999 More detailed documentation of ENS€lated
storm erosioror other eventsvould be needed to conclusivelg climate events to shoreline
changes seen in these intervals, however.
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Conclusion

With the exception of therodingshoreline at the North Jettye longterm trendn
shoreline movemerih the Humboldt Bay areshowsthe foredune foot maintaining the
equilibrium with sea level, or building out toward the ocddémwever, high rates of local
relative sea level rise amiobal predictions of increasirrates of sea level rise over thé'21
Century underscore the importance of continued study of shoreline change in the Humboldt Bay
area.The sandy shorelines of the Euréitioral cell offer important habitat, ecosystesarvices,
recreation value, andgect lowlying infrastructureMechanisms of shoreline change in the
Humboldt Bay area that merit additional study include littoral drift pattemggces ofrertical
land motionshoreline responses to climate evetits,role ofvegetationin dune traslation and
sediment managemeth association witlananalysis of shorelines in the Eel River area, the
Humboldt BayHistorical Shoreline Analysisan provide context for ongoing studies of dune
evolution anccoastalprocesses in the Eureka littorallc
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Figure 1 The Clam Beach to Little River study area showed high rates of accretion from 1941
2016 with linear regression rates of change along transects ranging from 1.42 m/year to 4.24
m/year.
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Figure 2 The Mad River Beach study area showed no change to low accretion frora(181
with linear regression rates of change along transects rangmgf@gt m/year (no significant
change) to 0.46 m/year.
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Figure 3 The LanpheréMa-l e 61 st udy area showed small but s
19392016, with linear regression rates of change along transects ranging from 0.21 m/year to
0.44 mlyear
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Figure4. The Manila study area showed no change to low accretion from2E3® with linear
regression rates of change along transects ranging from 0.24 m/year (no significant change) to
0.76 mlyear.
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Figure 5 The Samoa study area showed no chamdmv accretion from 1932016, with linear
regression rates of change along transects ranging from 0.07 m/year (no significant change) to
0.69 m/year.
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Figure 6 The Fairhaven study area showed no change to medium erosion frorf2QUE3 Yvith
linear regession rates of change along transects ranging-dd m/year (no significant
change) te1.42 m/yearThe Fairhaven shoreline shows high fluctuation, with an average
shoreline change envelope of 80.59 m.
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Figure 7 The North Jetty study area showeghherosion from 1932016, with linear regression
rates of change along transects ranging fbi®8 m/year t62.29 m/year and as much as 200 m
of erosion.
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Figure 8 The South Jetty study area showed medium accretion from2E3) with linear
regres®n rates of change along transects ranging from 1.13 m/year to 1.82 m/year and as much
as 157 m of accretion.
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Figure 9 The South Spit to Table Bluff study area showed low to medium accretion from 1939
2016, with linear regression rates of change along transects ranging from 0.71 m/year to 1.47
m/year and as much as 127 m of accretion.
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Figure 10 The Mad RiveMouth has fluctuated over 4.75 kower the study period. The Mad
River Mouth area was not included in the shoreline analysis because the shorelines are
discontinuous.
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