Synthesis of Existing Data

A report from the 20242026 kelp resilience project

The Kelp Resilience Project SynthesisTeam

Danielle Claar
Pete Dowty
Rebecca Hansen
Dan Abbott
Helen Berry
Tyler Cowdrey
Aidan Cox
Megan Dethier
Julia Ledbetter
Sam Linhardt
Gray McKenna
Jackie Selbitschka

December 12, 2025

This report is deliverable8.1b under grant agreement WDFW 223550 “Identifying factors associated with
UleedX2\U 2U2:ile 2 U'6+UU+:\\UI2TUX0TU162 0K e2 XU |2 WX 6Xd | Xiee 6






Synthesis of Existing Data

A report from the 20242026 kelp resilience project

The Kelp Resilience Project SynthesisTeam

Danielle Claar
Pete Dowty
Rebecca Hansen
Dan Abbott
Helen Berry
Tyler Cowdrey
Aidan Cox
Megan Dethier
Julia Ledbetter
Sam Linhardt
Gray McKenna
Jackie Selbitschka

December12, 2025

This report is deliverable 8.1b under grant agreement WDFW-23550 “Identifying factors associated with
UieedX2\U 2U2:1e 2 U'60+UU+:\\UI2TUX0TU162 &0 X e2 XU |2 Wex 6Xd I Xiee 6R



Acknowledgements

This project has been funded wholly or in part by éhUnited States Environmental

Protection Agency under assistance agreement P01J89501 through the Washington
"6UIXel62eU: U>\ Ui21U® +1+ 6RU" 6U&:2ed22a86\VUiX YUITU b dRe&
the views and policies of the Environmental Protection Agncy or the Washington

Department of Fish and Wildlife, nor does mention otrade names or commercial products

constitute endorsement or recommendation for use

Suggested citation:

Claar, D., P. Dowty, R. Hansen, D. Abbott, H. Berry,Jowdrey, A. Cox, M. Dethier, J. Letbetter, S. Linhardt, G.
McKenna and J. Selbitschka2025. Synthesis of Existing Data: A Report from tt#924-2026 Kelp Resilience
Project. Washington State Department of Natural Resources, OlymaiwA.




Contents

Yo a0Vl [=Te (o =T 4 aT=T o TSP OPPPPRP ii
[ (2] 7= (o = PP UTUPRRRTN vi
1 Synthesizing Reef Check Washington’s benthic data t o inform kelp loss and

FESIIENCE FESEAICN . a e e e 1
Rebecca Hansen, Gray McKenna, Jackie Selbitschka, Dan Abbott amdegan Dethier............ 1
Yo g LoV [=To (o4 1T o | £ PSSR 2
A [0 o o 18 ox 1 o o PR 3
1.1 METNOUAS. ... oottt e e e e e e e teaaaeaaeaaaaaaas 6
1.1.1 BenthiC COMMUNItY COMPOSITION .....ciuiiiiiiiiieiiiie ettt rie eeeesire e e st e e et e e e s s e e nnneeesnees .6
O 0 R Y oAV (o =T g1 = T [ Y= = PR UUPSTR 9
1.1.2 Environmental drivers andN. luetkeanadenSity ...........ooouueiiiiiiiiiiiiie e e 11
1.2 RESUIS. ... oottt e e e e e e e e e e e e e seaaaenneearaaees 12
1.2.1 BeNnthiC COMPOSITION .....eeeiiiiiiiiiiiie e e et e e e ettt e e e e s oeaaatbee e e e e e e e et e e e e e e e e aneeeeeaeesaannneeees teaeesasnneseeens 12
1.2.2 ENVIFONMENTAL AFIVEIS .....eiiiiiiiiiii ittt e s ee et e e ettt e e e e e bbb e e e e e e e abnbreees teeeeaannnneeeas 29
1.2.3 Environmental drivers andN. luetkeana density............cccuuiiiiiiiiiiiiiie e e 34
R I 11T o 1< [ PSR 37
1.3.1 Patterns in benthiC COMPOSILION.......c.cciiiiiiiiie et e ceerr e e e e s e e e e e s stbaereaeeeennaaeeeas .37
1.3.2 Benthic composition and environMeNtal driVEIS........coccvviiiiiiieiiiie e e 38
1.3.3 Nereocystis luetkeanadensity and dYNAMICS .......coooi i e aeer e e e e e e reeeeeea e 41
1304 LIMIEALIONS ....eeeeee e ettt ettt ettt e e e e e —aabbte e e e e e e sab b e et e e e e e batb e e e e e e aanbbbeeeeees 4eeaabbnneeeeeaaanbrneeeeeaane 43
1.3.5 FULUIE QIFECHIONS. .....eiiee ittt e e e es —eatb bt e e e e e e e bbb et e e e e e bbbt e e e e e s abbbeeeees teeesanbnsneeeeasannnns 44
G TG I o] [od [ 1] (o] o T PP PP TPPR 45
1.4 BiDlOGIaPRY ....oeeiioiitiei et e arrreaas 46
Summary of Two Existing Environmental Datasets ...............ooooeieiiiiiiiiiiieieenen. 51
Pete DOWLY and HEIEN BEITY......ouiiiiiie ettt eiee eeeee e e e et e e e e 51
ACKNOWIEAGMENTS ....eeiiiiei ittt et e e e es —eetrt et eeeeesaabeeeeeeeesatbeteeeesasastbaaees teeeesanssssseeeeessassrseeaeesassees
2.1 Ecology Marine Water Monitoring
P2 I R B T = B Ao [ U130 o PSSO UPRPP

2.1.2 Dat@SE PrePArAtiON .......ceiiiiiieiiiie ettt es cati et e et e et e e et e e e a breeeanee e
2.1.3 OVEIVIEW Of the D@t .......eeieiieiiiiiiiiii et e e eiies —eeee e e et e e e e e s bbeeeeaeeaantbeeeaaeaaanes sbeeeeeeseaannees
2.1.4 Station COMPATISONS. ... .uuieiiieeiaitieieae e e attbeeeaeeaaatbbees —eetesaaataeeeeaeaaaastbeeeaeeaaaastbeeeeeeaaanes fbeeeeeesssnnsne
0 R 1 =T 4 1= = L= SR
2.1.4.2 SaliNity ..oeovviiiiiiieiie e e
2.1.4.3 Nitrate .........cceeeeeee.
2.1.4.4 Light transmission
2.1.4.5 Beam attenuation.
P2 G T 01 o] o[ Y/ TPV PPPUUPRRUTPROE 67
P2 T I 1= [0 LS PSP UPP T UPPPPPRTPON

2.2 SAliISh SEA MOUEI CUIMENTS......ceuiieeeeeeiee ettt et es ereteerestee e e e e e e e e arrs
2.2.1 The 2014 MOAEI SOIULION.......iiiiiiiiii e e iies e e i e et e e e e e e e e s e s s aaaeesebaeeress sanaeerenes

2.2.2 Data INtErCOMPAIISON.. ... uuiiiieeeiiiitiieeeee e e ettt eeeeeesrbrees —eteeesaaiutsaeteeesaasrsseeaeesaastraraaeesaasses srrreeesessnnses
2.2.2.1 NOAA Current PrediCtion DALaL...........cocvieuieiiieriiiiiiieeiee e veeiee st
2.2.2.2 Intercomparison of Current Speeds at 19 Stations
2.2.3 Site CUrrent DIStHDULIONS .........oiiiiiiiiiii i es cee et e e e e e e e e sabaeee aeeeeeenns

I Loy (=T (=] Lo <Y TN




EXisting Bull Kelp data .......coooeeeeeeeee 97

Danielle Claar, Helen Berry, Gray McKenna, Juliadleetter, Tyler Cowdrey, Sam Linhardt, Aidan

(070> =Y o o I I T 0 001/ o] O 11 = U 97
ACKNOWIEUGEIMENTS ...ttt ate —eeeast e e s b e e ek et e e b et e e s b et e e abbe e e e anbeee +esbeeeabbeeeabreeenneeeensneeens
EXECULIVE SUMIMATY......eeiiiiiiitiiie ettt e ettt et e es —eeaaatueeeeaaaeaatbeeeeaeeaaaasbeeeaaeeaansseees £eeesssannsseeeassaansnnneeeeasannses
G 700 R |1 o To 18 o 1o o PP
G T 1= g oo PP
321 606X 1+U 11 & Xwingdireraf)i

3.2.1.1 WA DNR COSTR/AQRES........

3.2.1.2 Kelp Aerial Monitoring (KAM): Higtesolution aerial imagery....

3.2.1.3 Samish Aerial data...........cccoeeiiinieniiiiiie s e

3.2.2 Linear extent from 1984 imagery in Central Puget Sod
3.2.3 Kayak data

B.2.3. 1 IMRC KAYBK....ee ittt ettt es —eea et ettt e ekt e e hbee heeeaeeteabe e e e e e e s e e e nnree e
3.2.3.2 WA DNR KAYAK......e ittt eis aeitee ettt b et sttt ae e et e nbeabee eeaeebeensentesneeneentenneareens
324 UAS....oo
3.2.4.1 WA DNR UAS monitoring surveys.....
3.2.4.2 WA DNR/Suquamish UAS Surveys.................
B2 ST Lo 1= Yo = RSP
3.2.6 KelpWatch (Landsat SAtEIlIte)..........ooi et es eee e et e e e e e e e e st e e e e e e aneeeees on
3.2.7 CPS QNd SPS BOAE SUIMNVEBYS .....eeiiiaiiiiiieieae e ettt e e e e aitbrets ceeeeaaaabbeeeeaaaaantbeeeeaesaantaeeeeeeaannes oreeees
3.2.8 Historical data (from CPS and SPS @NalYSES)........cccciiiiiiiiiieeiiiiiiiieeeeiiiiiies creaeesaiiinereeessasnneenens
3.3 RESUIS . ettt e e e e e e e e e e e aaaan teeeeeeeeaaaan
3.3.1 INAICALOr rele@SES t0 UALE. ......cccuiiiiieitii ittt et nee eenireas
3.3.2 Summary Plots and Tables, by projeCt/program............couiiiiiiiee i ceriiies cvveeeesiieiee e e e eeenees 127
3.3.2.1 WA DNR COSTR/AQRES. 127
3.3.2.2 Kelp Aerial Monitoring (KAM): Higresolution aerial iMagery...........cccovuriiiiiriiiieiriee e eiies reeesneee e 132
3.3.2.3 SamIiSh @eral HALA...........ceeiiiiiieiee s e e 141
3.3.2.4 Linear extent from 1984 imagery in Central Puget 8od ... .
3.3.2.5 MRC KAYAK SUMNVEYS ...cuiiiiiiiieateieaittee ettt e st eeasteeaas £aateeeaaseeeaabseaaaaseeaaaeeeaasbeeaabbeaaabeees feeessseesasseessiseesane
3.3.2.6 WA DNR KaYAK SUIVEYS......cciciiieiiieeiiiieiiiteeiteeesseeesits saveesssaeeassaeesssseesssseesssseeasseeesssseesns sessseesssssesssseeas
3.3.2.7 WA DNR UAS monitoring surveys.....
3.3.2.8 WA DNR/Suquamish UAS surveys....
3.3.2.9 ShoreZone SUrvey.........cccceeveeeneee.
3.3.2.10KelpWatch (Landsat satellite data)......................
3.3.2.11WA DNR SPS and CPS linear extent surveys....
3.3.2.12Historical CPS and SPS data................cccceuvenneene
3.3.3 Data ACCESS.....cciiiiiiiiiiie it s
3.3.3.1 WA DNR COSTR/AQRES........cceiiieiiriieeee e e .
3.3.3.2 Kelp Aerial Monitoring (KAM): Higtesolution aerial imagery.... e e 175
3.3.3.3 SaMIiSh AGHIAI HALAL........cceiiiiieece s et e ereereene e 176
3.3.3.4 Linear extent from 1984 imagery in Central Puget 80d ............c.ccociiiiiniinienceeeeee e 177
3.3.3.5 MRC KAYAK SUMNVEYS ...ttt eteie ettt ettt e e it eeasteee e £aateteaaseeeaabseeaaasesaaaeeeaasbeeaabbeasabsees teeessseesasseessnseesanes 177
3.3.3.6 WA DNR Kayak surveys................. pe e 178
3.3.3.7 WA DNR UAS MONItOMNNG SUINVEYS . ....uuiiiiiiiiiiiieaiiteittestee st sttates eesisesiseasseesteesseesanesneesseesseesinesneas aeeens 178
3.3.3.8 WA DNR/SUQUAMISN UAS SUINVEBYS. ... iutiiiitieeitiee it e sttt e ateeeaites beeessseeaatbeeaabseesasseeaanseeaasbeesssseeaas sene 178
3.3.3.9  SNOMEZONE SUIVEY.....cciuiiiiitieeiteeestiee ettt et e et es eeeatteeeaabe e e e bt e e as b e e e rhb e e e aabe e e anbeeeabbee beeessseeeanteeeasneeennnnas 178
3.3.3.10KelpWatch (Landsat satellite data) .
3.3.3.11WA DNR CPS and SPS lIN@Ar ©XIENT SUINVEBYS........ciiiuieiriieeeiiiee ettt eaieeeaiies heaesseeesssseeaassesasaessnsaeesnssens 179
3.3.3.12Historical CPS and SPS data..........cccociiiiiiiiiiiiiiii s e e 180
B B [Tt U 3] [ PSP SPP PR 181
341 (, \e 2 U2:le 2 UlBtUULLe et e e 181
3.4.2 Current Vital Sign integration and Future DevelOpME.............ccooiiiiiiieiiiiiiiiir e ceeeeesiineeneas 182
3.4.3 CoNCIUSIONS AN NEXE STEPS ....uviieiiiiee ittt e rree tesaire e e s e e st e e e sbe e e s e e e s stbeeenanenees aan 183
3.4.3.1 Floating kelp indicator improvement............ccoccuveeiieeeniee e PR UTUPRUPN .183
3.4.3.2 ReSearch qUESHIONS @rISING......cccuueiiirieiiiie et ie et e st e srries beeestseeaaseeeaaare e e st beeessbeeaasneeeasbeeaabee breessneennes 183
3.4.3.3 Development of an understory kelp indicator... e 184
3.4.3.4 Monitoring fOr MANAGEMENT........cc.iiiiiiiiii ettt ere ettt sttt nire s tenbeesteenene 184




3.5 References.

3.6 Supplementary Material............oocuuiiiioiiiiiiie s e




Preface

This report is a product of the 2024026 kelp resilience project.The focus of theoverall
project is understandingthe factors leading to the pattern of2:ie Xelp loss and
resilience observed inthe inner marineshoreline of Washington State The project team
spans many institutions andboth ecological science and natural resource management
perspectives.

“ \UX6U:XeU \UiUeé:++06ée :2U: Ue X606Ue 6UQe bXOUNBRIPISEX Tje0TUE
of the chapters is tosynthesize existing data in threeT ~—6 X GPeasbf investigation. The
three areas arethe benthic habitat, environmental conditions, and kelp distribution and
condition. >:XU®die UiXxéeiau\Uoe = adlected fad syrithediss 6 U
1. Benthic habitat
X Reef Checkdataset of benthic habitat dive surveyw

2. Environmental conditions
x Dept. of Ecology marine water monitoring dataset
X Salish Sea Model 2014 solutiorcurrent data

3. Kelp
x Large number of datasetghat span aerialand satellite remote sensing,
observations from kayak, motorboat and helicopterand historical maps.

This project is funded by the EPA through the HSIL gram—a program jointly managed by
the Washington State Departments of Fish and Wilde, and Natural Resources.The
project formally started in November 2023 and runshrough June 2026.
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1.1 Introduction

This report was designed to synthesize existing daion Washington State’s kelp forests.

<Ude =*eéisynthesizedsubtidal data, provided by theReef CheckFoundation. Reef

Checkis a citizen scientist organization which trains recrational scuba divers to collect

monitoring data on shallow reef communities using lteir standardized protocols. Reef

Check UX:e:&:+\U\jX}6...U+\ aU 2}6XedaeXiebaUi2aDireioUe:11j2 e 6\
composition of the abiotic substrate. SinceReef Check\U 6 & *é&i+ + ... iitsavhére at\ U \

least some hard substrate is present to form a reeénvironment, their surveys cover

important habitats :XU2:fe 2 Uieéi2:U..yUi27Uj2i6X\e:X..U'aiX@VaU. & U1
substrate for attachment (Dayton 1985) The Washington chapter oReef Checkbegan

monitoring in 2021, and by 203 had established 43 sites across eight regions within

Washington’s Salish SeaKigure1-1). All Reef Checksites in Washington State(with the

exception of sites in Hood Canalxurrently support or historically supported bull kelp

(Nereocystis luetkeanayaUe 6U:2+...U2:fe 2 U'6+UU\UBGE 6\U :j21Ue e 2Ue
Salish Sea.

This analysis oReef Checkdatawas UiXeU: Ulj+e U+6U\...2e HBILK@Ip :Xe\Uea ..U
[:\\Ui2TU%6\ + 62e06UUX:$06eeUe:Uj210X\el 2 6.21X PAX\DU U2:ie 2
WashingtonState. * 6 UX6+UU[:\\UI27U$6\ + 062¢é Redd Ghekhdamdstd2e 671U
U:ed2e (+U16e :TU : XU+ 2' 2 U2:je 2 U'6 +Netpbeystsillatea@nbal\Uode +ei+
abundance) with benthic composition. WashingtonState’s coastline has previouslybeen

e+i\\ x67Uailosalr:-2e 2 U'd+ U (KelxXBddst Monitoring Alliance of

Washington State 2024) Reef Checksites represent locations experiencing a range of

eX0627\U 2U2:[Figurél-p)+ U

The goals of this synthesis were to:
x Describe the benthic composition of reef sites associged with Nereocystis
luetkeana across Washington State’s Salish Sea
x Ildentify patterns in benthic composition across these sites
X Investigate environmental drivers which could explai these patterns in benthic
composition
X 2\ 10XU+27 2 \U 2UeN luetkkenaddyaamict)

Through this synthesis, we aimed to identify bentkiand environmental characteristics
associated with positive and negative outcomes foN. luetkeana, to better understand
what is driving both resilience and loss in this spges in Washington State.

1. Synthesizing Reef Check Benthic Data 3
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1.1 Methods

All graphing was done in RStudio with R version 413R Core Team 2023)Spatial analyses
were done in ArcGIS Pro version 3.3(ESRI 2024)

1.1.1 Benthic community composition

To describe benthic community composition across sites in Washington’s Salish Sea , we

used the Reef Checldataset (Reef Check Foundation 2024). Reef Chedkashington

provided all raw survey data from the 2022023 divesto the Kelp Loss and Resilience

project for this report. Only data from 2022 and 2023 were included itis report, because

so few sites were sampled ir2021 (Table1-1). Given our project’s focus on benthic

@:1U:\ e :2U027U (ée:X\Ue leUe:j+iUT X0ee+e+jialUie dlliie+Ua2urgut

data synthesis. We also excluded sites from Hood Gzl from our analyses, since

Washington's two species of2: e 2 U aderdbisent from this region figure1-1). The trend
2U2:le 2 U'6+UUe&I2:U...UileUdie Utdo U 06eOWA Stdie)dating, e XieediU

Kelp Indicator’s interactive map (Kelp Forest Monitoring Alliancef Washington State 2024)

(Figurel-2) RU“X627\UT6\eéX @diUe (2 6\U 2U2:je 2 U'6+UUIEj27I2e06UIle
12&X60\ 2 U :XUIU\ 2 £éi2eUU:\ e }6Uex062edDe'b2oX 6é\}D U X &S El
celee+06 U :XU2:U\ 2 téi2eUeX627ali2iU “22id42: 0l UXaie 2 U'6

c e6\Ue e U 0+6XUe [2Ux}0U..01X\U: UlieiU-i6X0Ue+dV\+edG U % Le [UL2

fleilUsdX0U&+I\\ £67UI\U b:Ufiel B

All data were collected using Reef Check protocols,sadescribed in Freiwald et al(2021),
adapted for Washington following Selbitschka and Abdit (2024). In brief, six 30 m
transects were laid at each site, three at shallowedepths and three at deeper depths,
roughly parallel to shore, and roughly equally spasd. Two types of surveys relevant to this
report were performed on each transect: Uniform Poin€ontact (UPCs), and swath counts.
For swath counts, the number of individuals withira 2 m swath (1 m on either side of the
transect) was counted for 43 invertebrate and macralgal taxa. For UPCs, a point was
haphazardly selected on the benthos every 1 m alortfje transect, and the abiotic
substrate, relief (the amount of slope and/or substate heterogeneity), biotic cover, and
biotic superlayer (macroalgal blades or mobile inveebrates covering the underlying
\jee\eXiedyUj2i0XUe leUU: 2rhisiagort] ortyeabicdic Bubstrate and biotic
cover were analyzed, because preliminary analysis suggted superlayer did not vary
meaningfully across sites, and relief, a categorichvariable describing a wide range of slope
and substrate conditions using only four categorieswas tightly correlated with substrate.
Substrate was categorized into ten cover typeJlay, Sand,Shell Hash, Pebble (0.5 cm),
Cobble (515cm), Rock (1525 cm), Small Boulder (2550 cm), Large Boulder (5&m-1m),
Reef(> 1 m, including bedrock), andDther). Biotic cover was categorized into 10 cover
types (Kelp Holdfast, Other Brown Algae, Red AlgaEncrusting Red Algae, Articulated
Coralline Algae Crustose CorallineAlgae Green Algae, Seagrasses, Sessile Invertebrates,
and NoneyRUIl Ulj+e U+d6U& :e eéU\jae\eXied\Ub, .\.dbd bj21é XU U 2e+&U




TUUOR BRUIUxIX2(e+00WeX2+y: 2000V liéd) U:

\jee\eXiedU-«i\U 1 0
U «6\\ +6UI2}6XedeeXied\ yR

62e
e:j+TUsedUX0e:X7101

+
Ui\
Raw survey data fronReef Checkwere transformed as follows: nvertebrate and
macroalgal counts were converted to density using the area ofdef ChecKs standard
transects (2 m by 30 m)while substrate composition and biotic community @mposition
were converted to percent cover using the number gfoints sampled on each transect. For
most analyses, data were averaged across all sixansects for each site.

To describe how substrate composition, biotic compositon, and density of benthic taxa

T T0X6TUaxbe*002U\ eo)\aRindiphbCadrjitnatés Bnalysis (PCoA) using a Bray

Curtis dissimilarity matrix [ 2TU&:1UIX67U\ edU X:jU 2 \Ua..U+ie ejioUI21Ue
trend. To further identify patterns in substrate ad biotic composition, we graphed percent

cover by site in 2023 for both categories. We alsaatculated mean cover of all rocky

substrates (which included Rock, Small BoulderLarge Boulderand Reef) for all sites

across 2022 and 2023.

“:Uie\eX @oUe 6UT \eX aje :2U: Uz b2el+erd plXidt s X Peetd X @\ela U v 0 d
asgrazers 1ieX: i+ [oUe+1\\ £67UI\Uj2T6X\e: X ...aNef@ooystis6 U2:ie 2 U'6+U
luetkeana, we compared mean density of these taxa betweentss. Macroalgae and

invertebrate taxa found atfewer than 3 sites were excluded fronthese analyses.

To compare the distribution ofN. luetkeanas e U2:fe 2 U'6+UUeX62T\aUd6U XiU 61l
1602\ e 6\U :XUIi++U\ ed\Ue e UiUU:\ e }oUU <bdadg0iUTaRXAREX0&U2
“:ef+U+:\\ yUeX621R

To compare the distribution ofN. luetkeanawith that of other taxa, we calculated Pearson

@:XX0+le :2Ue:06~ & 062e\U aeda dorisRybENX Ietk@ammaand transect-level

62\ e...U: Ui++U XiedX\UI27Uj276X\e: X ...UlieX:D4eldWBjl 2 Ue 6U ¢
(Alboukadel 2023) P-values were interpreted using an adjusted alpha vak (0.05 corrected

for the number of tests run).
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Table1-1. Sites included in this synthesis and the years they were surveyed

Region Site 2021 2022 2023

Strait of Georgia Point Whitehorn X
Derelict Conveyor X

San Juan Islands Lawrence Point
Reuben Tarte X
Point Caution
Smallpox Bay X
Reef Point
Deadmans Bay X
Burrows Lighthouse X
Eagle Cove
Cattle Point
Watmough Bay*

x

Eastern Strait of Juan de Fuca Rosario Head X
Smith Island
Partridge Point
Ebeys Landing
North Beach X
Freshwater Bay X
McCurdy Point
Dallas Banks
Green Point

X X X X X

SaratogaWhidbey Basins Lowell Point X X
South Hat Island

x

Admiralty Inlet >:j+e0le XU +j
Possession Point

x

Central Puget Sound Edmonds Shell Creek X
V6 6X\:2UFaIT
Magnolia X
Wing Point X
Seattle Waterfront
Lincoln Park
Blake Island South
Point Vashon
Glen Acres
Saltwater State Park
Point Dalco
Owen Beach

X X X X X X X X

Tacoma Narrows Salmon Beach
Titlow Beach

South Puget Sound Fox Island East Wall
Squaxin Island X
Ketron Island
Devils Head X

x
X X X X[X X[X X X X X X X X X X X X[X X|X X|X X X X X X X X X|X X X X X X X X X X|X X




1.1.1 Environmental drivers

To describe the depths at which benthic composition wa surveyed, the minimum and
maximum depth of each transect at each site in eaclyear was extracted from the Reef
Check dataset.

To describe the currents experienced at each Reef @k site, we used spatial

interpolation of data from the Salish Sea Model (Khmegaonkar et al. 2018), adapting

methods described by(McKenna et al. 2022). For all Salish Sea Model nodesthin 25 km

of Reef Check sites (n = 7109) we calculated mean dlamaximum current speeds for

surface layer currents, which we then converted to aaster layer using the Spline with

Barriers tool with 10 m cells. For eaclsite, we took the maximum of mean daily maximum
@jXX062eU\UOBOT\Ue e 2UIUSTULIUXIT j\Ueej 6iXWire2008 Jeo:2 ellie @l e
160 U 6e&'U\jX}6..\yU: Ue 86U\ ed \U 6: XiUU&aBeX: ®U2:0eyX0apxU
speed.

To describe the vind exposureexperienced at each Reef Check site, we adapted methad
described in Hill et al.(2010)to calculate relative openness. Using the ‘waver package
(Marchand and Gill 2023), we calculated openness athe sum of fetch in 48 directions up
to 300 km for each Reef Check site. We then relatied this metric to the greatest
openness calculated for any of our sites, which prodced a metric bounded by 0 and 1.
To identify patterns in currents and openness, weampared these metrics by site and by
2:]e 2 U'6+UUeX021R

To describe sea surface temperature and nitrate conentrations at each Reef Check site,
we summarized data available from Washington State'8larine Monitoring Program
(Washington State Department of Ecology 2024), agausing methods adapted from
(McKenna et al. 2022). Using measurements taken beegn 2013 and 2023 we alculated
mean maximum monthly temperaturesand mean minimum nitrate concentrations in the
summer (May to Augustjor surface waters(depths < 3 mbelow the sea surface) at 30
stations for temperature Figurel-3a) and 22 stations for nitrate concentration Figure
1-3b). We converted these station measurements to rastelayersusingthe Spline with
Barriers toolwith 10m cells, then for each site calculated the mean value witim a 45 m
radius of each site’s geographic coordinates.

1. Synthesizing Reef Check Benthic Data 9
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To identify patterns in sea surface temperature anditrate concentrations, we compared

e 6\6U106eX é\Ua& ..U\ edUi2iU&..U2:le 2 U'd+ddlleXE2H2U..0Ldjvo 26
Water Monitoring program does not have any stationwest of Dungeness for thélympic

Peninsula, we excluded the two Reef Check sites (Fsbwater Bay and Green Point) from

this region from these comparisons.

To identify similarities between patterns in watemovement metrics (maximum current

speed and relative openness), water quality metricgmaximum temperature and minimum

2 eXiedyUi21U 6: XiU ...Uu+ie ejioyaU-o& ép+kg+de @ O@aX\j\2P é: X X
e:XXU+:e UWlbdukadel 2023) Pvalues were interpreted using an adjusted alpha

value (0.05 corrected for the number of tests run).

1.1.2 Environmental drivers and\N. luetkeanadensity

To describeN. luetkeanadistribution across survey depths, we compared trasect-level
densities by mean transect depth for each site. Fagach transect within a site, we also
divided density by the maximum density at that siteproducing a siterelativized density
metric to better compare density distributions within sites.

To identify patterns inN. luetkeanadensity across water movement metrics, we compared
maximum density across maximum current speed and relative opennes$or all Reef Check
sites.

1. Synthesizing Reef Check Benthic Data 11



1.2 Results

1.2.1 Benthic composition

In terms of substrate composition, sites grouped mderately by latitude (Figurel-4a). Sites
outside of Puget Sound proper (i.e. seaward of Admailty Inlet) tended to have greaterreef
and medium rockcover than sites inside Puget Sound, which tended tosrds small rock
and sand figurel-4a, Figure1l-5). However, there were exceptions; the two northernist
sites, Point Whitehorn and Derelict Conveyor (locad in the Strait of Georgia), as well as
one site in the San Juan Islands (Cattle Point) arahe site in the eastern Strait of Juan de
Fuca (Dallas Banks) were sandier and grouped moreitiv the Puget Sound sites in terms of
substrate, while three sites from within Puget Soud (Seattle Waterfrontin the central
Sound, Salmon Beachin Tacoma Narrows and Fox Islandust south of Tacoma Narrows)
were rockier and grouped more with th&an Juan Islandsnd eastern Strait of Juan de Fuca
sites. Pooling substrate categories larger than coble showed similar groupings, with rocky
sites more common outside Puget Sound, and sandy t&s more common inside Puget
Sound (Figure1-6). However, the Strait of Georgia sites, despite ing a sandier
composition overall, still had a similar proportionof rocky cover to San Juan
Islands/eastern Strait of Juan de Fucaites.

Sites also grouped moderately well by kelp canopydicator in terms of abiotic substrate

composition (Figurel-4by R U< ed\Ue e U "0&X061\ 2 U:XU “:el+U[:\\ U2:le 2 U
e62i6TUe:siXT\Ué:@®@+0aUUbaea+06aU\ 6++U I\ Ui2iUu\érBXR aWi+\:
\ 2¢6U+}06U: Ue 6U\0}062U\ ed\Ue+i\\ +0TUNWIRENO2\ 20 W, jXdk U el+
Sound, which tended towards these smaller substratesas described above. However, two

\ ed\Ue+i\\ +067UI\U "6eX06i\ 2 au>Xxo6\ «ied XU UV jlau2de>qigilédNE
Fox Island East Wall (adjacent to Tacoma Narrows) Ha higher proportion of rocky cover
(Figurel-6yRUa:\eU\ ed\Ues e U <cela+06 Ui27U 12&X06i\ 2..@ W+ LUEXH2T\
11...U0+\:U [}6UX0626ee06TUX06 :2(+UUleedXDUrOSRBDUde 0U1I$:X e...|
Islands, eastern Strait of Juan de Fuca, or Strait of Geoagsites.

In terms of biotic community composition, sites groyped somewhat by latitude(Figure
1-7a). Sites in the San Juan Islands (except Cattle Pojrand eastern Strait of Juan de Fuca
were characterized bycrustose coralline and encrusting red algae, as wekls brown
macroalgae and kelp holdfasts. Sites in Puget Sound werore associated with sessile
invertebrates or a lack of biotic cover, howevecrustose coralline algae, encrusting red
algae, brownmacroalgae and kelp holdfasts were still present and evehighly abundant at
many of these sites Figure1-8). Two southern sites, Salmon Beach and Wing Poirftad
very high encrusting red algae and brown macroalgabver combined with lower sessile
invertebrate cover, and grouped more with th&an Juan Islandgeastern Strait of Juan de
Fucasites.

Sites showedvery little groupingby 2:ie 2 U t@ndd in terms of benthic biotic
composition (Figurel-7b).
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Patterns in site groupings for macroalgae and invegbrate density were similar to those for
biotic composition. The majority of the San Juan Iends/eastern Strait of Juan de Fuca
sites plus Fox Island East Wall and Point Dalco (s# adjacent to Tacoma Narrows) grouped
together and were characterized by multiple undersiry kelp species as well as brown
macroalgae in the genudDesmarestiaand the red urchin,Mesocentrotus franciscanus
(Figure1-9a). The majority of Puget Sound sites as well as theo Strait of Georgia sites,
meanwhile, were associated with the understory kelp Saccharina latissima/Hedophyllum
nigripes.

\Ue e Uae :e eéUe&:1U:\ e :2aU\ ed\U\ :«003}beX2. U0 e BUEX OCTW 22 U
of macroalgae and invertebrate density, beyond whatvas linked to geographic patterns in
2:1e 2 U'6+U Figxa1298)U i

Taxon\Ubde +eU762\ e...UUleedX2\U:eejXX061U 2X)0 |26 B B Re:(XX.0U 1 P& Ui -
Three species of kelpPterygophora californicg Pleurophycus gardnerj and Cymathere
triplicata largely occurred in the eastern Strait of Juan de Ea and the San Juan Islands,
with a few additional populations in central PugeSound Figure1-10). Another kelp
species, Alaria marginata was more widespread across study sites but occurreét higher
densities in the eastern Strait of Juan de Fuca arttie San Juan Islands. The sieve kelps
Agarum clathratum/b 6 :1 X j1R + 1 a Xshosed a similar pattern toA. marginata with
fairly widespread distribution but higher densitiesin the San Juan Islands and at two sites
at the southern end of Tacoma Narrows (Titlow Beacand Fox Island East WallFgure
1-11). The introduced brown macroalgé&argassum muticum meanwhile, occurred across
regions but was more common in the Strait of Georgiand northern San Juan Islands, as
well as central and south Puget Sound. Finally, thenost widespread brown macroalgae
were the kelpsCostaria costataand S. latissima/H. nigripes, and brown macroalgae in the
genusDesmarestia (Figure1-12). While there was no clear geographic pattern in chesity for
C. costata, S. latissima/H. nigripesdensities were highest in central Puget Soundrhe
distribution of Desmarestiaspp. was not clearly associated with regions, however tended
to reach higher densities near the north and soutkntrances to both Admiralty Inlet and the
Tacoma Narrows

Taxon\Uo6e& +eU762\ e...UUieed2\Ui+\:U:eejXXBIU“sXWjXkd+ 200 UD}® X0&a
M. franciscanus and Strongylocentrotus purpuratus were restricted to sites in the San Juan

Islands and eastern Strait of Juan de Fuc&igurel1-13). The green/white urchinsS.

droebachiensisand S. palliduscommonly occurred in these same northern regions but

were also found at sites in central Puget Sound anflacoma Narrows.Cryptochiton stelleri,

the giant chiton, had a similar distribution to thegreen/white urchins, occurring frequently

at northern sites but occasionally in Puget Sound awvell (Figure1-14). Both adult and

juvenile kelp crabs in the genugugettia, meanwhile, were widespread at Reef Check sites,

with densities peaking in south and central Puget Smd.

1. Synthesizing Reef Check Benthic Data 13



In general, theN. luetkeana densities obtained via Reef Check surveys concurredith the

independently determined WA Floating Kelp IndicatoThe density oN. luetkeanain 2023

varied widely across Reef Check sitedgure1-15). It was present across all regions and

occurred at moderate to high densities (> 1 individal/m?) at sites in most of the study

regions (Strait of Georgia, San Juan Islands, easteStrait of Juan de Fuca, central Puget

Sound, and Tacoma Narrows). Of the eight study sgevhereN. luetkeanawas absent in

2023, three were in south Puget Sound (Fox Islan@$& Wall, Ketron Island, and Devils
FoiTyUi2iUe X66U«dX06U 2Ue62eXi+U,j 6eUc:j2éV i dxedeFriial
State Park), while the remaining two were in eastarStrait of Juan de Fuca (Dallas Banks)

and the San Juan Islands (Reuben Tarte).

WhenN. luetkeana162\ e..Usj\U&:1UiX67Ue&...U2:fe 2 U'6+UUeXb27aU1l:\e
12& X060\ 2 Ui27U <elee+6 UeX627\U iU OXUT62\ e...e)¢0i21le :\6U-
(Figure1-16yRU“ 6Ub6,e6Ue :2U«i\U>X06\ «fedXU i..aWN Wetikeanadi\ 2 U\ e
762\ e...Usi\U\ 1 +iXUe:Ue 06U 6\eUT62\ e 6l\éd16iUj\Xéo0delzru. U:
WO\ (20U, 2eUi21U@X662U,: 2ealU 12eX061\ 2XBUed\WEkX:0V@RUU2D &
+:e0\eU "6&X0i\ Nerddcysiis\ IRetkeanawas absent from all sites with a “Total

+:\\ UeX621R

When the densities of understory macroalgae and geng invertebrates were compared to

N. luetkeana 162\ e...aUx}6U\UbdE& 6\U [TU\ 2TakdR® Uberk Néreie :2\U U
positive correlations betweenN. luetkeanadensity and two kelps C. costataand C.

triplicata), one other brown macroalgae@esmarestiaspp.), and two grazers $.

droebachiensis/pallidus and Cryptochiton stelleriyRU"6\U edU& 6 2 U\ 2 *éi2eaUi++
correlations were weak in strength.
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Table1-2. Correlations between the density of understory maalgae and grazing invertebrates and Nereocystis
luetkeana density. Correleations were calculated ugg data from all transects surveyed by Reef Chedkashington in
2022 and 2023. Only macroalgae and gra2i B 2}6Xedae Xied\BRe e B\ 2 +xeéi2eRe:XXO6+le :2\RedXOR 2&+ji6

Taxon Correlation P-value
Costaria costata 0.3665 <0.001
Desmarestiaspp. 0.2226 <0.001
Strongylocentrotus droebachiensigpallidus 0.1853 <0.001
Cryptochiton stelleri 0.1796 <0.001
Cymathere triplicata 0.1772 <0.001
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1.2.2 Environmental drivers

The depths surveyed by Reef Check varied betweenesit but with no consistent
geographic patterns. Minimum transect depth ranged beveen 0.9 and 5.8 m below MLLW,
while maximum transect depths ranged between 1.8 and 9.2 m below MLLWHRigure1-17).
Water movement metrics also varied between sitesMean daily maximumcurrent speed
was highest in the San Juan Islands, eastern Strait Juan de Fuca, and near the Tacoma
Narrows, and lower at sites within Central and South Pug&ound (Figure1-18a). In
comparison, relative openness, a metric of wind fetchwas highest at sites irthe Strait of
Georgiaand eastern Strait of Juan de Fucés well as sites on the west side of San Juan
and Fidalgolslands), but lowest in Tacoma Narrows and south Ryet Sound Figure1-18b).

“ \U\Ule 1+U}iX le :2U«i\UX0626ee067U 2Uiaj2 W2 deldxdl2i&: X ...U :>
\ ed\Ues e Ui2U 12&X6i\ 2 U'6+UUeX0627U ITUL:10XILO&E|XX &2\ U ¢
“rel+U[:\\ UeX0627U [fU+:+UejXX02eU\UOb06&e0Ke2\dX 6XJ60ed b 2:d) & il
"0eX61\ 2 U\ ed\RUI2Ue6X1\U: U:Ub6226\\aull:XeW\:ebrAl+:8 U "6eX
trends had low openness, consistent with being PugeSound sites. While most sites with

f2U 12&eX6i\ 2 UgXxoidiXiedUe:U U: U6 2 2@s\iadiided bathtdigh) \

and low openness sites.

Water quality metrics also showed spatial variation Mean maximum monthly summer
temperature peaked at Squaxin Island in south Puget Sound (exceiag temperatures at all
other sites by 2 °C) but was also high in th&trait of Georgiaand in and around the
SaratogaWhidbey basins Figure1-19a). The lowest temperatures occurred in the southern
San Juan Islands, near the Strait of Juan de Fuddean minimum summer nitrate
concentrations, meanwhile, were generallythe inverse of temperaturepatterns (Figure
1-19b). The highest nitrate concentrations occurred in tb southern San Juan Islands near
the Strait of Juan de Fuca, and the lowest occurredt Squaxinisland and sites in or around
the Strait of Georgia and SaratogaVhidbey basirs. However, stes in or near theTacoma
Narrows had higher nitrate minimathan all other Puget Sound sites, despite being siiar
in temperature.

Maximum temperature and minimum nitrate concentrationvaried less consistently by kelp
ei2:U...UeX0b621RUDbSG ie }oUEI2:U...UeX0d2U\U\ YyarRIXOéW 2. UUE2TN X 68 LK
sites with moderate to high temperatures and moderte to low nitrate, however postive

eX62T\UiU <eflae+0 Ui2TU 12eX061\ 2 yU:eejXXoTlejpodliasuid wexiz ®w
concentrations.

When water movement and water quality metrics wereompared, along with latitude,

lj+e U+0Ueé:XX0+le :2\Figo¥BR0ViBRPaitoljUedlUdXiejXoUi\U\ 2 +
negatively correlated with all other metrics, but aly strongly with minimum nitrate

concentration (all other correlations with temperature were moderate in strength).

Maximum current speed, meanwhile, wastheonlyl 6e X éU2:eU\ 2 *éi2e+..Ue&:XX06+
latitude, and was only weakly positively correlatedwith relative openness. It was, however,

moderately positively correlated with minimum nitrete concentration.
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g+0I\\ £61R&®..R\ ed\ R® RceledR>+:1le 2RRIXIRIRK L DB XB2T&RejTOR 2:Xe Be:R\:je
Olympic Peninsula west of Dungeness ere excluded due to a lack of data

32



Latitude

Correlation
1.0
l 0.5
0.0

I 05
-1.0

Openness

Nitrate

Current

Figure1-20. Correlations between the mean daily maximum currenspeed, relative openness, mean maximum monthly
e61Uob6XiejX0@eBR16i2R1 2 1j1R2 eXiedRe:2ePeXik @R ZIR\AIR 2410RY 2 +téi2eRe:XXo+ie
included in the plot. Sites from the Qfmpic Peninsula west of Dungeness were excluded du® a lack of data

1. Synthesizing Reef Check Benthic Data 33



1.2.3 Environmental drivers and\N. luetkeanadensity

Nereocystis luetkeanadensity varied across depths, although with few conistent patterns
among sites Figurel-21a). Nereocystis luetkeanawas present on transects ranging froml
to 12 mbelow MLLW, with deep and shallow living bull kelppfind at sites across regions.
Across sites, the highest densitieoccurred between 2 and 7 m below MLLW. Within sites,
the greatest relative densities occurred at a wideariety of depths Figure1-21b). Most
often, relative density peaked on the shallower trasects surveyed, however in a few
northern sites (Point Whitehorn, Smallpox Bay, Cat Point, and Smith Island) density
peaked on the deeper transects.

Nereocystis luetkeanadensity varied inconsistently with water movement mé&ics. The
highest densities across all Reef Check sites occuritat moderate current speeds Figure
1-22) and low to moderate opennessKigure1-22b). The lowest densities occurred across
the full range of current speeds and openness, althugh absence was most common at low
values of both metrics.
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1.3 Discussion

In this synthesis, we aimed to @scribe the reefs which support Washington State’'kelp
forests, and assess how reef benthic composition, emironmental conditions, and the state

Ue 6Uz2:ie K. IlUetkeabbldre interrelated. We found that benthic composition of reef
sites varied across Washington State’s Salish SeaVe 106 2 e spgatial patterns inabiotic
and biotic benthic composition across these sites, which are likly explained byspatial
patterns in environmental drivers such as current, wind exgsure, and temperature and
nutrients. However, we did not identify consistent link between those benthic
composition and environmental driver patterns and\. luetkeanadensity or persistence
over time.

1.3.1 Patterns in benthic composition

Benthic substrate and community composition exhibitedclear patterns within regions.

Sites in the northern, adjoining regions of easter®trait of Juan de Fuca and San Juan

Islands tended to be rocky, with a benthic communitydominated by & : Xi++ 26Ui27U26\
encrusting algae, and brown macroalgae, including Kp. These sites had an understory

made up of multiple kelps and related brown macroajae, includingP. californica, P.

gardneri, C. triplicata, and Desmarestiaspp., and a grazer assemblage that inclded

urchins (especially M. franciscanus) and the giant chitonC. stelleri.

However, nonadjoining regions also shared similar withirregion patterns. Strait of Georgia
sites, which are geographically closer to astern Strait of Juan de Fuca and San Juan
Islands, more closely resembledsites within Admiralty Inlet, the Saratogawhidbey basins,
and central and southPuget Sound Sites in all these regions tended towards cobbly,
pebbly and sandybenthic substrates, with less biotic cover overall and more sessile
invertebrates, even though many benthic taxa weretdl present. The uncerstory at these
sites was dominated by sugar kelps§. latissimaand H. nigripes), which reached their
highest densities at such sites,and Pugettiaspp. kelp crabs were the only abundant grazer
surveyed. The similarity between sites in the Strait of Georg and in Puget Sound suggest
that they share similar environmental conditions, @spite being separated by other bodies
of water.

Benthic composition at sites in and adjacent to theTacoma Narrowsresembled a mix of
Puget Sound and eastern Strait of Juan de FU&an Juan Islandsharacteristics. Salmon
Beachand Fox Island East Wall, for example, wemackier with fewer invertebrates and
more encrusting algae and brown macroalga¢han most Puget Soundsites. Along with
Owen Beach and Point Dalco, they also supported undstory kelp and grazing invertebrate
taxa largely otherwise restricted to the Straibf Juan de Fucand San Juan I&nds sites.
Tacoma Narrows therefore only somewhat resembled gegraphically close sites in Puget
Sound, because their benthic composition also resemked the geographically distant sites
of the eastern Strait of Juan de Fucand the San Juan Islands. This suggests that Tacoma
Narrows experiences a mix of environmental conditiog, with some conditions resembling
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those experienced in the rest of Puget Sound, whilethers more closely resembling
conditions in the Straitof Juan de Fucand San Juan Islands

There wereother exceptions to within-region patterns. These included Cattle Point in the
San Juan Islands, which was sandier and lower indiic cover than most sites in that
region, the Seattle Waterfrontwhich was rockier than most central Puget Sound siteand
supported urchins and chitons, and Wing Point, whiclinad lower sessileinvertebrate cover
and more encrusting alghand brown macroalgal cover. These exceptional sites
demonstrate the importance of substrate in determinng biotic composition, since their
regionally atypical substrate produced regionally agpical biotic cover. These patterns likely
X6206eeU+:ei+U 6: XiU ..U:XUe&xlie ..10eX...U 2Uk,:602edWIQTW lee+¢
human activity in the case of Seattle Waterfront, ad could provide further insights through
comparisons with nearby sites that experience similaenvironmental drivers but more
regionally-typical substrate and species composition.

Overall, our results indicated that lelp forest benthic communities exist in a number of

forms across Washington State’s Salish Sea. This is corséent with previous studies of

e 6\O0UX0d :2\aUe & U2:ed6ifU+IX 6Ue:1U:\ e N2letktanaforedt@ e 6\Uese b e
between southern Salish Sea regiondi< [ 0 XUIi2TU,IX"\UP XX S aCommudikesQO OO0y

in most of Puget Sound and the Strait of Georgia pported only a few understory

macroalgae, one of which §. latissima) was highly abundant, and a single genus of

surveyed grazing invertebratesRugettiaspp.). Communities in the San Juan Islands and

eastern Strait of Juan de Fuca supported these saménderstory and invertebrate taxa plus

others not found in Puget Sound, including multiplegrazers from two additional phyla.

Consequently, the biotic interadions occurring in these regions liker ... UT "6 XU 2U\eX62 e B
While more understory taxa are competing for lighend substrate in the San Juan Islands

and eastern Strait of Juan de Fuca, grazing pressuon the substrate is likely much higher

as well and likely plays a greater role in commurnytcomposition. In comparison, in Puget

Sound and the Strait of Georgia, fewer understoryxa are present to compete for space,

however with less rocky substrate available and fewrgzers to free up space, competition

may be a more important factor in community composition.

1.3.2 Benthic composition and environmental drivers

(2} X:21062ei+UiX }oX\Ui+\:Ub, e ediUe+obxWexde: 2\i-l) U4 e e 6:XPI\&
benthic composition. The majority of sites in the apbining San Juan Islands and eastern

Strait of Juan de Fuca regions experienced moderate high water movemer as a result of

current speed, openness, or a combination of bothThese conditions likely favoured

similar substrates, since moderate to high water mogment creates a net export of

sediment, leaving rocky substrates exposed instead dburied by silt, sand, or smaller rocks

(Airoldi 2003) Clear rocky substrates provide suitable habitat tahe benthic organisms

« @ UiXxoUe ixieedX \e eU: Uae:e UX0 :2\adiWeé bdtUsReXMéiDiaxd
algae, grazing invertebrates which prefer rocky subsite for locomotion (i.e.C. stelleri, S.

purpuratus, and M. franciscanus) (Schroeter 1978; Yates 1989; Starko et al. 2022nd

brown macroalgae which need more stable substrate foanchoring (i.e.P. californica)
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(Rose 1979; Connell 2005; Rubin et al. 201 7ost sites in in the San Juan Islands and
eastern Strait of Juan de Fuca also experienced lowaraximum sea surface temperatures
and higher minimum nitrate concentrations. These coditions, alongside water movement
are highly suitable for growth and survival of therpviously listed kelp taxa, which are
typically found in cooler, mixed, and rocky environrants (Luning and Freshwater 1988;
Konar and Roberts 1996; Gaylord and Denny 1997). @titions which favour growth of
these kelp may also favour the grazing invertebrasdisted above by increasing food
availability (Harrold and Reed 1985; Watanabe and Harrold 1991)

Patterns in environmental drivers also explained péerns in benthic composition in other
regions, including norradjoining ones. Most sites in Puget Sound (includmAdmiralty Inlet
and the SaratogaWhidbey basins but not the Tacoma Narrows) and sigein the Strait of
Georgia had higher sea surface temperatures and laav nitrate concentrations. These
conditions may not be favourable to the previously mntioned kelp species but clearly
allow other macroalgae such asC. costata, S. latissima/H. nigripes and Desmarestiaspp.
to persist (Luning and Freshwater 1988; North et al. 1990Jhese species may be more
physiologically tolerant, or they may grow and repmuce more rapidly, to avoid the high
temperatures and low nutrient concentrations experi@ced in these regions during peak
summer (Luning and Freshwater 1988; Maxell and Miller 1998ohannessen et al. 2021,
Fales et al. 2023) As well as water quality, the low to moderate war movement in these
regions is consistent with their benthic communities. As a result of low current speed or
low relative openness in Puget Sound, and low currés and moderate openness in the
Strait of Georgia, sediments would regularly accumulate, redaing the availability of any
hard substrate present and leading to lower biotic over all, as observed in these regions
(Neushul 1967; Airoldi 2003; Mullan 2017; Mantelattet al. 2022) The lack of hard
substrates would explain why encrusting algae werkess abundant at Strait of Georgia and
Puget Sound sites, and why several invertebrate antiacroalgal taxa found in rockier
regions were excluded entirely. The brown macroalga@hich were present in these regions,
such asCostaria costata and S. latissima may be better suited to surviving on
unconsolidated or unstable substrates (Dayton 1985; Mxell and Miller 1996; Rubin et al.
2011; Picard et al. 2022)These species were often seen living attached toepbles or
totally unattached over sand at sites in these regins surveyed in 2024 (R. Hansen, pers.
common).

The one study region with benthic composition patters that were a mix of those common
in adjoining regions (Puget Sound) and neadjoining regions (San Juan Islands/eastern
Strait of Juan de Fuca) regions also experienced @rmediate environmental condtions.
Sites in and around the Tacoma Narrows, most of wth were rockier than sites in other
parts of Puget Sound, experienced higher water mowgent than most Puget Sound sites, as
a result of higher currents. This corresponded torgater cover by encrusing algae and
brown algae and the presence of understory macroalddaxa and grazing invertebrates that
were more common in the San Juan Islands and easte@trait of Juan de Fuca.

There were exceptions to this complementarity betwee environmental drivers and benthic
composition. Sites in the northern San Juan Islandgloser to the adjoining Strait of Georgia
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region, had warmer and more nutrient poor water caditions. However, their community

composition was still typical of the San Juan Islanslregion. Similarly, while nitrate

concentrations in the Tacoma Narrows were higher thathose in the rest of Puget Saud,

maximum temperatures were also higher than most Pug Sound sites, yet the

communities which occurred at several Tacoma Narrowsiges resembled those of cooler

regions. This may indicate that temperature is lesgnportant in determining community

compo\ e :2Ue [2Usie6XU1:}06162eUi2iU\jee\eXiedRE“2\012U.& i6+):U X
interpolation method used to infer local temperatues from water quality data sampled in

other waterbodies, discussed below.

Overall, our analyses of the Reef Check dataset suggethat Washington’s kelp forests

currently occur across a wide range of environmentatonditions, and these conditions

shape the benthic composition of these ecosystemsThe geographyf the southern Salish

Sea produces an inherently variablenarine environment } TU\Ule i+UT "6X62é6\U 2U
bathymetry, wind fetch, tidalcurrents aU 127U X } 6 X (ié@s5or22008;) Sutherland et al.

2011; Banas et al. 2015; Mullan 2017; Yang et aDP)RU*“ 6\6UT 6X62e6\UUX:Tjedu\U
gradients in light, temperature, nutrient concentratons, salinity, and substrate composition

(Masson and Pefia 2009; Pefia et al. 2016; Mullan 201 For example, lesanixing of

surface waters with deep waterdan basins such as the Strait of Georgia, the Saratoga

Whidbey basins and south and central Pugdikely explained thehighertemperatures and

lower nutrient concentrations we reported for these regions, relatig to better mixed

waterbodies like the Strait of Juan de Fuca, the cimaels of the San Juan Islands, Admiralty

Inlet, and the Tacoma Narrows (Moore et al. 2008;d4son and Pefia 2009)These

;@012 XIU eU7T "6X02e06\Ux0be0062Ueli\ 2\Ui27Ue 12262\006,U+i 2U
which are geographically close may not resemble eacbther in terms of benthic

composition and may instead resemble more distant $es and regions.

F:e0}0XaUe@jXXb62eU062} X:21062ei+Ue:27 e :2eWiRZjVBX6648 U 2%l o U
change has resulted in gradual warming of sea surfactemperatures, meaning the

maximum temperatures reached at sites now are likgl warmer than the maxima reached

historically tai\\:2Ui27U j11 2\UQO 0O SaU, +Cédatd thange ka3 dIHO P Wy
increased frequency of extreme climate events, likette 2014 QOPVUb:Xe 6i\eU,ié xeU
Marine Heatwave, which increased surface ocean tempatures in the Salish Sea (by as

much as 2.3 °Cin Puget Sound) while reducing nutrient concentratios in surface waters
(Khangaonkar etal. 2021R Ua: X6 U+:ei+ «067U j1i2Uiee } e 6\ULli..Ui+\:U i}ol
conditions experienced at our study sites. Basins likéuget Sound are at a higher risk of

nutrient loading, because of input of pollutants fom a high number of coastal

communities (including largoU e e 6\yUi27U+:2 UX06\ 162¢e6Ue 16\U & UXoTjé
nutrient inputs out of the region (Mackas and Harson 1997; Khangaonkar et al. 20127

combination of local human activities releasing sedinent and climate change related

e 2 6\U 2UUX06e& U ele :2U1i..UI+\:U (}oUIi 6eeBib)ialURaecUI\ADI1
@..U 2eX6i\ 2 U\6T 162eU 2Uje\U} 1UX }oX\Ui2@XigRi<allUb2ql 2e X6
2000; Airoldi 2003; Syvitski et al. 2005; Lee et.&016; Rubin et al. 2017)
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Considering variation in benthic composition and envonmental conditions as both a
historical reality and the product of our current ralities is important for contextualizing our
results. Some benthic communities described in thisreport closely resemblepast
assemblages (e.g. low grazer diversity in Puget Sodiyreported by Andrews (1925) in
(McLean 1962), while others may have experienced considerable chrages. Little or no
comparable historical subtidal data exist for sites in this report (although see Vada$1968)
, (Maxell and Miller 1996)< [~ 6 X U i21U(1924) WMaxell and Miller(1996), and Rubin et
al. (2011)), meaning we cannot establish a baseline for benthicomposition, we can only
document spatial variation and compare this variatio to better documented changes,

\jé Ui\U2:le 2 U'6+UUEI2:U..Ub6,eb62eBU

1.3.3 Nereocystis luetkeanadensity and dynamics

Sites with concerning temporal trends inN. luetkeana 6, & ediU\:16U16+2(ia@+06UUlieed
terms of benthic composition, environmental conditions, and region. Most sites wittzero

N. luetkeanarecorded by Reef Check in 2023 andmegative 2: e 2 U'6+UUeX621

U "6eXo6i\ 2 U:XU “:eXty{ie\ MiBiredlecdted in Puget Sound and many of

e 6\0U<0X0U 2U\:je U,j 6eUMastofthedesitesweredominated by

smaller, sandier substrates and had low openness, lgh sea surface temperatures, and low

nitrate concentrations, which are all characteristics consistent with broader Puget Sound

conditions. However negative 2:1e 2 U'6 + Witks ¥adi@dwidely in biotic community

composition and current speed.

In comparison, sites with positive temporal trendsfor N. luetkeanaexhibited very few

patterns in terms of benthic composition, environmenal conditions, and region.Sites with

apositive 2:le 2 U'6+UlJ eeXi@2f#d U:XU 12&X061\ 2 yU«0X06U :j27U 2U6}06X
south Puget Sound and sites with moderate densities oN. luetkeanain 2023 were found

in every region except south Puget Sound and Admitglinlet. While most sites had higher

proportions of rocky substrate and many had moderatd¢o high openness, they varied

widely in terms of biotic community composition, curent speed, maximum temperature,

and minimum nitrate concentration.

This suggests that the persistence of. luetkeana \U+ 1 ediUa&...UT "0X62eU062} X:21
e:27 e :2\UieX:\\Ui "0X062eUX06 :2\Ui2iU\ e6\RU@O6100XI2]XeD\2UU\]j
low nutrient concentrations, and low water movementare clearly challenging forlN.

luetkeana (Berry et al. 2021; Fales et al. 2023; Moi&oto et al. 2024a) its historical

presence across reefs which experience a wide range tiiese conditions naturally

suggests that to a certain degree, these conditionslo not necessarily preveniN. luetkeana

from persisting. The region with the worsi. luetkeanaoutcomes, south Puget Sound, did

experience high temperatures and low nutrients. Howeer, sites in the Strait of Georgia and
SaratogaWhidbey basins exhibited positive outcomes despite ¥periencing comparable

water quality conditions. While temperatures hae increased as a result of anthropogenic

e+ liedUe 2 6aU eU \Uj2e+06iXUs 0e 6XUe GAEjOOEADe W XiTji+Uel
temperatures pose a challenge ta\. luetkeana, or whether the losses oN. luetkeanawe

1. Synthesizing Reef Check Benthic Data 41



see currently are the largely the result of extremé&mperatures (and low nutrient

concentrations) during the 20142017 marine heatwavg(Khangaonkar et al. 2021). It is also

unclear whether conditions during that extreme evehexhibited parallel spatial patterns, or

« 0e OXUX6 :2\U+ '6U\:je U,j 6eU<«:j21Ub6,U0X\RU®0eU:jeXIai\dHo 206 L
data for the full range of temperature and nutrientonditions that N. luetkeanahistorically

survived, it is challenging to determine where and/hen these conditions have led to loss

or resilience.

The natural variation in benthic composition acros®ur study also makes it challenging to
identify characteristics associated with certain outcomes for N. luetkeanasites. While hard
substrate availability likely limits N. luetkeanaunder some circumstances, our results

show N. luetkeana can existat considerable densities where hard substrate availhility is
low (e.g. Lowell Point, Point Dalco, Point Vashon)ya can struggle even where hard
substrate availability is high (e.g. Freshwater Bayox Island East Wall). A previous study of
a Puget Sound\. luetkeanapopulation following a coastal landslide found thatN.

luetkeana survived moderate sedimentation and turbidityi < {0 XU i27U, I X."WhiRX X Sy
sedimentation may have increased as a result of humaactivity, without baseline data for
historical benthic substrate composition, it is hardto assess whether loss oN. luetkeana
has occurred alongside increased sedimentation, or whther these conditions have been a
historical reality for N. luetkeana. Similarly, N. luetkeanapersisted across a wide range of
biotic communities, most of which included understory macroalgag and many of which
also included grazing invertebrates. Urchin grazgncaneven be an important mechanism
for N. luetkeanapersistence, because it prevents competitive dominarce by perennial kelp
(Vadas 1968; Duggins 1980WWhile herbivory and competition for space and lighcan

[ ~6 en. ULetkeanadensity (Vadas 1972), without historical baselines, it is hard to
determine if either of these processes have become more negative within the Salish Sea.
While a change in the density of competitors or héivores over time at sites with pooNN.
luetkeana outcomes would suggest these processes contributed tdkelp loss, the data
@jXXb62e+...UI} +iee+0U:2+...U 2 :X1UjWaeUhe Ukt.X &ie 20aX 6 U .20 &d & BU
these processes.

For example, @mpetition between N. luetkeanaand understory macroalgae for space and
light may be more of a concern where hard substrates limited, and where grazers of
youngermacroalgal life stages like urchins and chitons are lasent, such as central and
south Puget Sound. In this region, large losses &f. luetkeanaduring the 20142017 marine

Oleei}oUe:j+7U 1}6UX06TjedTUe 6 UN. [ietReandariéatiovibd whderstory
algae to become dominant, whereas in regions like th&an Juan Islands and eastern Strait
of Juan de Fuca, the presence of grazers could hakept understory algae low, allowing\.
luetkeana populations to re-establish once conditions were cooler. Without baseine data,
however, this cannot be demonstrated through monitoing data, like those collected by
Reef Check surveys.
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1.3.4 Limitations

Reef Check surveys provided comprehensive benthic nmitoring data for a large number of
sites across almost all regions of Washington’s Saédh Sea. However, surveys did not
sample across depths consistently, limiting their ug for assessing variation in dpth
distributions of N. luetkeanaand other subtidal species. Variation in the depths grveyed

X 620 éeabiation in where rocky reef habitat occurred, sine reef extent determinal

where Reef Checksurveysoccurred (Jackie Selbitschka, pers. comm)Reef Check surveys
also occurred across multiple months in the growingseason, meaning their estimates of
macroalgal density do not always represent peak density acrosall sites.

As a SCUBAased method, ReefCheck surveys also covered relatively small areas of

eé:l\e+ 206aUi2TU 2U\:16U&i\6\U1I...U (}6U\jX}de @ W:jeA U0 B:0 Uki\aX
X6\j+eU: U\ edUieeod\\U \\jo\UuVie' 6U«oX%@3 ej\JblaMe\dxXa R @62&R Y
environmental conditions associated withN. luetkeanaresilience or loss have succeeded

using aeriallymapped canopy extent instead(Mora-Soto et al. 2024a; MoraSoto et al.

2024b). Since site \Ub6 & +eU16i\jXx6162e\U: Ul:\eUbd2} X:2162ei+UlbeX &
available, broader but coarser aerial maps oN. luetkeanaabundance may be scaled

appropriately to the relatively coarse estimates ofwind exposure, current, temperature,

and nutrients used in our analyses. The smaklcale nature of Reef Check’s SCUBA surveys

may also have led to some spatial mismatches betwee each site’sN. luetkeanadensity

0\e 1iedUi27U2:le 2 U'6+UUeX0627aU\ 2eoVUialdVNBaVedRUN @+UU 27 e
2: [ éng canopy data, which can be collected over a much tger area(Kelp Forest

Monitoring Alliance of Washington State 2024)

Currently, Reef Check data also lack a historical basdine for comparison. Surveys in
®I\ 2 e:2Ua06 [2U+}6U...061X2017 MadiXelHeatWad\v@, nBahing they did not
éfUejXo6Ue 6U 11671 le6Ub 6&e\U: Ue \UO}624RE K0 \bMTEDHNIE :++: ¢
16012 2 Ue 6U\jX}6...\Ue & U (}oU:eejXX0diU1li.Uk\e\d\eX0dtde@Ue 6
(Schroeder et al. 2019; Selgrath et al. 2024If surveyscontinue into the future, however,
the data analyzed in this report will act as a badme for assessing future changes to kelp
forests in Washington, whether those changes be reaery or continued loss.
The WA State Floating Kelp Indicator provided a succinct descrgotof N. luetkeana
7..2011 é\UieX:\\Ue d6U\eji..UX0d6 :2\RUF:s0}0XaXaU2 +.iW\ta67UI\@e' U\
6 e 0XU b:Ufiel U:XU [ 1 ediUTiel au1ai@:pXxXUé\\®.\\U528Q:ellU2e:ed X
in benthic composition and environmental conditionsacross positive and negative
outcomes of N. luetkeana. In particular, all but one site in the San Juan kshds, and half of
\ ed\U 2Ue62eXi+U,j 6eUc:j2TU0X0U&+I1\\ edod U ivdg there vea®i U: XU b:L
greater uncertainty in our understanding of how berfitic composition relates to N.
luetkeana dynamics in these regions. Continuing to collect da to inform this index would
help improve our understanding of these patterns. Aother limitation of the kelp indicator

\Ue 6Ue 16\UI20: UfielUI}i +ilee+6U :XUTdo+xDdB 102 ¥ep®&iaU 2U2:je 2
used to measure change irN. luetkeanadensity have only been collected since 2013, and
many sites have only been monitored starting in merrecent years (Kelp Forest Monitoring
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Alliance of Washington State 2024 U“ \U16i2\Ue ieU\ ed\Ue&+i\\ +6TUI\U <eia
f[}oU\jUU:XediU1lje U OXU2:le 2 U'6+U U620 +:\d00U20Jce XU e edall
+X\eU...0iXU: Ul:2 e:X 2 Ueéi22:eUxebUceiUepXBidrUUeidE: D eie:’
establish earlier baselines, as demonstrated by Beyr et al.(2021), remains an important

part of understanding kelp losses over time.

Spatial limitations of the water movement andwater quality dataused in this reportalso
[T6eediU:jXUiCiredt sBeeds were calculated using the Salish Sellodel’s
106\:\éi+06U2:76\aU+ & Uli..U2:eUie égchle\aratiol it loures¥sd U +2 6
(Danielle Claar, pers. comm.). For example, we fouhthat the Squaxin Island site had lower
current speeds than other sites in south Puget Soud) despite local knowledge suggesting
currents are high at this site (Julia Ledbetter, per comm.). Temperature and nutrient data,
meanwhile, were obtained from theDepartment of Ecologywater monitoring program

which has low spatial coverageoutside of Puget Sound. Several sites on the Olympi
Peninsula could not be analyzed at all, while in th&an Juan Islands values for sites within
smaller passages where mixing likely occurs were istpolated from distant stations in

larger waterbodies(Mullan 2017) Even within Puget Sound in areas of high oceanogtaic
complexity, there wasa lack of data from within theTacoma Narrows proper, meaning
valueswere partially interpolated from the Port of Tacoma area, whichl | ... Ua& d6UT "6 X62eU
from the Narrows themselves. Supplementing Department oEcology data with other local
temperature and nitrate measurements or with remotesensing data would increase the
accuracy of our analyses. Alternatively, using moreomplex interpolation methods that are
informed by oceanograhic information, not just physical proximity, couldalso improve the
accuracy of water quality metrics.

Temporal limitations of the waterquality data used in this report also limited what analyses

were possible. Measurements were typically recordednce a month at each station for

temperature, and once every two months at each statin for nitrate concentration. Lack of

continuous data, especially through the marine heatwve years, meant we could not

assess how often (if at all) temperatures exceededpysiological thresholds forN.

luetkeana, and when and where this ceoccurred with low nutrient levels. If these data

were available, analyses similar to Pontier et a{2024)would allow us to assess how often

conditions were suitable for growth at each site, with would be very useful for assessing

how much these factors currently limitN. luetkeana Ud X\ \e62eé6U 2U7 0X62eUXd :2)

1.3.5 Future directions

Establishing baselines that are broad both spatialljand temporally should be a focus of
future research. Subtidal studies done within Washintpn’s Salish Sea in the second half of
the 20" century, such as those led by researchers at Friday Haor Laboratories, could
provide data on the past substrate and biotic commurty composition of our study regions.
Other sources of information could be historical inagery, information from the grey
literature i.e. government and industry reports, as ell as the privae documents (e.g. dive
logs) of SCUBA divers (or their estates) from thtitne period. Increasing site \Ud & +é U
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historical knowledge, while not likely to be possike for all Reef Check sites could provide
valuable information at a subset of sites.

Another goal of future research should be supportig observed correlations with

6,U0X 162el+U1i2 Uj+ie :2\RU(,UBX 1062e\Ulle BD\X®E kel X\db\|j@ eUji+
€:1Ube e :2aU 6Xa }:X..aU:XU\jae\eXieo Wklubtkehrap@ulationsUse 6 U 22j
at a local level. For example, in regions wher8argassumspp. occurred at higher densities

i.e. the Strait of Georgia northern San Juan Islands, ad central and south Puget Sound

experimental removals ofSargassumcould demonstrate whether this ntroduced and

possibly invasive alga has a negative impact oN. luetkeanaieU\U6¢& e U\ ed6\aUi\UUXd1
(Berry etal. 2021R3U® +06U6,U0X 162e\Ui+:26Ue«:j+1U2:eUe&:2+X1Ue- 6e 0
was responsible for the observed historical changesif paired with the historical research

\j 6\ediUliee:}6aU eU+:j+1U+06iTUe:U1:X0UT060+2 e }oUe&:2&+j\ :2\RU

Finally, accounting forN. luetkeanadynamics during the spore and gametophyte life
phases, when visual census methods like those uselly Reef Check cannot deteciN.
luetkeana should also be a focus of future research. Samplingubstrates using eDNA
methods could provide a metric of presence/absence foN. luetkeanagametophytes
(Schoenrock et al. 2021 and modelling studies of propagule dispersal in reigns with low
adult N. luetkeanadensity (e.g. south Puget Sound) could identify st where low
connectivity may limit N. luetkeanarecovery.

1.3.6 Conclusions

The spatial heterogeneity of Washington’s Salish Sehas produced a diversity of shallow

benthic habitats that can support kelp forests. Thes forests, only some of which occur on
eXjouUXoo UlleediX:e'yU (e eledalU 2e+ji6Uderd)\thgsite:2ultipl2iUj276X\e
grazing invertebrates. These biotic communities fornrunder a range of wave, current,
edlUbXiejXoUiI21U2jeX 62eUeé:27 e :2\aU. e dlliXdaWXvxrdoeéezBiW2Ue
each forest. While this variation is natural and Vaable, it makesidentifying the

e IXiéedX \e é\Ues & UL1li'6U\ ed\UUX:26Ubke RXO\0H+WBREOX . XW +:\\U:
challenging. When so many benthic composition and erixonmental conditions can
\jUU:XeU'6+UU :X6\elaU eU \U iXiUe:Uioei@X 12 & given site] e : X\U I~
and whether these factors represented a recent changin ecosystem dynamics.

Understanding what kelp forests look like now, studiyng the factors that could be at play for

2:]e 2 U'6+UUUBX\ \ed2edali2iUe:2e 2j dedisdntd heZutereX Ue 6\0U'6 + U
represent our best hope for conserving these impoant ecosystems.
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This chapter analyzegwo existing environmental datasets. These datasetare:

1. Washington Department of Ecology Marine Water Momiting
2. Salish Sea Model 2014 solutiorurrents

2.1 Ecology Marine Water Monitoring

The Washington State Department of Ecologiecology)initiated a marine water monitoring
program in 1967 with stations distributedin Puget SoundWillapa Bay and Gray’s Harbor.
The focus of the program has changed over time withitial focus on municipal and
industrial dischargesgiving wayto quantifying “ambient water quality inthe context of the
estuarine physical processes U (i, :: + U 6 e U Ee@®egy @ty diBtributes datastarting
from 1999 through their public web site.

ijXUj276X\ei27 2 U \Ue ieU 2Ue 6UUI\ea wuntiey t)o-2B) U -6 Xbdsjieio U
monitoring stations. Now, research vessels are used (Pool et.a2025). Field activities

include in-situ marine water measurements and water sample cdéction through the water

column with a CTD (conductivitytemperature-depth) instrument. Water samples are used

for laboratory analysis of physical and biotic parameers.

The R code usedhere for data integration, transformation, summary and isualization are

available in a public repository:
https://github.com/WA- Nearshore/Ecology_marine_water_monitoring_processig

A public web app was constructed for the purpose oéasy browsing of thedataset

prepared from the downloaded Ecology monitoring dataset
https://experience.arcgis.com/experience/94aa6029563496fbd6327c829d18d8a

2.1.1 Data Acquisition

On Ecology’s welpage for Marine Monitoring Unta U iU+ 2'Ue:U 71:¢2+:11U1iX 26U-iebd
column data’ directs users to Ecology’s public facinglata repository—Environmental

Information Management (EIM}-for data access.

In June 2024, we downloaded all available marine wait monitoring data from EIM in a
\0X 6\U: U\GUIXiebUx+06\RUi2e6Ue 6\0W Tij@iled Kedlle 26eld+Xé é é &)W leedi
included was from 2017.There was no data from more recent years.

In response to anemail inquiry, Ecology explained that the EIM was not beg updated due
to limited program resources, but that the completedataset, including the more recent

8 https://ecology.wa.gov/research-data/monitoring -assessment/puget-sound-and-marine-monitoring
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data,was [} +lee+06U X:1UIUT ~6 XrdreeGDFFeenht(Susan Pool, personal
communication, June 2024)

120Vj26UQ0QSaU«oUT:e2+:116TUI++UI}i +lee+dUi22ji+26e ">U++6
through 2023 although 2023 data was not complete

®OUI+\:U 2&+ji6iUTIelU X:1UIUUX6} :j\UT: @PWUU\ M ULIXE +:ULU3 24
project (Berry et al. 2021) This data was collected at a station in the TacomBlarrows,
NRROO1. The data for this station was limited andaer (Nov. 1989 through Sept. 1991) and

\U2:eU 2e&+j167U 2Ue 6Ue&jXX02e+...Ui}i +iee +adtRAD" 'S &1 U+ BITANE -
+ 1 ele :2\aU }62Ue 06U 1U:Xel2é6U: Ue 0 W1jigthe ptewdosk:«\U :XU2:]
acquired water temperature data for station NRROO%as included as source data for this
project.

The following sectionsinclude dataset preparation (section2.1.2), datacharacteristics
(section 2.1.3) and station comparisons (section2.1.4) based on the data described above.
This data has a time span of 1999 to 2023 withlianited data from 19891991.

The trend analysis (sectior2.1.5) was conducted much later in September2025. In order

to have data from 2024 included in the analysis, tamostrecent26e ">UTieiU++6\U*6X06U
downloaded from Ecology that extended the time spaof the dataset through 2024

(complete) and into 2025 (incomplete).

2.1.2 Dataset Preparation

Alldatawas 6,eXieéediU X:1Ue 6UI22jihthd Bine of onddiménsional

vectors. Theannual vectors were concatenatedfor each variable extracted These

concatenated vectors were grouped based on vector length and orgaed intorelated

tables @:2eil 2 2 UX0e&:XT\U :XU1061\jX01062e\akiduré24xAidiheziU\elie :2\U
table compiles attributes for each variable.

The data for the Tacoma Narrows station previoushcquired in 2018 was formatted to
match the more recent data format and integrated witlthe data acquired in 2024.

Stations outside the study area for this kelp resilience pr@ct were removed.These
removals included stations in Hood Canal, Gray’s Hdoor and Willapa Bay.

"ToX62eU 27 éle:X\U: UUX:a@+061lie éUTiieblunplerje\ddmieKtibaf: 2\:+ Ti
assigning NA (not availablefor the measured data value. Thisconsolidated the following
cases:

X the measurementdata value was already M (in whichcase the valuewas retained).

7 https://ecology.wa.gov/Research-Data/Monitoring-assessment/Puget-Sound-and-marine-
monitoring/Water-column-data
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X the measurementdata value was the missing datasalue (99999.99)

x the value of theQA variableassociated with the measured variable was either 1
(fail) or 0 (no QA value availablepata available for analysighen only includes
cases where the QA variable is 2 (pass).

variable_attributes ] measurements profiles station
var_name Variable 1 —F profile_index ——F{ station_index
units Variable 2 station_index J station
description . FieldDate lat
Variable 14 row_size lon
14 rows ) =
3 columns Variable 1 QA
i 9350 rows 76 rows
Variable 2 QA 4 columns 4 columns
Variable 14 QA
obs_index N
UTCDatetime
depth

-

1,218.649 rows
31 columns

Figure2-1. An entityrelationship diagram of thedata tables assembled from the vectorsas extracted from the Ecology

11X 26R+ied6XB1:2 e:X 2 R2dFoeurtaldéd arelshowdvih column names in alist. The table connectors

show therelated keys in the tables and the ong¢o-many relationships. Thisversion of this dataset downloaded in June

2024includes 161\jX6162e\R: BVYR}IX iee+0\RBieR Ve W] ad YR Rie)B XdXZRIRUXe M-\ R e X \\B\[R)\
The contents of the variable_attributes table aretsown in Table2-1.

To make the measurements table more convenient fdater analysis, the station
information was joinedonto itBU> X\eUe 6U\eie :2\Uelae+6U-I\US$: 267Ue:Ue ¢
station_indexas the shared key. Then the result of this join wgeined onto the

measurements table usingobs_indexand U X : £ + 6 UaRKeys.

2.1.3 Overview of the Data

The data include 14 measured variableg¢Table2-1) and 14 matching QA variables that take
values0 (no QA value available), 1 (fail) or 2 (pass).

“dUx}6U2jeX 62eU}iX Iasilicatelairhanium,mitdite hitrate) are based on
laboratory analysis of discrete water samples colleted typically at several depths. The
other variables are based on variousm-situ sensor measuements made through the water
column at 0.5meter depth increments (CTD casts)
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Table2-1. Themeasured variables contained in the Ecology marine water matoring dataset as compiled from 1999
WUWXR28e ">R++0\Re e BR}IX lae+6R21106xIiRRR ARIZIBN\R »Xee R2R\E0& pehffetd \ &
variable has a companion QA variable (not showithat can take one of the values 0 (no QA value), 1 (fail)dh@ (pass).

Variablename Units Description
1 PO4 micromoles £  Discrete phosphate
2 SiOH4 micromoles *  Discrete silicate
3 NH4 micromoles 1 Discrete ammonium
4 NO2 micromoles *  Discrete nitrite
5 NO3 micromole 1 Discrete nitrate
6 Xmiss_25cm % In situ seawater ligltansmission usinga25-cm path length
7 BatC 1m? In situ beam attenuation in seawater
8 FluorAdjusted mg n?® In situ chlorophyll fluorescence in seawater
9 Turb NTU In situ seawater turbidity
10 DOAdjusted  mg L g:;n:scoern;rr?f';l.on of in situ dissolved oxygen in seawatjusted for
11 Salinity PSU in situ seawater salinity
12 Density kg m? in situ seawater density in sigin&ag/m”3
13 Cond Smt in situ seawater conductivity
14 Temp degree_C in situ seawater temperature

There are 55 stations in the dataset used for thtudy (Figure2-2). These include the76
stations in the Ecology dataset acquired in June 2 plus the addition of NRROOdata
acquired in 2018 and the removal of 2 stations that were outside the study area for this
project.

Data availabilityvaried by stationand by variable.Figure2-3 illustrates for temperature how
some stations have relativelyunbroken monthly datain the 19992023 period while other
stations have only been sampled on a rotational basis for gear at a time Other stations
have only been sampledn onediscrete interval, typically a year
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Figure2-2. Theb5 Ecology marine water monitoringstations used in this study. This includestations contained in the
data downloadedfrom Ecology in June 2024 e Ree«:R1:1 +¢&eda\frodn statbn NRROO1 in the Tacoma Narrows
was added froman earlier downloadin 2018and (2)stations outside the study area were removed, inclding stations in

Hood Canal, Gray’s Harbor and Willapa Bay
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Figure2-3. Temperaturedata availability for the55 Ecology marine water monitoring stations assembd for

this study. Note that the data for station NRROO1 (19891991) precede the other data acquired from

Ecology in 2024 that start in 1999The general pattern 2Re \RX 520 \R1ieiRi}i +iae + e...R :XRBRe 6R:e 0]
variables except that data from station NRROO1 are only avatble for temperature, density, salinity,

dissolved oxygen and transmissionAlso, turbidity measurementswere not introduced until2009.

This pattern of data availability for temperatured also representative of the other variables
except that this assembled dataset only contains a gbset of variables for station NRROO1
(temperature, salinity, density, dissolved oxygen iad transmission). Aso, data for turbidity
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is only available starting in 2009. A similar datavailability graph is available for all the
variables on the public web apg created for this project to browse the Ecology dataset
“OU\NILU+ 2 UO :XeU \U«0++UT \eX xjebigure2-%):j Ue 6U\eji..UIXoIU

Figure2-4. The amount oftemperature data by stationas measured bythe number of sample, or data
collection, days.

8 https://experience.arcgis.com/experience/94aa6029563496fhd6327¢829d18d8a
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Data availability also varies across water depth.His is apparent when we visualize

individual 1:2e +...UUTOREWHOYRWDWUUX:++0\U:2U 80«2 ¥ 1) atiieedd\ & U
@f\6\Ues e Ulj+e U+6UUX:++06\UieUIiWWikileeheeherdlrhonitdrimn@ U1:2e R U
design calls for U X : ++ 8 U1l e | U énonthiy,dteere 2té 45 casesin the datasetof multiple
UX:++06\U :XUiU\lele :2U 2UiU }62U1l:2e avoR@+JURUU 228008 02e: R
These cases represent less than 1% of th&tation-months, and here we handle these
ei\é6\Ue..UXIi27:1+..U\06+0ée 2 U:26UUX:++6Ue:UXBUX06\62eUe O0U

The X0\ + el 2 e Udledrdyitudtrate the contrasting data availability by depth for the CTD
variables compared to the nutrient variables from disrete water samples Figure2-5). The
depthof UX:++06\U}IX 6\UIeé Xand toh a bevenZtation there is some varialify in
the depth reached by eachmonthly U X : +Al<€b, there is some variability in the depth
sampled for nutrients. Figure2-6 shows the data distribution by depth when all stations are
pooled.
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Figure2-5. Examples ofdata distribution by depth for Left:CTD variables temperature shown); Right: nutrient variables from discrete water samplegnitrate shown).
This data is fronthe Dana Passagestation (DNAQO1).



Figure2-6. Distribution of Ecology marine water monitoringlata by water depthwhen all stations are pooled. Top: typical
distribution for CTD variables. Distribution for tmperature datais shown. Bottom: typical distribution for discreé water
sample variables. Distributionof nitrate data is shown.

2.1.4 Station Comparisons

When making station comparisons, it is useful tdhave an understanding of the data
precision. The Ecology dataset contains relatively high precish data of instantaneous
conditions at a point, given the use ohigh-quality instrumentation and the well-
documented sample handling procedures(Pool et al., 2025).

But as ameasure of mean monthly conditions, the data arelow precision estimates as
compared, for example,to any monthly statistics derived fromcontinuously recording
instrument data. In the context of this project,the unique strength of the Ecology dataset is
not its precision but the multi-year data record. This provides temporal contexffor the data
collected as part of the kelp resilience project.

In this section weignore the temporal sequence of the annual measuremats but instead
focuson\ele :2U7 "6X062e06\U 2U¢e02e XiseUretn2iipl2 @nnuali 27U « 6 U
measurementsto assess variability The observedvariability X 626 & e\ theereal
variability of in-situ conditions across years as well asampling errorassociated with
sampling the month at one point in time
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To simplifystation comparisons, we reduce 6 | & U U Xo#asidgle value.ai2...UUX:++

reach 100m depth orgreater, but we are more interested in the top: Ue 6UUX:++06U
2:1e 2 U'6+UUOrg agidédch when comparing stations is to compargust the
surface measurements (0.5m depth) X:1Ue 6 U URYr. exadpleFigure2-7 compares
the seasonal pattern of surface temperature at two ontrasting stations with some of the
warmest and coolest summer surface temperatureswithin the dataset. The precision of
the monthly measurements, asrepresented by thedispersion ina station’s annual curves,
ismore e [2U\j & &arly distihguish thesestations in terms of spring, summer and
fall surface temperatures. Winter surface temperatures are indistinguishable.

Figure2-7. Theseasonal pattern of surface water temperature (0.5m depthpverall annual cycles at two strongly

contrasting stations with OAK004 reaching much highesummer temperatures than ADM002The TieiB :XRBe 6RB\UGE +01R

stations are shown in black oveia background ofall seasonal cyclesof surface temperaturein the assembled Ecology
dataset (all 55 stationsand all years where surface data is available, shown in gray

Alternatively, we € [ 2 U X 61

jedUe 06U tdXingle ddllibebiyldalculating the mean of all
UX:++06U16i\jXd6162e\
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2-8 shows the results of this approach for mean wateramperature in the 0 to 5m depth
band at two nearby stations. There is more overlap betvan the seasonal curves at the two
sites, but the two stations are still distinguishalte in July and August temperatures. For
summer temperature at least, the monthly sampling is\j~ & 0 2 défezt &tation

i T0 X 06 2kedWékn these nearby stationsn the dataset

Figure2-8. The seasonal pattern othe averageof water temperature measurements in the 0.5 tobm depth range
Multiple annual cycles are displayed in black for tw proximal stations ADM001 and ADMO00ZThe gray data in the
background show all seasonal cycles in the assembled Ecology dataggall 55 stations, all years).

JX:x+0UX6Tjée :2Uj\ 2 Ue 6U1612U:}6XUe 6UD&DUE+ETDIUNOUEe Uee
X6UXd\62e 2 UlU1ljé U X6ledXU2jlaedXU: WU \b+B\0 2&6Ui+1:\eU
measurements » € 2Ue 6Ue \U&i27aUe +06U1i2..UUX:++6\U7:U2:eU i}6
measurement (Figure2-6). This isevident in the contrasting density of background di in

Figure2-7 and Figure2-8.
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It is useful to see the dispersion and the seasongbattern of station data Eigure2-7, Figure
2-8) but if we reduce the data further we can make mordirect station comparisons using
summary statistics.

Here we group months into four 31:2e U \6i\:2\ aU\el X eFéb-Mar anddoipire
season statistics across the stations. We also expad the depth band of interest to 0- 10m
depth. When using statistics for summarization, we need tgay attention to sample size
especially sincewe know there are large station discrepancies in sanip size (e.g.Figure
2-3 and Figure2-4, pp. 58-59). If we look atsample size (the number of sample datesvithin
each season at each station for temperature data, i.e. 4seasons* 55 stations =420
instances of sample size, there is a cleaseparation betweenstation-seasonswith more
than 25sample dates and those with20 or less sample dates Figure2-9).

Figure2-9. Distribution of station seasons(55 stations x 4 seasonspy the number of sample dates withirthe season
Thisindicates the distribution of sample sizes for seasonal statistis where the samplecan include data from each month
of the season and from all the years available fa given station

Six variables were selected for closer examination. Ashown below, the data for these
variables have varying levels of skew, but all hawtrong central tendencies. Based on this,
a minimum sample size of 8 was subjectively selectefbr station comparisons by season.
Imposing this sample size requirement remove25small-sample stations so that out of the
55 stations (Figure2-2, p.57), 30 stations remain forcomparisons.

For each of the six selected variables, we plot the ntgan temperature and total
temperature range for each station and season, aoflows:

Temperature (Figure2-10, p.68)

Salinity figure2-11, p.69)

Nitrate (Figure2-12, p.70)

Lighttransmission over 25 cm (Figure2-13, p.71)
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Beam attenuation Figure2-14, p.72)
Turbidity Eigure2-15, p.73)

2.1.4.1 Temperature

The temperature median and range across all sitesearly X626eéeU+iX1U\jl116X\aUe::+U
winters with spring and fall being intermediateFigure2-10).

In all four seasons, the station median temperaturdgends to be higher with distance from
the ocean. This pattern is very subtle ininter (JarFeb-Mar)where median temperatures
across all stationsare similar withreduced variability. This pattern is most pronounced in
the summer (JulAug-Sep) wherethere is a nearmonotonic pattern of increasing median

temperature with distance from ocean.

The temperature data areapproximately normal with little skew Figure2-10).

® 6X0Ue 0U167 i2U+ 26U \U:"\6eU X:1Ue 06U edthe 6c¢wrendee 6 U X2 6:
of relatively rareanomalies with large departures from the central tendency There area

few instances of cold anomaliesin the autumn (OctNov-Dec) in the SaratogaWhidbey

area (stations SKG003, SAR003, PSS019here are many more cases of warm anomalies,

particularly in the spring (ApfMay-Jun) and summer (JuAug-Sep).

2.1.4.2 Salinity

Autumn tends to have the highestmedian salinities across stations, closely followed by
summer with winter and spring tending toward low shnity (Figure2-11).

There area small number of stations with anomalously low meé@an salinities across
seasons. These stations are presumablynore strongly subject to freshwater inputs:
SKGO003, SAR003, PSS019, TOT001, OAKO004.

In each season, there are many stations that haveslatively rare low salinity observations
with strong departures from the median. In these cses, the median indicatoris far to the
upper part of the range.

Overall, the distribution of salinity data skewedéft. The bulk of the distribution was above
the meanwith an extended tail below the mean.

2.1.4.3 Nitrate
Across all stations, the highest median nitrate conentrations were in the winter, closely

followed by autumn with spring and summer having early lower concentrations (Figure
2-12).

In winter, median nitrate concentrations tend to behigher with distance from the ocean. In
all other seasons, there tends to be a lower concenéttion with distance from ocean.
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There are cases of stations with relatively rare ¥ concentration events (median close to
top of range) as well as high concentration eventsriedian closer to bottom of range).

12U 626Xi+aUe 6X6U \U U}iX Tee + e...UJeNe\\We.. ®UX\ThixoodX U2 2
median across stations.

2.1.4.4 Light transmission
There is a weak tendency for greater median ligkransmission in the spring(Figure2-13).

There are clearly lower median transmission levels the far southern inlets, the Saratoga
Whidbey area, and at Commencement Bayn contrast, transmission is relatively high in
the Strait of Juan de Fuca.

There is a persistent pattern across stations andes;asons of relatively rare low light
transmission events(median value closer to top of range).

Overall the transmission data is lefiskewed with the bulk of the distribution above the
mean but with a long tail at lower levels of transnsision.

2.1.4.5 Beam attenuation

There is a tendency for lower beam attenuation in thautumnand somewhat less so in
winter (Figure2-14). Spring and summer tend to have greater levels oftahuation.

Attenuation tends higher in the southern inlets andigher in the Strait of Juan de Fuca.

Foralmost all stations and seasons, there are relativly rare high attenuation eventawith
strong departures from the median (median much closeto bottom of range).

Overall, the attenuation data have a strong central tendencyvith less dispersion thana
normal distribution.

2.1.4.6 Turbidity
The turbiditydata do not exhibita strong pattern across seasonsKigure2-15).

In most cases, stations haverelatively rare events of high turbidity, includingases of large
departures from the median (median close to bottonof range).

Both SK®03 and OAKO04 have anomalously high median turbidityalues in all seasons

Overall, the distribution of turbidity data is righ skewed but the departure from a normal
distribution is not large.
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Figure2-10. Comparison of temperature datawithin the Ecology datasetacross stations and seasonsThebar charts (left) show stations ordered by distance from
ocean, with each bar indicatingthe range observed in mean temperaturé the 0-10m depth bandfor each of the3-month seasons. The horizontal black lines indicate
the median temperature. The bars are colored by thmedian temperature.The histogram (upper right) indicates the distribitin of residuals of monthly valus about the
season mean for each station and season with a norat curve shown for reference. The residuals were cwerted to zvalues to normalize all to the same scale. The red
lines on the bar charts and on the map separate thstations into four set of stations grouped by distance from oceanThese stations (n=30) have a minimum of 8

sample dates for each seasorin the bar charts.



Figure2-11. Comparison of salinity data within the Ecologyataset across stations and seasons. The bar chari@eft) show stations ordered by distance from ocean
with each bar indicating the range observed in measalinity in the 610m depth band for each of the8-month seasons. The horizontal black lines indicat¢he median
salinity. The bars are colored by the median salityi. The histogram (upper right) indicates the distiution of residuals ofmonthly values about the season mean for each
station and season with a normal curve shown for ference. The residuals were converted to-zalues to normalize all to the same scale. The rdihes on the bar charts
and on the map separate the stations into four setof stations grouped by distance from ocean. Thesetations (n=30) have a minimum of 8 sample dates faach

seasonin the bar charts



Figure2-12. Comparison of nitrateconcentration data within the Ecology dataset across stations andeasons. The bar charts (left) show stations orded by distance from
ocean, with each bar indicating the range observeth mean nitrate concentration in the 610m depth band for each of the 3nonth seasons. The horizontal black lines
indicate the medianconcentration. The bars are colored by the mediaooncentration. The histogram (upper right) indicates the distriltion of residuals of monthly values
about the seasan mean for each station and season with a normal eue shown for reference. The residuals were convextl to zvalues to normalize all to the same scale. The
red lines on the bar charts and on the map separatthe stations into four ses of stations grouped by distance from ocean. Thesetations (n=30) have a minimum of 8 sample
dates for each seasonin the bar charts



Figure2-13. Comparison of light transmission data within théecology dataset across stations and seasons. Theabcharts (left) show stations ordered by distancérom
ocean, with each bar indicating the range observeith mean transmission in the 610m depth band fa each of the 3month seasons. The horizontal black lines indicate
the median transmission. The bars are colored by thmedian transmission. The histogram (upper righipdicates the distribution of residuals of monthlyalues about
the season mean for each station and season with @ormal curve shown for reference. The residuals werconverted to zvalues to normalize all to the same scale. The
red lines on the bar charts and on the map separatthe stations into four ses of stations grouped by distance from ocean. Thesetations (n=30) have a minimum of 8

sample dates for each seasorin the bar charts



Figure2-14. Comparison of beam attenuation data within the Ecalgy dataset across stations and seasons. The bar ahts (left) show stations ordered by distance from
ocean, with each bar indicating the range observeih beam attenuationin the 0-10m depth band for each of the 3nonth seasons. The horizontal black lines indicatéhe
median attenuation. The bars are colored by the mediaattenuation. The histogram (upper right) indicates the distriliion of residuals of monthly values about the
season mean for each station and season with a norat curve shown for reference. The residuals were cwerted to zvalues to normalize all to the same scale. The red
lines on the bar charts and on the map separate thstations into four ses of stations grouped by distance from ocean. Thesetations (n=30) have a minimum of 8

sample dates for each seasorin the bar charts



Figure2-15. Comparison ofturbidity data within the Ecology dataset across stations andeasons. The bar charts (left) show stations orded by distance from ocen,
with each bar indicating the range observed iturbidity in the 0-10m depth band for each of the 3nonth seasons. The horizontal black lines indicat¢he median
turbidity. The bars are colored by the mediaturbidity. The histogram (upper right) indicates the distrilfion of residuals of monthly values about the seasn mean for
each station and season with a normal curve showrof reference. The residuals were converted to-zalues to normalize all to the same scale. The rethes on the bar
charts and on the map separate the stations into far sets of stations grouped by distance from ocean. Theseations (n=30) have a minimum of 8 sample dates f@ach

seasonin the bar charts



2.1.5 Trends

In this section, we focus onstation trends over timefor individual months. As discussed
earlier (p54), a second data acquisition from the Ecology web sitevas conducted to
extend the data record for trend analysis through 224.

To address the very wide variation in sample sizewe 1 U :\61U | Lbh the daXa for each
station and month: a minimum of 8 years of datafor the month R U “  \ Uredtees tke
number of stations available for analysidrom 55 (Figure2-2, p.57) to 26 Figure2-16).

Figure2-16. Map of the 26 Ecology marine water monitoring staths that were used for Spearman
correlation analysisfor trend. These\ele :2\RUI\\6TRe 6R++ed6XRIUU+sédRigur@220RZZR\eie :2\R
p.57) that removed stations with less than 8monthly values or with data that spanned less tha® years.
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To focus the analysis, six variables were selected farend analysis out of the 14 variables
in the dataset: & +:X:U ...++ U 2j:édpeératare calliity, nitrate, light transmission
over a 25cm path,and turbidity.

“:Ul\\6\\Ue 6UUX06\02e0U: UeX062iU0Ub}I+jiebele20B:00EXA22WX2 2L
\eie \e éi+U\ 2 +eéi2806Uj\ 2 Ue dUe:XXRead\8lejR68 URG LP\Ge 03LBY !
<UbiX1li2Uaxeo6eij\oU: U-iedbaesdmpt eely-oneassuinptions of namality or

linearity. Since we conducted a large number of corfations (6 variables x 26 stations x 12

months), the Type | error rate was controlled witthe R function p.adjustusing the Holm

method.

We have not conducted a power analysis, but it is @sible that the power of this trend

detection is limited due to the use of a single obsevation to represent a monthand due to

the large number of tests used that necessitatel T1$j\e 162e\Ue:Ued\eU\ 2 +ei2¢6RUi;
other hand, the data record is substantial (1992025), which should bolster the power to

detect trend.

We focuson\ 2 +eéi2eUeé: X Atdhei®@05 2ahd 0.01 levels, rather than focusingrothe

\eX62 e U: Ue 6Ue:XX06+le :2\UU RORUe 06 U+e}:0)SvatiableB Wigh: 6~ & 62e
the 6\leU:eeéjXX62e06U: U\ \eretimperbter @ndlilight transmission

(Figure2-17).

Of the 26stations tested, four had increasing temperature trad in October. Three stations
had increasing trends in AugustThere were two other\ 2 + &2 e U-eoxé diNMay and
one in November. In addition, of the non\ 2 *éi2eUéi\6\a Urroré Basitivedtdéids
than negative trends, by a large margin. For examgleach of the 26 stations without
exception had more positive trends than negative tmeds within the months withnon-

\ 2 xeél2eUand2pyBdis that thescope of positive trends is greater than that

\j 6\ediUe&...Ue 60U\ 2detacictiowutretietastind presented hereOther
fUUX:ié 6\Ue:U\ 2 +eéi2eé ddd déismdao Oaptyre this but these are not
pursued here.

Light transmission has the greatesnumber of : € &jXX62e6\U: U\ 2 xeéi2eUeX0627\UIz
are all positivetrends, indicating increasing water clarity over tine (Figure2-17). These
occurrences are spreadbroadly over many sites and many months.

Aside from temperature and light transmission, theother variables have a small number of
;@@ jXX062e06\U: U\ 2 Higre2®X0627\U
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Figure2-17. Summary of theEcology marine water monitoring station trend rests from the Spearman correlations of
monthly mean (010m depth) water temperature with timeResults are only presented for six selected variabs: adjusted
@ +:X:U ...++R2j:X0\ed2e06@R2 eXiedReUDXA e pXd ayRdidh irhngmissioseolerd 25cm path
(Xmiss_25cm). “ 6\0RBX6\j+e\RBUX0\6 2 e Randisiyh olthe Bp@agrdan correlations, not the coetation values
themselves.

The Spearman correlatios give usresults with monthly granularity (Figure2-17), but these

results mask yearto-yearpatterns. Given this kelp resilience project will have detaild data

on\Udeé +eU\ ed\Ul:\e+..Ue:2+2067Ue:U:26U ... '06d XhaiegenQ SyaU eU \U
does yearto-...0 I XU}IX (e @ BESYDed)JiUUIXe ej+iXU\leie :2Ui27Ue:U- le
e \U}iIX e :2UX0620¢ e Utds @soadlvaridto.ask Xy does 2024 eUe ¢ 2Ue 6
data record?

U
U

We explore this further qualitativelywith just the temperature variable.And given the
@:2¢02eXlie :2U: Wtatich tread®ia October, 6 U+ ++U+X\eU :ej\U:2Uiée:a@d X
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The time series ofOctober temperatures for the 26 stationsclearly shows a pattern of

increasing temperatures over the data recordRigure2-18). This ismost easily seen in the

Xi2 6U: UedlUobXiejXxo6\UieX:\\Ue 6U\ele :2\UIR0TJ & UkeX 0elL.j.80 IX U i
greater range in the last yeareaching higher temperatures(2024). Thisvisual comparison

holdsfore 6U+X\eUi2iU+i\eUe X606U..6iX\aU:XU0b6}0620& iXbEXeeU i+ L
the second half.

Not all stations appear to havethe same pattern of increasing temperature trendFigure
2-18). Thegreater range in October temperatures seen in 2@Ras compared to 1999is due
to some stations that reach much higher temperaturesbut there are many stations at the
cooler end of the range withtemperatures at 1999 levels.This emphasizes that there are
strong station-to-\eie :2U1T ~ 6 ¥hatsadid presumably becaptured in the single-year
data (2024) collected by the kelp resilience project.

Another patternseen in the October time series i®ccurrence of annual transitions that
exhibit coherent, or shared, response across stationgrom one year to the next. For
example, between 1999 and 20000ctober temperatures increased for almost all staibns.
Between 2006 and 2007, all stationfiad a decrease in October temperaturesThere are
severalyears, or even a sequence of years, whesgations, or sometimes a subset of
stations, display similar patterns of change.

Figure2-18. Time series ofOctober temperatures over the Ecology marine water monitoring datasefor the 26 stations
subject to trend analysis using Spearman correlatio with time (see Figure2-16). Temperature values are the mean
temperature within the 010m depth layer.

2. Summary of o Environmental Datasets 77



But there is also substantial variation that doesrt follow a larger pattern and appears as
noise inFigure2-18. Some of this could be due to the fact thavariation in the time series
X6206ee\U e : e-thstatien variability and yearto-year variability.

To better isolate yeaito-year variability,the October temperature valueswere converted to
z-scores (Figure2-19). These zscores represent departures from the station mean October
value over the data recordvith the magnitude of the departure scaled by thetstion

standard deviation. This view of the dataX 6 }0 i+\UiU\e X:2 U ...ddaXpebodsévith) « e
predominantly negative temperature departures (20072012) andperiods of strong positive
departures that include a signalpresumably from the blob (2014-2018). We can conclude

that there is a strong correlation across stations-there are warm years and cool years and
station departures tend tovarytogether across years if not in complete unison

In terms ofthe Octobertemperature departures (Figure2-18), 2024 was an unremarkable
year with stations with both positive and negativelepartures. As a group, the station
departures were well within the mix seen across théata record.

Figure2-19. October temperature departuresin the Ecology marine water monitoring datasebr the 26 stations subject
to trend analysis using Spearman correlation withitne (see Figure2-16). Departures are presented as station scores
(relative to station mean over the data record ancefative to station variance)of mean temperaturevalues in the 010m
depth layer.

To expand the scopef e \Ui2i+..\ \Ua 6 ...:27U ipueOetabriri e tontext ef
the previous two monthsto capture the summer to early autumn transition(Figure2-20).
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August and Septembedisplay a similar pattern of yearswith predominantly negative
temperature departures (e.g.2007—-2012) and years with predominantly positive
departures (e.g. 2014-2018).But there appears to be greater variability in Augtiand
September. The interannual signal is stronger in Octoberi.e. the correlation across
stations appears stronger.

As in October, the August and September temperaturdepartures as a whole appear
unremarkable in 2024 with a mix of positive and negative departures aha range that is
well within the mix seen across the data record.

Figure2-20. August, September andOctober temperature departures in the Ecology maria water monitoring dataset for
the 26 stations subject to trend analysis using Sgman correlation with time (seeFigure2-16). Departures are presented
as station zscores (relative to station mean over the data read and relative to station variance) of mean tempeture
values in the 010m depth layer.

2. Summary of o Environmental Datasets 79



We further examined thestation temperature departures in the early seasonfrom winter
transitioning into spring Figure2-21). In these months,the stations are even more highly
correlated with stations departures appearing to change somewhat iunison.

The same interannual pattern seen in Augep-Oct is visiblein the early season but it i
weaker pattern e U\leX:2 U1 &0 @zaénple, the2007-2012 period of
predominantly negative temperature departuresn AugSep-Oct is punctuated by a strong
shift to positive departures in 2010n the early season Similarly, the2014-2018 period of
predominantly positive temperature departures in Ag-Sep-Oct is shortened in the early
season with a strong shift to more negative departes in 2017.

Figure2-21. February March and April temperature departures in the Ecology marine watemonitoring dataset for the 26
stations subject to trend analysis using Spearmanarrelation with time (see Figure 2 16). Departureare presented as
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station z-scores (relative to station mean over the data read and relative to station variance) of mean tempature
values in the 010m depth layer.

2:e 6XUT "0X062e06U\6062U 2Ue 00Bappeardid déimazeluniguein e U
station temperature departures.In March and April, the station departures are all gsitive
with one exception, but the magnitudes of these-score departures are moderate. In
February howeverall departures areagain positive,but the z-score departure magnitudes
are greater.When all stations are considered together, 2024 hathe most anomalously
warm February in the 25year record except for2015 when the signal from the blob was at
its peak. In absolute terms,the February temperature departuresare mostly between +0.5
and +1.0 degrees C, bua few stations have departures greater than 1 degree Eigure
2-22).

Figure2-22. February 2024 temperature departures from station mans for Felsuary derived fromthe 1999-2024
data record. The frequency distribution of departure values istown as a marginal histogram along the right side
of the graph.

2.2 Salish Sea Model Currents

Current speed has been shown to have a positive @ionship with both 2:ie 2 U'6+UU
photosynthesis rates (Wheeler, 1980) and survival (Bunting et al. 2025}urrent speed was
used in Chapter 1(p.9) as an environmental predictor variable, based on exaction of
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current data from the 2014 model solution of the Salish Sea ModéSSM) The 2014 model
solution® of the SSM(Khangaonkar et al. 2021js publicly available and isa unique

resource in that it has comprehensive spatial andegmporal coverage across the Salish Sea
for all 2014 at an hourly time step.

We had two purposes with the work reported in this sectionFirst, we waned to expand on
the characterization of current speed in Chapter based on the 2014 model solution.
There,each model grid cell was reduced to the maximum currenspeedon a daily basis for
the surface layer (eachmodel gridcell has 10 depth layers)We wanted toexpandthe
analysis tolook at the distribution of current speeds Also, in Chapter 1 he SSM grid of
daily maximum current speeds was spatially interpaited to a 10m grid. Thislownscaling
should be treated with caution as it does not use iy ancillary data to assist in the
downscaling (Atkinson 2013), and we ophstead to work here with data at the scale of the
model grid cells.

Our second purposehere was to conduct somebasic assessment of the reliability of the
model current data. We have heardskepticism expressedabout the reliability of the SSMn
the nearshore Tounderstand the nature of this skepticism, consider he following pants,
all based on personal communications with other neashore scientists:
x We have heard nearshore ecologists expresgeneralconcern that the spatial
resolution of the model grid is too coarse t@apture €j X X62eUUleedX2\UieUe 06U+
scales relevant tothe location and morphologyof nearshore vegetation beds
X Onestudy discontinued the use of nearshore temperaturelata from the 2014 SSM
solution after identifying inconsistencies betweenSSM outputand measured data.
X TheSSM project lead, Tarang Khangaonkar, is currentlyovking with his teamon a
second generation SSM. One of the stated goals to improvemodel reliability in the
200iX\ :X6Ue X:j Ue 0Uj\6U: UiUljé Ux26XU X 1Wi21Ue X:j Ue
treatment of hydrodynamics in the model.This implicitly acknowledges that the
X6+ lee + e...U: Ue 6UxX\eU 0206 Xhas lidithtioasd 2Ue 6U2061X\ : X6

To address these concerns, wevisualize the <caU1:76+U X fUleU\UGe +eU\ ed\UI27L
present an intercomparison with current data originating fromNOAA .We proceed to

compare the distributions of current speeds from theSSM 2014 solution across the 15

UX:$0eéeU\ edl\aUeéj+1 2ie 2 U 2UIU\ Iobsed bhécurkeht tegihee :2U: U\ e o)\

2.2.1 The2014 Model Solution

The Salish Sea Modd|SSM)is a 3D hydrodynamianodel linked with a water quality model.
“OUQOPSU\:+je :2U X:1Ue 6UccalU \UT \eX eejewid a2itle 606U, e +el

9 The 2014 model solution of the Salish Sea Modelisad 6Ui}i +iee+6Ua..Ue 6U,ié +eéUb:Xe «d\eUbic
Laboratory athttps://www.pnnl.gov/projects/salish- sea-model/data-portal.
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Laboratory’. The Department of Ecology has been closely involved imodel development!®
and Univesity of Washingtonnow hosts the Salish Sea Modeling Centé.

The 2014 model solution was downloadedn May 2025 for this studyit is distributed as a

\0X 6\U: URUTUITI +.:X06ée"BUI++B) UQOPSRU(ié WhawlgdataU++06Ue:?
values for 16,012 grid cellsand 10 depths at each cell (i1é U26e ">U++ 06 llédatee | 2\U
objects that include one-dimensional vectors, and 2D and 3D data object¢Table2-2).

Table2-2. The variables contained inth26e ">R++06\R7 \eX ajediRiI\Re ORWUVYR«caR1:16+R\:+je :24

variables description data object dimension

Current speed in three data array$n m/s:
u isspeed in North(+)/South{) dimension

[16012, 10, 24]containing values

u, v, w v is speed in East(+)West] dimension for 16012 nodes, 10 depth levels
) . . . and 24 hours
w is speed inup(+)/down(-) dimension
Depth of substrate surface ateach node from
h . [16012]
smoothed bathymetry in meters.
zeta Water surface elevation in meters relative to NAVD88 [16012, 24]
temp Temperature in degrees C [16012, 10,24]
salinity Salinity in ppt. [16012, 10, 24]
time Seconds since 1/1/2014 00:00:00 [24]
. Vertical dimension of a grid cell layeas percentage
siglay of depth at each node. [10]
X,y Node coordinatesin meters in a UTM Zone 10N [16012]

projection.

The spatial grid for the 2014 model solution is distbuted asnodes, or points, that are the
centroids of the grid cells. The grid cells are described as triangular ishape, buthere for
the purposes of visualization, we have representedrid cells as Thiessen polygonsHigure
2-23) simply because this wasstraightforward to do within ArcGIS Pro. While the shape of
grid cellsdo not match thatdescribed for the SSMthe number and density of cells will be
the same, and, on average, grid cell area will béé same (Figure2-23).

Thehorizontal components of the current vector (u, v speedsyvere converted to a total
horizontal speed and an azimuth anglerepresenting the current direction Horizontal speed
was calculated as

DKNEVKOBRAA @C+ R

10 https://ecology.wa.gov/research-data/data-resources/models-spreadsheets/modeling-the-
environment/salish-sea-modeling
11 https://ssmc- uw.org/
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« lje Usi\Uei+ej+Ieidéntibgng the gUadrant of the velocity vectobased on the
sign of u and v. Thean interim azimuth, &, was calculated by forcing the velocity vector
2e:Ue 6UxX\eUWjiTXi2e®ddijuUi2TUIUU:\ e }oYy
= tan’® 'll_g G

and this was converted todegrees on a 8360 scalebased on a,and the quadrant.

Figure2-23. Spatial resolution of the2014 model solution generated by the Salish Sea Met Thedistributed
model solution includes the spatial grid as a&et of centroidpoints or nodes. Here, Thiessen polygons have been
generated so there is one polygon for each pointhile the actual grid cells used in the modeling are triangat.
Thenumber, density and mean areaf the cellsare the same within anysubarea.
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2.2.2 Data Intercomparison

NOAA'sCenter for Operational Oceanographic Products and Serses (CO-OPS)distributes
both current measurements and current predctions through its Tides & Currents web
site'2. The current measurement data is limitedo discrete 6 : X,dypically of 1-2 years
duration. No current measurement data was available for 2@Lwithin our study area

Wetherefore use NOAA current prediction data for amtercomparison with SSM current

speeds. The prediction data will vary from actual conditins e feUX0626éeaU &dalii e :2Ue

forcing, oceanographic and meteorological weather conditions. But the NOAA current
prediction data is awidely usedand well-known data source for many uses, including
within 261X\ : X6 U + 0 + 1 UieeNGAA cuRrent prediction data is therefore usefuds a
reference point for assessing the SSM current data.

2.2.2.1 NOAA Current Prediction Data

NOAAmakes available current predictions for a network ol28 stations within the study
area (Figure2-24). Current prediction data can be retrieved using th€O-OPS API for Data
Retrieval'®, Data about stations, including the numbering of deth bins and their depths,
can be retrieved using the CBOPSMetadata AP},

Our approach was to construct URLs and call the APIgom within R code. The data was
retrieved as data frames and the metadata was reved as xml objectsand then parsed
using the R packagexmi2.

Theinitial plan was to conduct intercomparisons at the nearest NOAA stations to each of
the 15 project sites This plan was abandoned when inspection of thdepths of the current
predictions showed poor coverage of the shallow depths that aref interest here Figure
2-25).

Based onthe availability of shallow current predictionsamong all 128NOAAstations
(Figure2-26),a e X6\ :+TU: URU1UT6Ue U-i\Uj\o1with:dhalleve duxent: XU\eie
predictions to use in the intercomparison.Out of the 128 stations, 19 include current

predictions at 3 m depth or shallower(Figure2-27).

12 https://tidesandcurrents.noaa.gov/
13 CO-OPS API for Data Retrivahttps://api.tidesandcurrents.noaa.gov/api/prod/
14 CO-OPS Metadata APlhttps://api.tidesandcurrents.noaa.gov/mdapi/prod/
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Figure2-24. Map of allNOAA tide and current prediction stations categorizd by whether predictions are
@\0TR:2R 1X1:2 e\R:XRBj\ 2 R:\de\R X:1Re OR Hed2& R\ele :2\R \ja:X

Figure2-25. Depthsat which NOAA current predictions are availablén shallow watersfor the 15 NOAA stations nearest
e:Re ORVZRUX:$0eeR\ gehbéaRstabdroBetaiiataapmlicable to all availabé datafor a station, rather than a
summarization of 2014 predictionswhich could have less availabilitythanthat depicted here.
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Figure2-26. Frequency of NOAA current prediction stations{y,, \ Be e RT "6X62eR}i+jdo\R: B1 2 1j2R16Ue RieRe
predictions are made. All 128 NOAA stations aredtuded. Based on this distribution, the 19 NOAA ations with current
predictions within the top 3 meters of the water colummwere selected for further analysis.

Figure2-27. The 19 NOAA current prediction stations selectefbr comparisons of NOAAurrent predictions
and Salish Sea Modeturrent output. Only these 19 stations out of the 128 NOAA statiortsave predictions
thatinclude \ i++:¢R |depths.
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2.2.2.2 Intercomparison of Current Speeds at 19 Stations

Thedata used for theintercomparison at the 19 stationsis presented inFigure2-28. At
each station, the current speeds for all hours of 2014 are summarizet a pair offrequency
histograms. One histogram is derived frorNOAA predicted currentsin the shallowest
depth bin v R 1 U 7 éadcthg bther histogram is derived fromSSM2014 surface layer
model solution currents for the SSM grid cell containing the NOAA station

A subjectivesummary of the agreement between the NOAA and SSMtd sources for the
19 stations is as follows:
8 stations:  good agreement(e.g.PUG1541)
7 stations:  reasonable agreement with SSM missingigh currents relative to NOAA
predictions (e.g. PUG130)
3 stations:  reasonable agreement with SSM havingnore high currents relative to
NOAApredictions (e.g. PUA615)
1 station: categorical disagreement(PUG1614).

We conclude fromthese intercomparisons that the SSM surface currenten the 2014
model solution have value forcoarse characterizations of current regimesin individual grid
cells. But there are discrepancies thaisuggest these results should be used with caution.

Thecase with categorical disagreement in the current peed distribution (NOAA station
PUGL614 and SSM cell 5921Figure2-28) has unique spatial characteristics that might
explain this disagreementand allow us to set this case aside. The NOAA pradion station
is atthe narrowest point of constriction, roughly 100 macross, that connectstwo larger
water bodies (Port Townsend and Oak Bayigure2-29). The SSM grid celtontains this
constriction but also areas ofmore open water which would be expected to have very

T "0X02eUejXXob 2 dthis tily bolda even when considering that the aaal model
grid cells are triangular in shapg

There are othercases where there are constricted channels but with much béer
agreement between the SSM and NOABased current distributions. For example at NOAA
station PUG1510 in Port Washington leading to Dyéslet, the channel is long enough that
the encompassing SSM grid cell is entirely in the cimael. The two current distributions
(NOAA PUG1510 and SSM 11624) arag@asonable agreement Figure2-28).

Let us consider the use othe SSM curren distributions for a simple categorization of
locations into predominantly low speed currents say with u X O £ U : cureenddistribution
below 0.5 m/s,and locations with a substantial portion of 2014 currentswith higher speeds
(>0.5 m/s). Under this categorization, the SSM and NOABased results would agreein 16
out of the 19stations tested, based on visual inspection ofFigure2-28. If we screen for
unusual shoreline spatial situations (i.e. PUG1614vith categorical disagreement), then the
SSM and NOAAased results would agree in 16 of 18 case84%agreement).
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Figure2-28. Intercomparison of distributions of 2014 current speds from the Salish Sea Model surface layer, and fronmé NOAA predicted currents in the shallowest
i6Ue Ree 2R |XMitRd BAUcEations with shallow NOAA current predictiongFigure2-27). Eachdistribution at aNOAA station (e.gstation PUG1507) is paired with
the current distribution from the SSM grid celtontaining the NOAA statior(e.g. grid cell 9389)



Figure2-29. The one location wherehe 2014 current speed distributionfrom SSM grid cell 5921 was in
categorical disagreement with the distribution fromNOAA current predictions at station PUG1614,
contained within the SSM grid cell.

The two cases where a simple low/high current categization would disagree when based
on NOAA vs SSM data are to the west of Squaxin IstafFigure2-30yRU®6U+27U2:e
obvious about the spatial characteristics of theselocations that would suggest they would
be problematic. There are stations to the east of @iaxin Island and in Hammersley Inlet
where SSM and NOAAased current categorizations would agee (Figure2-30).

Figure2-30. Locations of the two NOAA current prediction statins to the west of Squaxin IslanPUG1546

and PUGL543)where a simple categorization of locations into low/high currents(see p88) would 2 6 3T "6 X062el3
when based on SSM 2014 solution currents or NOAAggticted currents. The two stations to the east of

Squaxin Island, as well as the station in Hammerslelnletwould be categorized the same with SSM or NOAA

data.
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2.2.3 Site CurrentDistributions

We generated thecurrent speed frequency histogramsderived from the surface layer of
the SSM 2014 model solutionWe did thisfor grid cells containing the 15 project sites
(Figure2-31, Figure2-32). There is clear separation among sitedNorth Beach, Salmon
Beach and Fox Islanthave substantial occurrences of high current speeds thahave no
occurrences at the other sites.

Let us again consider the usef 0.5 m s as acurrent speedthreshold. The proportion of
the hours in the year with current speeds above thithreshold will be used as a metric for
fUe:IX\6U\ edUe HFgure238). TRe ideais that higher current speeds have better
nutrient delivery, whereas lower current speeds are subject to locatlepletion of nutrients.

We can use this threshold : XUITU\ 1U+6Ua& 2iX..Ui i+:eyUe+dsiteréie :2U e
i\ Bigh’ current ifless than 10% of all hours over the yedrave current speeds below this
threshold. All :e 6 XU\ e6\Ue IleUT:U2:eUl606eUe \UeX gEAXO20UX @GER 1\
“ \UX6\j+e\U 2UVU U\ eoTable2id) WU +:« U\ ed\Uli

The pattern ofcumulative time with current speeds above0.5 m s1 suggests a

[+edX2ie }oU e + bfsitesint thPee classes based orthe visible breaks Figure

2-33yRU“ \Ueé+i\\ xeie :2U }6\URU Uliedld U S W:-woXie @ \U& &\6\ L
(Table2-3).

Giventhel \eX aje :2\U: UejXX062eU\UBOI\U:}oXUI2U062i@ aUe:0iXaUuU1
\ edUe+i\\ xeéle :2Ue e UXO\UbBEeUe:UegjXX0:AkANNGaRIEXRVU:\\ &+
presented here [Table2-3) are simple options based only on hypothesized stress otkelp

associated with low current speeds.

A more sophisticated & + [\\ +éle :2 U haghi alédtonsider very high currents as

potentially stressful, possibly with an interaction with substrate type. The idea ére is that

T T0X062eU\ja helddst @hen unconsolidated,» ++U [}6UT "6X62eUeéX e éi+UejX
speeds wherethe substrate becomes mobile thereby introducing potential stress.
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Figure2-31. Frequency of current speeds over all hours in 2014s represented in Salish Sea Model output fanodel cells containing the 15 project sites The xaxes are
labelled in hundreds of hours so label range of 0 to 8 repsents 0 to 800 hoursThepanels are ordered by site name as follows: Burrowkighthouse, Pt. Caution, Cherry
Point, Devel's Head, Edmonds, Fox Island, Freshwater Bayincoln Park, Magnolia, Mukilteo, North Beach, &i Passage, Salmon Beach, Squaxin Island and WingiRt.



Figure2-32. Frequency of current speeds over all hours in 2014s represented in Salish Sea Model output for modeklls containing the 5 project sites. These are the
same histograms as inFigure2-31, except the x-axes are now scaled separately for each site to marize visibility of each histogram.



Figure2-33. Proportion of all 2014 hours with current speeds adive 0.5 m & at the 15 project sites. This is a summary of
the top depth layer of theSSM 2014 model solutiorfor the 15 grid cells containing the project sites

Table2-3. Coarses e6Re&+i\\ +téle :2Ra&..R&jXX02eR\UO06Ta R arelgivea based en Jiefpéopditlontaf | e
time over the year with current speeds above 0.5 migFigure2-33).

site site name % above 0.5 m <t < e.GU + 1\ télg :2\Ue&e ...U jX
code High/Low High/Moderate/Low
sqgx Squaxin Island 0.01% low low

mag Magnolia 0.2% low low

wng Wing Point 0.3% low low

lip Lincoln Park 1.7% low low

chp Cherry Point 2.0% low low

avl Devil's Head 3.4% low low

ric Rich Passage 4.0% low low

edm Edmonds 5.5% low low

muk Mukilteo 14% high moderate
frb Freshwater Bay 28% high moderate
bur Burrow’s Lighthouse 36% high moderate
cau Pt. Caution 38% high moderate
fox Fox Island 63% high high

sal Samon Beach 70% high high

nob North Beach 78% high high
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® +06U<06U [}oUIB1:2\eXiediUe 6Uj\6U: Ue dUX@&HJO P04 120 UU +
the project sites by current regime, we must retairsome caution in the use of such results.

To some extent the wholeyear frequency distributions are a highly aggregatl view of the

SSM data and likely to be less sensitive to limitains in model precision. But even so, when

j\ 2 Ue 06U\ 1U+06U& 2iX...Ue+i\\ téle :2aU-0U03&)2+edP U} 08:1U+0
e+i\\ £eéle :2U«i\Uai\6TU:2UIUT "0X02e U thedOAA L@t TielU\:jXe&bd
predictions. In 2 out of 18 cases (16%) there was digreement.

Notably, the two cases of disagreement were in theieinity of the Squaxin Island kelp bed
where the SSM currents speeds were markedly lowehan the NOAA predictions. Field
observations from the Squaxin Island kelp bed suggethis is generally a high current site,
in contrast to the characterization from the SSM 2014nodel solution. Caution may be
warranted in SSMbased characterization of the Squaxin Island sitén particular.
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ExecutiveSummary

This report was produced as part of a project desigrt to advance our understanding of
factors associated with patterns of bull kelp loss aml resilience within the Washington
State waters of the Salish Sea. The project involve®ordinated monitoring, research, and
synthesis of existing data conducted by a coalitiorf organizations led by the Washington
State Department of Natural Resources (DNR), the Urarsity of Washington, and the
University of Chicago.

This chapter was compiled by the Washington Statedpartment of Natural Resources
(DNR). DNR manages 2.6 million acres of state«26TUIWjie eéU+i27\U :XUe 6U&x0626+
current and future residents of Washington State. & part of this responsibility, DNR'’s
Nearshore Habitat Program (NHP) monitors populationef nearshore marine vegetation
2¢+j7 2 U2:fe 2 U'6+UU :X06\e\Ui+:2 U®I\ 2 e:2 \U\ : X6+ 206\B

This synthesis of existing data consists of this copendium of available information on bull

kelp canopies (Nereocystis luetkeana) in the studyr@a with some information on giant

kelp (Macrocystis pyrifera). Data includes canopydp distribution, abundance, and trends
@I\0TU:2U 2 :X1lie :2Ué:++6eediUa...U"bTUE2DBUW1ZIDe&2Z0%\ T eU26XU
indicator —an element of the Puget Sound Vital Signs coordinatieby the Puget Sound

Partnership. This canopy kelp synthesis report isgred with two additional components

that synthesize available information on benthic haliats (Chapter 1) and marine

environmental data (Chapter 2).
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3.1 Introduction

Floating kelp forests are a critical nearshore habitat in Wasington waters. Ingreater Puget

Sound(Puget Sound plus the San Juan Islands and the Ugrtion of the southern Strait of

Georgia) the primary canopy : X1 2 U2:ie 2 U\Uobdé 0 \NeraddpstjsHudikednd,) U U

while the outer coast and western Strait of Juan dEuca also includes giant kelp

(Macrocystis pyrifera). Floating kelp bedscreate three-dimensional habitat structure that

supports an abundance of marine life, including salmn, forago U+\ aU:XeéilaUi2iU:e 6 XU

species of cultural, economic, andecological \ 2 + &1 2%cbroeder QOPXaU«<« i"0XUodeUIl+I

2020). Rapidlygrowing kelp functions as a primary producer and nuignt cycler, creating a
cTUVIjXeoU :XU2j16X:j\U\Ube 6\U: U\ Hé2XUUDSXierdar Qe @\RIWR U

WA Department of Natural Resources (DNR) NearshoreaHitat Program and many

e:++la:Xie:X\Ueé:27jéeU1:2 e:X 2 U: U2:le 200\&+&dsv 2 Wd UGijX Ge
Ulode :T\aU 2 e +jiviAg bBetiglimagery, uncrewed aircraft systems (UAShagery,

and kayakbased surveys.In recent years,a diverse group of partnerdave synthesized

2:je 2 U'6+UU1L:2 e:X 2 Ud :Xe\UieX:\\Ux\éir\dite dittréoutiose 6 e e 6 X U |27

has changed over time in theWashington State Floating Kelp Indicator project, a

component of the Puget Sound Vital Signs prograr@erry et al. 2023.

Impetus for the Washington State Floating Kelp Indator came from multiple community,

eX ®6aUi2TUl 62e..U6 :XelaU 2e+ji 2 Ue 6U2P b2iWd p21:Q &% +.WL) +:12\
e 6U X6+UU,+i12 yRU* 6UX0+UU, +i2U«i\U&X0ikedditigdda®O QO Ue ... L
UiXe26X\Ui\UiUeé:++iee:Xie }6UB6 :XeUe:UUXB21AW XUD6BYXIXe: ¥U27L
coordinated action to improve understanding of keldorest population changes and

declines, while also working to implement and stregthen recovery and proéctive

161\jX6\KelRian website Calloway et al. 2020). The Kelp Plan was creaté
X6\U:2\6Ue:Ue 0Uf:e'+\ UFo0e:}06X...U, +i2U XU jioeldpatxkiziUe 6
2017) due to the recognition of the importance of Ke forests as critical habitat for juvenile

X:é'+\ Ul 21i-tésm Bcovery. The Kelp Plan has been a nexus of kaioration, and an

update was published in 2023 (Whitty and Oster 203230ne of the actions (3.3.4) within the

Kelp Plan was to “Collaborate with the Puget SounBartnership to expand the eelgrass

Vital Sign to incorporate kelp indicators (such as Kp canopy area and understory kelp

T \leX aje :2\yR U® 0U£X\eUI27 éie:XUe:Uelta U UxatleU \&Sia) Xaill &
Sign Indicator.

“OU®I\ 2 e:2UceiedU>+:1e 2 UXO0+UU o6TW BBOBU«wékalle QU AT &dies
eXiée'\ue 12 6\U 2U2:je 2 U'6+UU&ax067TUIX0Nerdanystiseand 6aU 2e+ji 2 Ua
Macrocystis canopies. Floating kelpbed area \U76+26TUi\Ue 6UIX6iIU: U'6+UU 27}
2:]e 2 UleUe dU\jX [1é06UI\U«d++Ui\Ue 6U\11++dd}0 Ml &\ aelbee D2 U 2
datasets described in this report also measurecanopy areaa U160 +2061UI\U:2+...Ue 6UIX0I
0+UU 27 } 1ji+\Ue ieU \U2:ie 2 UlieUe 0IR\jj% lie:aW: X0 & X e:@XIRUI'e
kelp status and trends. The following is a brief description of status andrends reporting

(including Table 3-1), for more indepth information, see the Indicator Monitoring Prgram
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Design and Data Assessment Protocols document (Berrgt al. 2023), the Indicator

Summary Report (Claar et al. 208), and the Indicatorinteractive webmap. Trendsare
X6U:Xed0iUieUe 6U+:eie :2U\ei+06aUs e DUe: éLeTii U .2.0UH10 & pl D 2
ranging from approximately 1 km to 80 kmof coastline. Trendsare assessed

Wji2e eie }6+..Uj\ 2 U+ 20iXUX0 X6\ UZdel +¥ Delbdpolp\bd Xell: IQée
data. Statusis assessed atthe subae i\ 2U+0}0+&lkel\e20 Vjid+26TUai\6TU:2U+IX |
scale geographic and oceanographic features. There amleven sub e i\ 2\U16+267Ue ieU
62&:1UiI\\Ue 6U6G2e Xbe..U: URI\ 2 e:2 \Ueé:i\edUR+DAIXDa02eB U}
Statusis an integrated assessment that includes not onlyhe trends at locations within the

sub-basin but also othersi...\U: U'2:¢ 2 U\jé UiI\UI27 062:j\U<& 062e *eUX2:++
science, and historical surveys.
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Figure3-1. Floating kelp status in subbasins (shaded polygons) and longerm trends at sampling locations (colored
points), including data through 203. Figure and caption from Claar et al. 202
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Table3-1aRX6...RT6+2 e :2\R X:1RBe 6R® RB>+: R 22BXD+ &ie OB« XLALIIRX«<.FOU :HeR +1IXRBOoeRi+:

«iX e + e...U 2U\elae + e..Ul21Ue 12 6U: U2dedoD@i@dlUGI2:U 06\U
instigated focused attention on environmental drives and anthropogenic stressors. The

goal of thischapter \Ue:UUX:7jédUiU\...2e 6\ \U: U2:le 2 U'62UUT \eX aje
Washington, and to describe how this information iselated to the WA Floating Kelp Bed

Area Vital Sign Indicator.
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3.2 Methods

>+:le 2 U'6+UUe&I2:U 6\U i}6Ux06062U\jX}6...01Uja 21\@&IW 2@+epio X WL U’
aerial imagery (sections3.2.1, 3.2.2, 3.2.5), kayak surveys (sectio®), UAS (drone) surveys

(section 3.2.4), boat surveys (sectiorB.2.7), satellite imagery (section3.2.6) and synthesis

of historical data such as charts and mapsgection 3.2.8). Although these methods

UX:7jéduUT 06X 2 UUX:Tjee\UuoR RaUTjol2eéfXIdX.00 B O1:+je 628U
many of these datasets can be compared to one ano#r in a meaningful way.

Consequently, four of these datasets have been useth the quantitative synthesis of

2:fe 2 Ut@nddfdr the Washington Floating Kelp Bed Area Vital Signdicator (i.e., WA

DNR COSTR/AQRES, Samish aerial data, MRC kayak datedl WADNR kayak data). The

other datasets included in this document are incorpeated into the status metric that is

synthesized at the subbasin scale, and some will likely be included in gantitative trend

calculations once more years of data have been collted. The following sections

represent brief summaries of each program/method, dr more in-depth information visit

the data sources and documentation listed insection 3.3.3.

3.2.1 Aerial imagery U £ ,, éning aircraft)
3.2.1.1 WA DNR COSTR/AQRES

Department of Natural Resources’ air phote

based monitoring of the open coastand Strait

of Juan de FucgDNR-COSTRand at three DNR

Aquatic Reserves DNR-AQRES)collected by

Ecoscan LLC. DNRCOSTR imagery has been

collected annually between 1989 and 208

(except 1993), totaling B years of kelp canopy

area and bed area measurements for the open

coast and Strait. DNRAQRES has been

collected annually between 2011 and 2038,

totaling 15 years of kelp canopy and bed area

measurements in three DNR Aquatic Reerves:

Smith and Minor Island, Cypress Island, and

Cherry Point. Imagery is collected in late

summer, which coincides with maximum

2:j]e 2 U'6+UUB,eb62eUbie U..6IXRU
Figure3-2. COSTR/AQRES survey extent.
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Table3-2. Description of DNR COSTR/AQRES dataseit (T +61X:1R>+:le 2 RX0+UR« ei+R< 2RI127T éle:XB i<“td
Dataset Description).

Spatial Extent: Open coast and the Strait of Juan de Fuca to Point Wilson, Port Townsend (JB$
DNR’s northern Aquatic Reserves (AR): Smith and Minisland AR, Cypress Island AR,
Cherry Point AR (AQRES). Note: Protection Island AR is included in the COSAtRsdt.

Metric(s) Canopy area with bed area and density determineddm beds delineated as polygons;
tabular data summarizing canopy area, bed area, rative density. In COSTR, estimates
are sub-divided into giant kelp and bull kelp. In AQRES, only bull kelp is present.

Assessment 102 units (map indices) that comprehensively cover the study area

Units

Survey years 1989-2025 (COSTR), 201-2025 (AQRES)

Frequency annual

Methods Near-vertical low-tide color- 2 XIX6TU 11 6X..U \Ueé:++6eediU X:1(
summary during late summer. Imagery is projected onto 1:1900 paper maps and kelp canopies

arehand 76+ 261ed6TRU 671UIX61U \Ubd\e liediUe..d)&@ido@ds Uei2:U...UT
of association.

The handdelineated paper canopy maps are scanned. Then tabular estimates of
canopy area and bed area are produced and summarigeat the scale of map indices
UlexXoeeé 6\U: U\ : X6+ 26UT6+261Ue& ..U 6:1: XU\yWbiejX
Access All survey data is maintained by the Nearshore Habitat Program, in the Wasbton
Department of Natural Resources ijearshore@dnr.wa.goy.

3.2.1.2 Kelp Aerial Monitoring (KAM): Highesolution aerial imagery

Department of Natural Resources’ air phote

based monitoring of ® 1\ 2 e:2U<ceiedUz2:ie 2 U
kelp and eelgrass, collected by NVB5eospatial.

Imagery has been collected annually between

2022 and 205. Imagery is collected during

summer (mid-July—September), which

@: 2¢& 76\Ue e Uli, 1j1U2:je 2 U'6+UUG,ed2eU
each year.

Figure3-3. KAM survey extent.
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Table3-3. Description of DNR KAM highX 6 \: +je : 2-Wing &érial imagery

Spatial Extent:

Nine areas of interest (AOIs) have been surveyed between 2022 and 2024: Oper&p
Strait of Juan de Fuca, Admiralty Inlet, North Puget Sound, San Jualatsls, Saratoga
Whidbey sub-basin, Tacoma Narrows, Squaxin Island, and AquatiReserves.

Imagery covers approximately 750,000 acres of neahnsre habitat each year.

Metric(s) [2:U..UIX8i1UW,]ji2einchh fagoltioh|4band imagery (red, green, blue, near
infrared)
Derived products including bed area are currently under development.

Assessment Comprehensive within study area

Units

Survey years 2022, 2023, 2024, 2025 (data in progress)

Frequency annual

Methods Aerial photo acquisition was performed by Geoterrain coordination with NV5 using

summary UltraCam large-format cameras (Falcon Prime and Falcon Mark 2). The acquisition
windows targeted sun angles between 25° and 45°, low tides (less than 1 ft MLLW),
ocean swellless than 1.5 m, calm sea states (surface winds less than 10 knots) and
cloud free or overcast conditions.
Images were collected with 80% alongrack overlap and 40% sidelap between frames,
from an altitude of 8,200 ft AGL.
Imagery was orthomosaicked and provided to WA DNRs&eoTIFF orthomosaics (full
resolution), MrSID orthomosaics (lossy compression), and as the jinal image frames
(TIFFs).

Access All survey data is maintained by the Nearshore Habitat Program, in the Wasbton

Department of Natural Resources ijearshore@dnr.wa.goy.
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3.2.1.3 Samish Aerial data

“OU«i1 \ Ul27 I2Ubie :2U10+ 26ied6iU2:ie 2 U'6+UURBRUWKIN2D Ui X I
Juan County in 2004/2006 in collaboration with WANR and the Friends of the San Juans

and in 2016 & 2019 using imagery collected by Pictorntry for San Juan County. Inddition,

e 6..Ue+iI\\ £+07U<'l eU :j2e..Ui27U\ : X6+ 206\@\22 QOPX U\RPIQU1 -
2022, 2023 and 2024(2025in progress at the time othis publication), Samish Indian

bie :2U161\jX067U2:ile 2 U'6+UU&x6TUbO,ed2eU Z2Wandidridl2UVji2U01\+]2]
imagery collected by Washington State DNR (KAM higesolution imagery).

Figure3-44R“:UR+06 ecR>X 62T\R: Re 0 RvMG Bviglinafety 2Rent §2004 & 2006). Top rigitamish Indian
Nation survey extent 2016 and 2019. Bottom left: DRIKelp Aerial Monitoring survey map, box shows Saman Islands
area (bottom right) colleced as part of this survey in 2022, 2022024 and 202%.
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Table3-4. Description of Samish Indian Nation dataset{:7 +67X:1R>+:le 2 BRX6+UR« el+R«

2B8121

Nation Aerial Dataset Description).

ele:XRB«i1 \

Spatial extent

San Juan County (SJC), Skagit County (SC).

Metric(s) Kelp bed area (GIS polygons)
Assessment Comprehensive delineation within the study area
Units

Survey years

2004/2006 (SJC only, Western portion in 2004 and garn portion in 2006), 2016 (SJC
only), 2019, 2022 (SJC only)

the Samish Indian Nation ¢ontact).

Frequency As funding is available.
Methods 01\U0X0UTO+ 20iediUe:Ub2e:1UI\N\UIXB6I\U- e28%jie220U
summary within the canopy and rocks) using orscreen digitizing of aerial photography. Detailed
methods areavailable from the Samish Indian Nation.
Aerial imagery sources:
- 2004-2006 aerial photography: lowtide, color- 2 XIX6TUX U,UX U26|ie }d\U
collected during joint DNR¥riends of the San Juans project. (Berry 2007).
These photographs were originally used for surface canopy delineation using
semi-ije:1led6TUe&+1\\ * éspectralband data.
- QOPUUI2TUQOPXUIBX 1+UU :e: XiU ...aU0U+0XédTVjae ;.2 e +: X
Pictometry for San Juan County during May/June 2016. Variable tide and
current levels.
- QOPXUU :e: XiU ..U X:1Uc Uesi\Ue&:++02e06YUWleUIUI "6X02eUe
photography
- 2022-2025low-tide, slack-current, 4-se 127U 11 6X..Ué:++6eéedig)t e UiU+,61
I XeXi eUieUU UX6\:+je :2RUILI 6X...UXU® BEHTWXOUUXeU: |
Aerial Monitoring imagery program.
Accessibility The 2006, 2016, and 2019 Samish aerial kelp survegigee generated and maintained by
Samish Indian Nation DNRand are usedas part of the Floating Kelp/ital Sign Indicator
with permissionRU ééo6\\Ue:UXieUTieiUu 2&+j7 2 U@ |« oW jd\yellkd 20 e 6 U1:
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3.2.2 Linearextent from 1984 imagery in Central Puget Sound

In 2024, WA DNR digitized and analyzed a
collection of aerial images of the Seattle
shoreline captured by Ron Thom in 1984. The
color-infrared images span approximately 4km
U\ : X6+ 20UI+:2 Ual 2:+ TU +j UI2TUURT
shoreline in West Seattle, includirg the
southern shoreline of Lincoln Park. Kelp
presence and abundance data was extracted
from the images and mapped onto the6.1 m
MLLW isobath to create a linear extent dataset.

C/
=
(-
C

Figure3-5. Footprint of historical aerial imagery of
Seattle shorelines from 1984.

Table3-5. Description of the1984 aerial imagerydataset.

Spatial Extent: Central Puget Sound: Magnolia and West Seattle

Parameters Floating kelp presence (linear data) and abundance classe3éble 3-6
Table 3-6).
Metric(s) Linear extent of kelp presence, comprehensive within study area
Survey years 1984
Frequency Once
Methods “OUPXWSU 11 6\U*d0X0U 6:X6 6X02e06TUj\ 2 U2e8esBXd
summary due to oblique image angles. Subject matter experts reviewed the imagdor kelp

presence and abundance. Review results were mappednto the -6.1 m MLLW isobath,
approximating methods used in Berry et al. 2021. Methods are described in detail in
McKenna et al. 2025.

Access All survey data is maintained by the Nearshore Habitat Program, in the Wasbton
Department of Natural Resources ijearshore@dnr.wa.goy.
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Table3-6. X6 +URUX06\62¢06Re...UORI2IR\jaee... Ud R ABADNeXe&eo R2RINe..2e® BRHHURIBEO\02806R 2RVA]Y
Incidental subtypes were grouped together for repaing results in this study.Table and caption from McKenna et al. 2025.

Type Description Subtype [ Description
<j- @ 62eUi62\ e...{dringingX 1 [UNayrow and linear, width consistently <20 m.
bed/forest | multi-plant canopy spanning [ Conspicuous due to large size, width
>10 m alongshore. wide consistently > 20 m.

A single individual at a distinct location, or
multiple individuals growing in a clump
attached to a single location. Located at least

single > 20 m from other bull kelp (generally much
farther away). These features were assigned
isolated individuals that do an alongshore length of 4 m durig data
incidental not form a multi-plan processing.
canopy Multiple spatially isolated individuals,

generally < 20 m apart. This category often
chosen through process of elimination; when

multiple individuals occur too close to be easily
1TUUBTUINU \ 2 +6 U..b6eUiXoU[2:eUe+:\0L
constitute a bed/forest.
absent no bull kelp present absent None.

3.2.3 Kayak data

3.2.3.1 MRC kayak

Volunteers with Marine Resources
Committees (MRCs) and Northwest Straits
11 \\ :2UUb®<« yUad 12U\jX}6... 2 U2:fe 2 U

kelp beds in 2015 and in subsequent years
have now surveyed beds in all seven counties
in northern Washington (Clallam, Island,
I eaulvoe 6X\:2aU«i20Vji2avuc«2: ;1\ au
Whatcom). The MRC site surveys range in
temporal coverage. Volunteers follow a kayak
based survey protocol to record the perimeter

U2:le 2 U'6+UU&I2:U 6\U+ e U i271 6+1U@ ,<U
units at select sites.

Figure3-6. MRC Kayak survesites.
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Table3-74R"6\eéX Ue :2R: Raf RXIi..i'Rilei\deR Mo+ HB R eX+RX>R:F€22 RKie:XRat RXIi...I'"R"lei\de
Description).

Spatial Extent: Seven northern counties in Puget Sound that are within the Northwest Straits Initiative
U +i++i1aun+i27aU<«i eauvo o6Xx\:2aufe2umjRaaU2: 1

Metric(s) Bed area based on delineated bed perimeters

Assessment Multi-year monitoring sites, most sites are at the approximate scale of Inkof

Units shoreline.

Survey years 2015-2025 total, many sites span a subset of years.

Frequency Annual

Methods Kayakbased delineation of bed perimeter with handheld GPS. Minimum thresholds fg
summary inclusion: canopy width>5 m. Maximum distance amongndividuals (fronds or bulbs)

for inclusion: 8 m between individuals Bishop 2014, updated 2023.

Volunteers collect data onadditional parameters such as water temperature and kelp
bed depth as well as visuabbservations and photo documentation following the
monitoring protocol developed by the Northwest Straits Commission (NWS) with
guidance from scientists. The data are collected by voluntegtayakers and members of
the Marine Resources Committees (MRCS).

Access All survey data are maintained by the Northwest Straits Commission andsible on
SoundlQ GPS data is available for download through Soun@lor directly contacting
the NWSC
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Figure3-7. Marine Resources Committees (MRCs) kayake [\6TR2:ie 2 R'6+UR1:2 e:X 2 B\ ed\B 2R\6}62R2:Xe ¢
in Puget Sound, WA. Blue triangles represent sitasirveyed in 2021 and orange circles represent siteso longer surveyed.
Figure and caption from Ledketter and Berry 202.
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3.2.3.2 WA DNR kayak

WA DNR scientists conduct annual monitoring

of 2:ie 2 U'6+UU&x061\UleUPRU&:X6U1:2 e:X 2 U

sites in South Puget Sound and Central Puget

Sound using kayaks and handheld GPS units.

Surveys assesded area, depth range, density,

morphometrics, and other parameters.

<jX}6..\Uaxd i2U 2UQOPRUIeU+}6U1:2 e:X 2 U\ ed\RU
Additional surveys have been conducted

opportunistically or as part of other projects at

eight other sites.

Figure3-8. WA DNR Kayak survey extent, including cc
and focus sites.

Table3-8. "6\éX Ue :2R: BR® R"bIRXIi..I"Riiei\oels 1:17 +0TI8
X:1R>+:le 2 RXO0+UR« el+R<« 2R127 ei@eRA®D RAX bR X2..81'R"ei\

Spatial Extent:

Sites within Central Puget Sound and South Puget Sound, as well as the teas Strait,
North Puget Sound, and the San Juan Islands.

Metric(s) bed (polygons), minimum/maximum depth
Assessment PRU\ ed\Ue e U \e:X ei+U:XUejXX0b2eUe:d iz dHa1+0KnT |
Units shoreline each.

Survey years

2013, 20172025 (South Puget Sound), 2012025 (Salmon Beach), 20262025 (Central
Puget Sound)

Frequency Annual (core sites) or intermittent (opportunistic/project sites)
Methods Kayakbased delineation of bed perimeter with handheld GPS. Minimum abundance fqg
summary inclusion: single bulb. Maximum distance among indiiduals for inclusion in a single
bed: 25m.
At a subset of sites, assessed:

- density, percent cover, and morphometrics at grid of points along regulbr
placed across-shore transects, and minimum and maximum depth along
regularly placed acrossshore transects.

Access All survey data is maintained by the Nearshore Habitat Program, in the Wasbton

Department of Natural Resources ifearshore@dnr.wa.goy.

Kelp monitoring results and spatial/tabular data ae available from:
https://www.dnrwa.gov/programs-and-services/aquatics/aguatic-science/kelp-

monitoring

Kelp Kayak Survey Databed perimeters 20132025 available at:
https://services.arcgis.com/4x4060NViizbGol3/arcgisrest/services/WADNR_Kelp_Kay
ak_Survey Data/FeatureServer/2
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Figure3-9.Map of the 20DNR 2:1e 2 R'6+UR1:2 e:X 2 R\ ed\&RiXI2 6RU:\ 2X\TRFoIeXéléR eR:"XIRB BT X

@:X0R2:le 2 BR'O+UR'T...I"'R1:2 e:X 2 R\ ed6\R 2QWMXG X X3d 24 B e RA ReLHVRY +00RIAR ' [ ... ['RTTelR+0X O R«
c@j\RB2:le 2 R'6+UR\ejT 6\sub2asiris chitir{idcinray and has a unique color;diniralty Inlet (ADM), Central

Puget Sound (CPS), Eastern Strait (EST), Hood Canal (HDC), North Coast (NC@)hNuget Sound (NPS), South Coast

(SCO), San Juan Islands (SJl), South Puget Sound (SP&atogaWhidbey Basins (SWH), and Western Strait (WST).

a:T +061R X:1R[61eedeedXRI2TR 6 XX...&@aRWUWY
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3.2.4 UAS

3.2.4.1 WA DNR UAS monitoring surveys

WA DNR scientists have conducted annual
\jX}6..\U: U2:ile 2 U'6+UU&01\UJ\ 2 Uj2eX06+61U
[ XeXi eU\...\ed1\UU~ «<U:XU 7X:26\ yUieU
approximately ten sites from 2020 to 203.
Additional ad hoc surveys have been conducted
at six other sites during this time as well.
Automated gridded surveys are executed to
collect high-resolution multispectral imagery,
with concurrent ground control points collected
using a highaccuracy GNSSdevice. Collected
imagery are stitched into continuous sitewide

:Xe :1:\[ &\ Uj\ 2tutk\eoxj-énotion
photogrammetry software. Orthomosaics are
then analyzed using a spectral indesbased

fJUUX:ieé Ue:UeXoiedUe+Ii\\ +067U Figure3-10. DNR NHP UAS monitoring extent
2:le 2 U'6+UU@I2:U...UIX6IUlBeX crucicuxcuuUIun JASANY;
(Cowdrey & Claar, 2024).

Table 3-9. Description of WA DNR UAS dataset

Spatial Extent:

Annual monitoring sites are distributed throughout Central and South Pe&g Sound,

Admiralty Inlet, the eastern Strait of Juan de Fuca, and the southern Strait®@é&orgia.
Additional ad hoc surveys have been conducted in $atoga Passage, the western Strait
of Juan de Fuca, and San Juan Islands.

Metric(s) <Ule T+U106eX e\U716X }6TU X:1Ue+i\\20A006KH 6X..UejXX
Canopy areal 2é+jT6\U:2+..Ue 6UIX61U: U'd+UU\deUD\@Aikadj K 2200 KAT U ¢
the surface)
Bed extent(including the overall perimeter of each kelp forest)

Assessment Multi-year monitoring sites, most sites are at the approximate scale of Inkof

Units shoreline.

Survey years 2020-2025 total, many sites span asubset of years.

Frequency Annual

Methods In 2020, surveys were conducted using a DJI Mavic 2 Pro with an RGBe& (red,

summary green, blue). Since 2021, UAS surveys have been conducted using the BtJantom 4

Multispectral (P4M) quadcopter withreale 16U' 261ie eUuUf“XyUU:\-e :[2 2 Ui27UI
band multispectral camera (blue, green, red, red edge, andear-infrared). Ground
control points are collected using Trimble Geo7X and Emlid Reach RS2+idaeld
GNSS receivers. Acquisition windows target sun angles between 25° and 45°, lodes
at less than 1 ftMLLW, calm winds (ideally less than 10 knots), ancloud free or
overcast conditions.
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UAS imagery is collected at ~& cm resolution with 70-80% overlaps, and combined
into continuous orthomosaics using structure-from-motion software for use in
0206Xie 2 U\Uie i+U1l6eX &\U: U2:ie 2a] 25 24866 betehti | e
manually delineated from the imagery, with kelp individuals within approximtely 25 m
Udie U:e 6XU X:jUbTUe: Gamopyaeh) VUi®iaB WoTUj\ 2 UIU
276,Ue X0\ :+iUe+0\\ £eéie :2U 106 NDVUROWEEWE Zlaae 2024).
Additional spatial metrics derived from these two are in development.

Between 20212023, multiple surveys were conducted at all annuamonitoring sites
1jX 2 Ue 6UNIL1OUTI...UI2T1:XU+0+1U\0I\: 2W)d X bl +jie.o. W\ :
detection.

20012701
UbeeXi+U
INeb2uy ... U

Access

All survey data is maintained by the Nearshore Habitat Program, in the Wasbton
Department of Natural Resources ijearshore@dnr.wa.goy.

Figure3-11. Map of the six bull kelp forest sites surveyed with UAS for Cowdr&yClaar, 2024. Sites are symbolized
according to the number of years they were surveyeéfigure and caption from Cowdrey & Claar, 2024.
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3.2.4.2 WA DNR/Suquamish UAS Surveys
WA DNR partnered with the Suquamish Indian
Tribe of the Port Madison Reservation to survey
all canopy forming kelp beds inCentral Puget
Sound (CPS)n 2023 and 2024, which is part of

e 6U“X &6 \U"\ji+Ui27U eeéjle:167U+x\ 2 U

grounds. WADNR scientists used the methods
described below to collect multispectral imagery
at 29 kelp canopy sites using UAgIrones), and
classify resulting orthomosaics to produce
estimates of kelp bed area and canopy density.
Additionally, WA DNR scientists on this project
obtained airspace permissions to perform a
survey in 2024 at Day Island in South Puget
Sound, one of NHP’s kayak monitoring sites;
plans are underway to begin including this site in

the monitoring UAS work.

Figure3-12. Suquamish UAS project study area (blut
and survey locations (green).

Table3-10. Description of SuqguamishUAS project dataset

Spatial Extent:

¢(jX}0..\UedXO0UUBX :X107UleUi++U+:¢efied :2A2N7&H i\ X axXel D
NHP’s 2019 Central Puget Sound bodabased survey data (Sectior8.2.7). For the
UjXuU:\d\U: Ue

\UUX:$0eealU ,<Uei\UT6+2a7 XiiWed, &Jd2% el i Kew\db 2

>:j+e0le OXU +j Ui2TU":jee+0U +j aUieX:\\Uke &#jTi2:lrled XXI-0deU

of Agate and Rich Passages, and northeast of Possession PoiRigure 3-12).

Metric(s)

<Ule i+U16eX @\UT6X }67U X:1Ue+i\\ £61U 11 6X...U 2¢&+j
Canopy areada Ui X6iU: U'6+UU\e Ub\aUeaej+ax\alUi2iUa4&i®aU?
hectares.

Bed extent outer perimeter of kelp forest; hectares.

Survey years

2023-2024

Frequency Once per site, 6 completed in 2023 and 23 completeth 2024.
Methods Adapted from Cowdrey & Claar, 2024.
summary

12 e [+U\jX}06..U X T\U+06X0U 626XiediU :XJeUdUROIN\2H4A
6,627 2 U X:1UIUUX:, 1ied+..Ue 06U aF F@%ImMRIAdNcontouk 6
and cross-referenced with NHP’s kelp aerial monitoring imagery (section 2.1.2) where
possible in Admiralty Inlet and north of the Tacoma Narrows. Prior to beginnisgrveys,
scientists ground-truthed the actual outer extent of kelp canopy to the planned survey
iX6lui2iU1:7 £+67Ue 6U:"\ :X0UbG,e62eUI\U20 60 TG-UV enE &
beyond the-6.5m contour or/and 2023 aerial imagery.

This project utilized the P4M UAS with-band multispectral sensor, and RTK enabled

via the Washington State Reference Network. Surveys were completed using-80%
:}6X+1UUI2TU\ 16+i1UaU2:«2UleU imand]20mUesuitieg i16-2.56.LO

fe 2 UleU:

W+ 261X U«
Ue:Ue 60U

BVO}IOXI+U\

resolution. Ground control points were collected using the Trimble Geo7XNEBS
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receiver at all sites where shore access was possible, and synthetiegund control

U: 2e\U+0X0U 626XiedTUj\ 2 U 6:X0eée x061UDb I,U XioOXee
was not possible. Surveys were completed during sun angles betweerb2and 48°
(averagng 37°), slack currents associated with tides below #t MLLW, winds less than
12 kts, and cloudfree or overcast conditions.

Continuous orthomosaics were produced using photogrammetry software,rdbm which
bed extentswere manually delineated to include all kelps within 25 m and the
perimeter falling within ~1 m of the kelp forest edgesCanopy areaswere obtained by
producing the BNDVI spectral index for the orthomosaic within thbed extentand
UbX :X1 2 Uae 2iX..Ue X6\ :+1Ue+1\\ Hei¢2e2Ue :1'0 X UG
multiplied by the corresponding survey resolution to produce estimies in hectares
(following Cowdrey & Claar, 2024). Future work planned includes analgs of bed
density (canopy area/bed extentyaUi27Ud,U+:Xie :2U: Ui+edX2ie }6
to the BNDVI threshold method.

Access

All survey data is maintained by the Nearshore Habitat Program, in the Wasbton

Department of Natural Resources ifearshore@dnr.wa.goy.

o\eWe 6UI:

X)a) 6,H806a U

Ue+i\\ el
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3.2.5 ShoreZone

TheWashington StateShoreZone Inventory
describes physical and biological characteristics
of intertidal and shallow subtidal areas along
Washington State's saltwater shorelines. This
synoptic inventory includes more than 50 habitat
characteristics, including physical featuressuch
as shoreline type, vegetation types such as kelp
and eelgrass, and anthropogenic features such
as bulkheads. It has been used in a wide range of
planning and research projects.

Figure3-13. ShoreZone survey extent.

Table3-11. Description of ShoreZone dataset

Spatial Extent:

Entire shoreline for state of Washington (~4,900 km)

Parameters >+:le 2 U'6+UUWji+ £67UUXbB\062806Uue:2e 2jyraaxigoy
physical and biological characteristics of the shoreline.

Metric(s) Shoreline units (primarily line segments with mean length 0.66 km)

Survey years Aerial surveys took place between 1994 and 2000.

Frequency Once

Methods Inventory information was collected from a helicopter during low tides. \dieo imagery

summary of the shoreline was recorded, along with locational information (GPS). From the
helicopter a geomorphologist and a marine ecologistecorded continuous
commentary on thephysical and biological features along the shoreline. Following the
\jX}6..aUe 6U} 16:eiUb\UO6X0Uei'62Uxie'U2Ul210U:~ &6|U :
e+i\\ xeéle :2RU"“ 6U 6:1:XU :+: \eU7 } 16TUe 68 \:tUXDer 2L
maps and described each unit Next the marine ecologist added information on the
living resources in each unit. (Berry et alWashington State ShoreZone Inventory User’'s
Manual)

Access Data is maintained by the Nearshore Habitat Program, in the Washington Departimte

of Natural Resources f(iearshore@dnr.wa.goy.

Data and associated reports available online athttps://www.dnrwa.gov/programs-
and-services/aquatics/aquatic -science/nearshore-habitat-inventory
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3.2.6 KelpWatch (Landsat satellite)

Landsat imagery has been analyzed to
1iUU2:le 2 U'6+UU@I2:U...U X:1UPXWSUe:Ue 6U
present from Baja California, Mexico, to
the US Canada border, including the outer
coast of Washington State and the western
Strait of Juan De Fuca (Bell et al. 232
Kelp canopy cover is reported at the 30n
pixel level. These data have been
visualized in an interactive web app,
KelpWatch.org (Bell et al. 2023). These
data have been used in numerous large
scale studies on kelp dynamics, but higher
resolution data is preferablefor local-scale
guestions. Areas close to shore, with
T\ 1XO6UX:é'\aU:XUe e U\UIX\6UeI2:U...U

presence are typically missed by this

Figure3-14. Survey extent of KelpWatch (Landsat)

method, and heavy cloud cover reduces
the availability of datain some years

Table3-12. Description of KelpWatch dataset

Spatial Extent:

Outer coast and Western Strait of Juan de Fuca.

Parameters

Quarterly mean proportional cover of emergent kelp canopy

Metric(s)

Proportion kelp canopy area within 3em pixels; comprehensive within the study area

Survey years

1984 —present

BOTU,4d¥0
V\e X 6 ORIVU

Frequency Quarterly mean values are published regularly

Methods Atmospherically corrected 301U X6\:+je :2U1lj+e \UbeéeXi+U 11 6X.,

summary \02\:X\U \U1li\'6TUe:UX061:}0U+i21UI27TUU2¥06N e ®i2-UWd X BIA\
sfedXxaUe+:jtfavu+i2iauUu:xXuU'6+UUeI2: 9. XUpI& DDLU joeLeR
kelp canopy, multiple endmember spectral mixture analysis is used to estimate
fractional kelp canopy coverage. Images are averageacross quarters. Full methods
are described in Bell et al. 2023.

Access Data is maintained by Santa Barbara Coastal LTERvAualization of the data is

viewable at kelpwatch.org and the underlying data is available for dovioad at
https://doi.org/10.6073/pasta/a9071a2celb78242c2ad1dda5854ec78
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3.2.7 CPS and SPS Boat Surveys
In South Puget Sound (SPS) and Central Puget Soy@PS), comprehensive surveys

i62e 067U\ : X6+ 206\Ue e U2:le 2 U'6d+UAU-
QOPVU 2U«,<ali2iUQOPXU 2U ,«<yRU :e U\PX®\.a2E X0 &+xmole 26ie 2

subtidal bathymetry line, with a minimum thresholdof a single individual. Both studies
were paired with a multtdecadal synthesis of diverse data sources to summaze the
UX6\62e0dilae\o2e6U: Uz2:ie -Bm3héreliddisegenerrdJIR SPS, thetsdy noted
presence, while in CPS presence was further categmed into abundance classes, ranging
from isolated individuals to wide beds.

Figure3-15. CPS(left) and SPYright)Boat Survey extents.

Table3-13. Description of WA DNR boatee [\6TR\jX}6...RTlei\6eR 1:1 +6TR X:1R>2R1872& R XREBRR " & i+

Kayak Dataset Description).

Spatial Extent:

Central Puget Sound and South Puget Sound

Parameters

Floating kelp presence (linear data). Abundance classes (Central PegSound only).

Metric(s)

[ 26iXU6,e62eU: U2:ie 2 U'6+UUUXO\62¢06aUe:1UXd 62\ }6U:

Survey years

2013 and 2017 (South Puget Sound), 2019 (Central Puget Sound)

Frequency Infrequent

Methods ++02e0iUx0+TU:@\0X}ie :2\U: U2:ie 2 XUDUIU:2XD&6RE D UXD,

summary small boat, in shallow water during low tide and glck currents. Summarized
presence/absence by segmenting6 m bathymetry contour. Minimum threshold for detection:
a single individual. In Central Puget Sound, observations were further stdivided to describe
abundance, ranging from isolated individuals to wid, conspicuous beds.

Access All survey data is maintained by the Nearshore Habitat Program, in the Wasgton

Department of Natural Resources ifjearshore@dnr.wa.goy.
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3.2.8 Historical data (from CPS and SPS analyses)

DNR reconstructed bull kelp presence over 145 yearsdm navigation charts, government
surveys, ecological studies and other historical douments. These maps provide a long
term view of kelp coverage in Puget Sound prior the region’s industrialization.

Figure3-16. Central (right) and South (left) Puget Sound. Nmthat historical data is not comprehensive withireach sub-
basin. See Berry et al. 2021 and Berry et al. ingprfor additional maps and information.

Table3-14. Description of WA DNR historical data analysis.

Spatial Extent; Central Puget Sound and South Puget Sound

Parameters Floating kelp presence (linear data).

Metric(s) Varies based on survey, seélable 3-15 for more information.

Survey years Between 1873 and 1999

Frequency Based on accessible historical data sources

Methods Synthesis of historical and modernNereocystis surveys and examined

summary presence/absence within km segments along the shorelines of Central and South
Puget Sound.Data sources noted the presence or absence dflereocystis, including
peer-X8} 6+8T1UUjee+ ele :2\aUliulavUe iXe\aUXRU“Xe) il
produced for a wide range of purposes, including nagation, harvest, resource
management, land use planning, and ecological research. The spatial extent déta
sources varied from a single loation to the entire study area. Format and level of detail
also varied widely, including text descriptions opresence or absence at a location,
generalized cartographic symbols, delineations of bd perimeter, and phycological
studies, which examined detaled plant metrics such as density and phenology.

Access All survey data is maintained by the Nearshore Habitat Program, in the Wasbton
Department of Natural Resources ijearshore@dnr.wa.goy.

8 8 \tHe610a |
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Table 3-15. Synoptic Nereocystis surveys completed in South Puget Soundlable and caption from Berry et al. 2021.

3.3 Results

3.3.1 Indicator releases to date

“dUxX\eUX0d+06i\6U: Ue 6U®I\ 2 e:2Uceie@UplcieIDX8 iU X UiUUX
2023, and it contained all available survey data tlmugh 2021. Subsequently, the Indicator

has been updated in 2024annually. The most recent Indicator releasencluded data

through 2023 (Figure3-17).
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Figure3-17. Floating kelp status in subbasins (shaded polygons) and longerm trends at sampling locations (colored
points), including data through 203. Figure and caption from Claar et al. 2024.

The amount of available data in each sutbasin varies widely Figure3-18), with some sub
basins having <10 years of data (e.g., Admiraltylét) and others having 30 years of
guantitative data or extensive historical data (e.g South Puget Sound, eastern and western
Strait of Juan de Fuca).
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Figure3-18. * 6R2j1a&@ 6 XR: R...0IX\R\jX}0..6T@RI2IRe:jAe®i\BRIXR e 20\2RR2E&[@0TR\RRe OR2:le 2
indicator. Sub-basins with an asterisk (*) also have historic dataomparison studies included in the indicator

assessment. Hood Canal is notinct jT61eeRBReedeij\oR2: /e 2 R'6+UR \BR2:eRa 6ol apladediR 2RBe \B\ja
repeat surveying been conductedFigure and caption from Claar et al. 202

Longtermtrends feU 27 } Tji+U+:éie :2\UIiXorgasind\no trérid)dadieasing,

total loss, limited data, and 2:R2:1e 2 @EFigurd3-17). Thesetrend e +1\\ +eéie :2\UIX6U
woven together with other ways of knowing, such asistorical studies, Indigenous

<@ 02e xeUX2:«+01 6aUI21Ue e «cehatiiséat e sudbbasiniscald Figure

3-17; Table3-16). A summary of each sukbasin status is provided as an appendix to the

Indicator Summary Report (Claar et al. 208, and as a popup on the Indicator interactive

webmap (e.g.,Figure3-19).
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Table3-16. Summary of subbasin status and kelp distributionfor survey data through 2022. Figure and captiondim Claar
et al. 205.

Figure3-19. Example sub se [\ 2R\j11iX..B X:1Re 6R® Rc«eledR>+ele R RXBHUI R BERX K 6 1R «
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3.3.2 Summary Plots and Tables, by project/program

3.3.2.1 WA DNR COSTR/AQRES

WA DNR has contracted with Ecoscan LLC annually sia 1989 (except 1993) to collect

2:e 2 U'6+UUe&I2:U...ULIU\U 2Ue 6UceXi eU: UVjiR@fibwW>pbWi2iUe
(Figure3-20). In 2011, this program was expanded to include tae DNR Aquatic Reserves:

Smith and Minor Island Aquatic Reserve, Cypress IsldmAquatic Reserve, and Cherry Point

Aquatic Reserve [Figure3-20).

Figure3-204R“:el+R2:ie 2 R'0+URaxOTRIXOIR X: IR BAR 4T RARfeE RO\ :2T\Re:RIXOIR\j]X}6...07¢R
western Strait of Juan de Fuca, blue = open coadtright yellow = eastern Strait of Juan de Fuca, dayellow = Smith and

Minor Island Aquatic Reserve, orange = Cypress Island Aquatic Reseraad red = Cherry Point Aquatic Reserve. Grey line

corresponds to the beginning of the 20142016 marine heatwave. Figure from Claar et al. 2025
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Figure3-21 4R (,I11U+6R\ei226TRLIURUI 8RB\ :+ 2 RB2:(e 2 R e B R 1ikyudIREBEéttedBand
in 2017)
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Figure3-22 4R <& X002R 1UejX06R: Re 8RB i<“1d TH(«R2+Rbie2l RXD+WRa:2 e:X

COSTR/AQRES maps include both bed area and canopga, and distinguish between the
ee:U2:le 2 U'6+UU\UOGE 06\ Nebogstis luRtkeaddarid Macrocystis pyrifera) in
areas where they ceoccur (Figure3-23, Figure3-24, Figure3-25).
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Figure3-23. Example data for COSTR map index 16.2 (Cape Flattetigoitlah Point).This map index has both bull kelp and
giant kelp present.

Figure3-24. Example data for AQRES map index CIARL.6 (Cypress Island). This map index only has bielp present (no
giant kelp).
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Figure3-25. Example of a Location popjUR X:1Re 6R® R>+:le 2 BX6+UR 61R X0{iRe & 6% a2RIIRARFedORR -
top plot shows changes in kelp bed extent by surveyear, the panel on the bottom left shows informatin about that

Location, and the bottom right fiows bed extent data divided by kelp species (bull kelp Hereocystis luetkeana giant

kelp =Macrocystis pyrifera).
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3.3.2.2 Kelp Aerial Monitoring (KAM): Highesolution aerial imagery

In 2022, 20232024 and 2025 DNR contracted with NV5Geospatial to collect high

resolution (6-in) four-band (red, green, blue, neainfrared) imagery across large areas of

Washington State Figure3-26, Figure3-27, Figure3-28, Figure3-29). These surveys provide

\...2:Ue éUe@:}6Xi 6U: U} \ &®+06U2:1e 2 U'opUURIROURGNU O&XiNUE RO
Ul2edX06\eyU\jX}6..6TUT:U2:eUé:2eil 2Ule+@xled 20 U6 :HUWAE XA W

2:fe 2 U'6+UUI+\:UB, \e\U 2 WPuget Syuind)) hatithky:deindlude most of the

IX6i\Ue TeUiXoU 161+U :XUIbdX-Wing airarafd All\jlanned BOLS wedel

successfully surveyed in 2022 2024and 2025 (Figure3-26, Figure3-28 and Figure 3-29,

respectively). In 2023, weather conditions precludedaollection of the Admiralty Inlet AOI

and part of the Saratoga Passage ACKiure3-27).

Figure3-26. Areas of Interest (AOIs) captured in 2022 KAM surveys.
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Figure3-27. Areas of Interest (AOIs) planned for capture in 2023 KAM surveste that Admiralty Inlet and part of
Saratoga Passage were not sampled due to poor weahconditions that limited survey windows.
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Figure3-28. Areas of Interest (AOIs) captured in 2024 KAM surveys.
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Figure3-29. Areas of Interest (AOIs) captured in 2025 KAM surveys

“ \UI6X [+U 11 6X..Uei2Ux06U} \ji+ @A Q& % Hadk3@but i X6TaU >
2:le 2 U'6+UU \U1l:\eU} \ &@+06Us 62U 11 O0X:+UX\likgligrenU 2U [+\
blue bands; Figure3-31).
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Figure3-30. RGB (redgreen-blue bands) imagery example at Smith and Minor Island Aquatic Rese. Floating kelp shows
up as dark patches in the water. Imagery was colleed in 2022.
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Figure3-31. NIRGB (near infraredgreenblue bands) imagery example at Smith and Minor Island Aquatic Rese.
Floating kelp shows up as pink/red patches in the ater. Imagery was collected in 2022.

Imagery is manually masked (i.e., an expert observereates polygon areas of interest that
11, 1 «8U 2&+j\ :2U: UiXo6i\Ues e U2:ie 2 U'd+18U 2 1Ubor\@d4jV 68 URaWlo W
water, wrack, intertidal algae, and seagrass)Higure3-32).
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Figure3-32. NIRGB (near infraredgreen-blue bands) imagery example at Smith and Minor Island Aquatic Rese,
showing manually delineated kelp bed extent. Floatig kelp shows up as pink/red patches in the watetmagery was
collected in 2022.

To classify canopy area, both NIFG- U 11 6X...UI27U b"«lUG +joUb:X1i+ «67U" ¢
Vegetation Index) are used. BNDVI is a spectral indealculated as $0 & 8= gzz—zi\;:
with'NIR and BLUE repr(?seqting the nefimfrared and blue s\pect\ral\b}ang:ls frgm thge o

11 6X...8U b"«IU1l, 1 «6\U} \ & + e..U: WUteUZ W WHEYXDURIOU\jX
UX:} T6\Uj\6 j+U@j6\U :XUa:e U} \ji+U:eU@&Xile t2Bd@@Wije:1iedl
3-33).
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Figure3-334RB b"«IR s +j6R2:X1i+ +6TRT "0X062¢0R}0Meitct2® RIDIRAZIXBMN+iI2TR Wjle éR+6\0 X
>+:le 2 R'0+UR \RB} \ji+ «01Be e B b"«iRAVeROUDDH: A BeleX BV a@R B 1\ R njdgeByewas\ 6 X R e : R
collected in 2022.
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Bed extent

Figure3-34&4R +i\\ +6TR'6+UR&I2:U..RIX0IRI2TRamd2R¥ R O2I@RRe B/ jieceBE2EAVOXI0AR" 210X +... 2 B
RGB. Imagery was collected in 2022.

+I\\ £67U'6+UUeI2:U..UIX0iU&I2Uaeb6Uj\01Ue:DW|b2d) U.. 20kl DWIIXG|2
of interest, or to assess relative density of kelpover at the surface Figure3-34).
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3.3.2.3 Samish aerial data

The Samish Indian Nation Department of Natural Resoces has delineated kelp bed extent

in the San Juan Islands over the past twenty yeafisicluding 2004, 2006, 2016, 2019, 2022,

2023, 2024and 2025 (in progress)Figure3-35). These surveys have detected stability in

some areas and warned of substantial losses in oths. It is important to note that aerial

surveys in 2016 and 2019 were not controlled fordes and currents. Therefore, those years

must be interpreted with caut :2U\ 2é6Ue 16\UI2TUe&jXX62e\U [}6UIU+IX 6UB6
amount of detectable kelp canopy (BrittonSimmons et al. 2008, Timmer et al. 2024).

Figure3-35. Example of a Location popjUR X:1Re 0RBR® R>+:le 2 RX6+UR 6TR >odiRe §bHY 0 2RII2ARKFeORR
plot in the upper left shows changes in kelp bed ¢éant by survey year, the map in the lower left shawthe location on a
map, and the bottom right shows example imagery antded delineations for two survey years (2006 and 20).
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Figure3-36. Stuart Island, San Juan Archipelago, WashingtoScreenshot from A Decade of Disappearance: Bull Kein
the San Juan Islands &toryMapcreated by Samish DNR.

Figure3-37. Patos Island, San Juan Archipelago, Washingtonci®@enshot from A Decade of Disappearance: Bull Kelim
the San Juan Islands &toryMapcreated by Samish DNR.
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3.3.2.4 Linear extent from 1984 imagery in Central Puget Sod

The goal of this projecivas to leverage a small collection of aerial images of th&eattle

shoreline taken in 1984 Figure3-38yUe:U+++UiU7leiU TUU 2Ue 6U \e:X ei+UT \
kelp in Central Puget Sound In doing so, thedata sourceis now alsousable in alarger

historical kelp distribution study in this sub-basin. To achieve this, the 1984 photographs

were spatially referenced and reviewed by a groupf @xperts to generate an estimate of the

+ 20iXU06,e62eU: U2:ie 2 U'6+UU 2UPXWSBE 1 2\QWiR:Iis0.e'e UT 06 D
the 1984 results and a 2019 boabased survey of kelp extent in Central Puget Sour{@erry

et al. in prep), which provides a snapshot of how kelp forests havchanged in these

sections of shoreline over the last four decades. Tddataset resulting from this project

UX:} 16\UI2U 1U:Xei2eU\:jXebdU :XUIU1:X0Ue: :XUXia-02:\igo 2b+.UU
distribution in Central Puget Sound.

Figure3-38. Example of (a) Raw scanned image and (b) Coloorrected image provided by Archive Washington. Inges
shows 32nd Ave beach in Magnolidgigure and caption from McKenna et al. 2025.

Since the images were collected at an oblique angledther than nadir), images could be

roughly georeferenced to the shorelineRigure3-39y U sejeUeé:j+iU2:eUa@ 06U j++..U 6:X
used for kelp canopy area calculations. Therefordjnear extent (i.e., distance along theém

bathymetry line) was mapped for the three areas fowhich aerial images were available

(Magnolia, West Seattle, and Lincoln Parl&igure3-40)
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Figure3-39. « 6+R: RVAIYR 11 6\RU+ie61RI+:2 R\ :X08\RARIBRRIO2:F1IARIER X eledieeRI2TR\&1+6
maximize alignment of notable shoreline features Wi reference imagery and with neighboring images upthe imagery

have not been spatially adjusted for the oblique agle of image capture. Underlying imagery is 2019 WANatural Color

Imagery Basemap (Esri, USDA Farm Service Agendyigure and caption from McKenna et al. 2025.

Figure3-40. [ 261XRd6,ed2eR 'L R: R2:le 2 R'6+URdeRIRIBWUYAIR XBRVE]RRXHWO6TRee...Re...UdRI2TI
orange = forest wide, light orange = forest fringinyellow = incidental (single and multiple). Seeable 1 for category
160+2 e FRué and caption from McKenna et al. 2025.

By comparing the linear extent from the 1984 aeriamagery with a boat survey conducted
2UQOPXaU+:\\6\U 2U2:je 2 U'6+UUO, ®d®2)d N 68 Xbilcib o dail 261+2
Park, and West SeattleFigure3-41; Figure3-42). At Magnolia, major losses occurred due
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to the construction of the Elliott Bay Marina, althagh smaller kelp canopies have persisted
in the areas around the MarinaKigure3-41).

Figure3-41. alU\R: R+ 26IXRd,ed2eR: R2:le 2 R'O0+UBX+;@T B aX: 2R46IR 2HRVA]TYARX ... R e:U Bi21BRW L
derived from boatbased linear extent mapping (bottom). Floating kelpresence is symbolized by type/subtype: dotted

grey = absent, wide orange line = forest (wide), maw orange line = forest (fringing), yellow lineincidental (multiple),

L. O++:eBT:eRwWR 2¢& 1602el+B \ 2 +0 &RIHONR tiFepHé@and BaptioR fdra &ckénna et al. 2025.

At Lincoln Park and West Seattle, there was a totédss of bull kelp canopies throughout
the areas surveyed in the 1984 imageryigure3-42). It is worth noting that other areas in
this stretch of shoreline (e.g., areas of Lincoln P&rthat were not surveyed in 1984) do still
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have kelp canopies (as of 202, DNR kayak surveys). However, as a whole this st of
shoreline has experienced substantial losses.

Figure3-42. Floating kelp presence in West Seattle and LincolRarkin 1984 derived from aerial imageryleft) and 2019
derived from boatbased linear extent mapping(right) Floating kelp presence is symbolized by type/subtype: dottegrey =
absent, wide orange line = forest (wide), narrow ange line = forest (fringing). Highlighted areas stv areas surveyed by
both datasets; kelp presence is not reported in tisi study in darkened areas, although 2019 dataset covers entire
shoreline. <66 R“ITa+dRVR : X R gibed Figlre. @itidcagion from McKenna et al. 2025.
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3.3.2.5 MRC Kayak surveys

The MRC kelp monitoring program has surveyed a totaf 44 kelp beds at 31 distinct sites
throughout all seven MRC counties. Since program imption in 2015, some monitoring
sites have been dropped and new ones have been addeAt each monitoring site, MRC
}:+j2ed6X\Ue:++6eeU2:le 2 U'FigeBaa3)aswélDasidemiod andu i
temperature measurements on the shallow and deep eges of the beds. Other metrics and
observations are collected based on county intered. During the 2024 monitoring season,
there were 23 sites surveyed in six counties (notss are currently surveyed in San Juan
County) (Figure3-44).

Figure3-43&R(,I1U+0R: Ri22ji+R1i, 1j1R2:le 2 R'OHUREHARMIER (1D 2GXRBEXe B 2R<2: :1 \ B :j2
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Figure3-44&Rat R'I..1"RB\jX}6..\@B\ :+ 2 R+ & R\ e6\R+0XA.B\NX36.00i802BNBYEBI2TBWUW Y AR
X0 6X\RBe:Rs 0e 0XRe OR\ ed6R \R 2&+]70TM 20l BR@®IBB«: (ZR22R ¥de UG 61
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Most MRC kelp monitoring sites exhibit substantiayear to year variation in kelp bed area,
e0}0XU :jXU\ ebd\U [}6UG, & ediU 2exoi\@aW(ieoU, \ a2 abUt:é
Possession Point), four site have exhibited declire(Clallam Bay, Freshwater Bay, Shannon
Point East, Edmonds Dive Park), and two sites habeen lost completely (Meadowdale and
Mukilteo) (Figure3-45, Figure3-46, Figure3-47).

Figure3-45. Floating kelp bed area at MRC kelp monitoring s# less than 3 ha in size. Data through 2023. Blagloints
X6UX06\62eR2:le 2 R'O+URUXO\02ea RI2RRHOUA, \RT62:e0R2:R2:/e 2
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Figure3-46. Floating kelp bed area at MRC kelp monitoring s# ranging in size between 2 ha and 10 ha. Data oligh
2023.
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Figure3-47. Floating kelp bed area at MRC kayak monitoringes greater than 10 ha. Data through 2023.

The recent and longterm trends in kelp bed area were determined for ezh site using linear

regression, along with an assessment of survey linmaps, graphs of the maximum bed

area per year, survey notes, and volunteer interwes. Of the 18 MRC sites incqrorated into

e 0UI27 éfle: XU 2UQOQPaUe 6UeX0627UIimtreasing bresitt\ast61Ues:U\ ed
decreasing, two sites astotal loss, and 13 sites amo trend (Figure3-48). Most sites exhibit

\jee\ei2e (+U..06iXUe:U..0IXU}X le :2U 2U20#UD a0 1UdX\adavi\\ & ai)
asno trend. In 2023, the number of sites included in the Indid@r has increased to 22.

Information about the MRC kayak surveys is includeds part of the Indicator Summary

Report (Claar et al. 208), and as popups on theFloating Kelp Indicator interactive

webmap (Figure3-49).
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Figure3-48. Long e d X 1ReX62iR&+I1\\ +éle :2\R :XRdié& R\ edRTRRERERYRFatI&\2eBRXDRERjOTR XO6IR
Indicator. Figure and caption from Ledbetter and Bey 2024.
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Figure3-49. Example of a Location (Ebey’s Landing) pepUR X:1Re 6R® R>+:le 2 RXO6+UR dTRRXOIR« el+R<¢ 2R
interactive webmap. The popups include a plot of bed area over time (top lefth map of bed area footprint over time
(bottom left), trend informationand summary (top right) and photo (bottom right).
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3.3.2.6 WA DNR Kayak surveys

WA DNR has conducted kelp kayak surveys annually s& 2013, with eight new sites in
2020 for a total of 14 core sites that are surveyednnually as of 2024 Figure 3-50).

Figure3-50. WA DNR Nearshore Habitat Program kayak surveysatre sites, showing which sites were surveyed dumy

0ie R...OIXRxEOE*002RWUVXRI2ZIRWUWY &R X\ edi® \R X2& HjXORR :RRed6RIRX Be :le 2 RX6+UR 6
Sign Indicator.

WA DNR has also conducted surveys at additional sisethat are either sampled
opportunistically or as part of another funded progct (Figure3-51). For example, the HSIL

funding that is supporting this funding included suveys at eight additional sites in 2024
(Figure3-51).

Figure3-51. WA DNR Nearshore Habitat Program kayak surveysaatditional sites, showing which sites have been
\ITU+6TR:UU:Xej2 \e ei++ ... R:XRBI\BUI Xedd RRIXR: e X BR )T cOIRUDe:RE® de 0XRe 6R\ edR \R 2¢&
>+:le 2 RXO6+UR 81R Mdid@Rer. el +R¢ 2
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"bfU'6+UU&I2:U..U'"[...1"U\jX}6..\U i}oU7T6edeediix®dii2:po¥UxUsUe 2
past ten years Figure3-52; Ledbetter and Berry 2024).

Figure3-52. Floating kelp bed area at the 13 core DNR NearsteHabitat Program kayak monitoring sites throughQ(23.
Sites are arranged from innermost site in Puget Sod (Squaxin Island) to outermost site (HansvilleBlack points
XoUX0\62eR2:le 2 R'@ABRONR\ORERBRIOR2:R2:1e 2 R'O+UAR>R jOCOR.. XeRAN &MLD& e O XRI21
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The thirteen DNR Nearshore Habitat Program core kaly survey sites show variable trends,

with stability (no trend—Salmon Beach), decreases (Squaxin and Fox Islandgid total

+:\\UO X \é:U,: 2eaU"6} + \UFo6iTauU® 2 U,X e Wi@ikk)datae UVO 6 X\: 2\
record (Figure3-53A; Ledbetter and Berry 2024). Trends were also assed for Syear and

3-year time periods Figure3-53B, C; Ledbetter and Berry 2024).

Figure3-534R“X062T\R 2R2:le 2 R'0+URxOTRIXOIRIEKRE BRXABBeXDBRWHXL IR :: X6RFie eleR, X
kayak monitoring sites through 2023Figure from Ledbetter and Berry, 2024.

DNR kayak surveys have also documented the minimuaind maximum depths of each
\jX}6..0TUeb6iUl[01a@bdeedXUIiI2TU 6XX..UQ@EHO S2IU IR @O B 50U B
across all sites ranged from0.2 m to 43.7 m MLLW Figure3-54). Mean maximum depth

ranged from-2.3 m to-10.7 m MLLW. Overall, the bed footprints were shailv; in 2023 at 10

out of 16 sites more than 85% of the bed footprimbiccurred shallower than-6 m MLLW

(Ledbetter and Berry 2024). Analysis of kelp bed d#pdistribution and change can provide

insight into causes of change over time. For moreamprehensive information on depth

distributions collected as part of this dataset, seeLedbetter and Berry 2024.
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Figure3-54&4Ra 2 1j1Ri21R11, 1j1R=&061RT6Ue R 2RWUWX RIXR2bER2:0AR RX@FUIXIRA: 2e\RXO6UXE
outliers and diamond points represent the mean. Sés are arranged from south (Squaxin Island) to ndr{Cherry Point)
and colored to be easily distingishable. Figure from Ledbetter and Berry, 2024.

For sites with at least 5 years of data, the entirdata record trend is used to inform the WA

Floating Kelp Bed Area Vital Sign Indicator. Thedinator also reports recent (5year) trends,

although these are supplementary to entiredata-record-trend clas\ +éie :2\RUI12 :X1lie :2U
about the DNR kayak surveys is included as part tdfe Indicator Summary Report (Claar et

al. 2025), and as popups on the Floating Kelp Indicator interactive webmga (Figure3-55).
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Figure3-55. Example of a Location (Squaxin Island) pepUR X:1Re O0R® R>+:le 2 RXO0+UR 6TRXOIR« el+R<« 2R
interactive webmap. The popups include a plot of bed area over time (top lefth map of bed area footprint over time
(bottom left), trend informationand summary (top right) and supporting informatioiibottom right).
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3.3.2.7 WA DNR UAS monitoring surveys

® U"bFiU I\U&@6062U\jX}0.. 2 U2:ile 2 U'6+UUax06i128X0620W0U |-Hee XU oe2ld X
\...\ed1\aU 7X:206\ yUieU1lj+e UTFabld3-1&)0 WA\DRR prur@nlyQsesfHand

multispectral drones, which include red, green, blue,nearinfrared, and rededge bands

(Table3-18, Figure3-56 yRU~ «<U 11 6X..Ueéi2U&@o6Ui2i+...«067Ue:U&+i\\ ..U2:1
and bed area at very high resolutions (<thches), providing the ability to map and track

changes in kelp canopies at sites of interest.

Table3-17. DNR Nearshore Habitat Program UAS monitoring se&ys at core sites, showing which sites were survege
during each year between 2020 and 2024.

Site 2020 2021 2022 2023 204
Lincoln Park X X X X X
North Beach X X X X X
Owen Beach X X X X X
Squaxin Island  x X X X X
Vashon Island X X X X X
Hansville X X X X
Magnolia X X X X
Cherry Point X X X
Edmonds X X X
Salmon Beach X X X
Ebeys Landing X

Hat Island X

Pillar Point X

Possession Point x

Pt Caution X
Tatoosh Island X

Years ofdata: 5yrs 4yrs 3yrs 2yrs 1\

Table3-184R[ \eR: Rlj+e \UbéeXi+Raei2iRe:le 2ie :DAR R2TReMId0Lap\De p6B 262 R'6+UREI
and the surrounding environment. Table & captiondm Cowdrey & Claar 2024.
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Figure3-56. ,1206+\R\ :« 2 Re 6RITUUBGIXI2¢06R: R'6+UREI2\UG.LRXI2 R IDIR@2E&R1P+e :2\R :XRT \U
including: RGB (a), falsecolor NIR (b), CIR (c), NEG (d), NEG inverted (e), and fightrast NEE (f). Note: the dark band

running down the middle of each frame is an artifamf the mosaicking process. Figure and caption frm Cowdrey & Claar,

2024. SeeTable3-18 :XRT6+2 e :2\R: Raxei2iBRe:1lae 2ie :2\4
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Table3-19. List of surveys used in interannual change assessnm, with selected surveys in green. “S1” and “S2”
@:XX06\U:2TRe:Re 6R+X\eRI2TR\de&:21R U I .xabh Balpxtioh wasRriade arein@uiled with each
comparison set. Table and caption from Cowdrey an@€laar 2024

Figure3-57. Survey conducted at North Beach in 2022 visualized a CIR color band combination, showing the bed éant
perimeter (yellow), acrossshore divider (red), and3 m bathymetric contour (light blue) used to dividehe site into
quadrants. Canopy area metricsvere summarized in each of the four areagrigure and caption from Cowdrey & Claar,
2024.
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In 2021 and 2022, multiple surveys were conducted inrder to assess variability due to

tides, currents, and other environmental conditions(Table3-19). Cowdrey and Claar 2024
providesaninféUe Ui2i+..\ \U: Ue 6\6U&:1UIX \:2\aUi\Ued++Ui\UI21+...
indices and thresholds.

Figure3-58. <jX}0...\RieR«i\ :2BI\+12TR X:1RWUWVRU%|.eoRB22BWUWRER 2B & 12 21e 2R\ e 2 |
X06\Ubee }0RxE6TRO,ed2eRUBX 10edX\aBIRIRE2R\\2 R 6.1 8FMbedifyrhBHRACGtour and

shoreline midpoint quadrant dividers are shown in lne and red respectivelyFigure and caption from Cowdrey & Claar,

2024.
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Figure3-59. 12:U...RIX0IR6\e 11ed6RXI2 6\BRe e 2R XD§ RATRPHOIBEBO2B\BRAXRBI2TR B b"«IB
thresholds selections. Surveys are grouped by sitend symbolized by yearFigure and caption from Cowdrey & Claar,
2024.

For visualization and analysis, imagery for eachts can be divided (e.g., by bathymetry)

e @ Ul++:e\U :XUx26U\Uie I+U\ei+06U1IUU 2 U:T0@dEgaral'6+UUei2:
3-57). These maps can then be compared across years &ssess how kelp canopies

change over both time and spaceHRigure3-58; Figure3-59). For example, North Beach

experienced a loss in kelp canopy areaHgure3-59), with the most substantial losses

occurring in the shallow portion of the bedFigure3-60). On the other hand, Vashon Island

did not have a detectable change in sitdevel canopy area between 2021 and 202Figure

3-59), but had a likely increase in canopy area in theéhallow-East portion of the bed Figure

3-58). At North Beach, the most substantial changes in kel canopy between 2021 and

2022 occurred shallower than-3m depth below MLLW
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Figure3-60. Surveys at North Beach from 2021 (top) and 2022ottom) displayed in “NEE” band combination showing
e 6 XRXd\Ubee }ORxEO6TRO,e02eRUOX 106X0N vae BRI 2Dl RV iR2KRAEer:. Bathyme&iB “ 61
contour and shoreline midpoint quadrant dividers a& shown in blue and red respectively.
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3.3.2.8 WA DNR/Suguamish UAS surveys

Kelp canopieswere generally smaller with increasing distance into cental Puget Sound

(correlation test, P qUOROWYRUDb:efla+...U+iX 6Uae6T\UIX6UUX@NGFel 2U
UPURRU ifyaU>:j+e6le 6XU +j UGPVRPU iyalipUu2eé kieP d QBRI 11, :\\

Table 3-20).

Table3-20. Bed Extents for surveys completed in the WA DNR/§uamish Central Sound UAS baseline mapping project

Sub-Region Site Area (ha)| Latitude
Admiralty Inlet{Double Bluff 16.34 47.968718 °
Admiralty Inlet|Useless Bay 1.01 47.967085 °|
Admiralty Inlet|Foulweather Bluff 17.11 47.937716 °
Admiralty Inlet| Hansville 6.15 47.920392 °|
Admiralty Inlet|Scatchet Head/Possession Point  152.68 47.907245 °
Central Edmonds 3.2p 47.821911
Central Discovery Park 5.92 47.669219 °}
Elliott Bay Magnolia 1.80 47.631223 °|
Elliott Bay Elliott Bay Marina Breakwater 0.32147.627300 °|
Elliott Bay Centennial/Myrtle Edwards Parks 2.28 47.622365 °|)
Elliott Bay Pier 70-69 0.0p 47.614399
Elliott Bay Pier 69-68 0.1p 47.613287 |
Elliott Bay Pier 62 North 0.2B 47.608902
Elliott Bay Pier 62 South/Seattle Aquarium 0.11] 47.608170 °|
Elliott Bay Jack Block Park 0.29 47.585171 °|
Central Lowman Beach Park 0.41] 47.545328 °||
Central Lincoln Park 1.39 47.535551 °
Central Blake Island 0.10 47.531041 °|
Central North Vashon 7.39 47.512289 °|
Central Glenacres 3.69 47.484973 °|
South Central |Sunrise Beach 0.36 47.343321 °|
South Central |Pt. Dalco 0.81] 47.334446 °|
South Central |Gig Harbor 1.35 47.323624 °|
South Central |Owen Beach 1.09 47.316074 °})
South Central | Pt. Ruston/Dune 2.49 47.301685 °|
South Sound | Day Island 7.63 47.242631
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Figure3-61. Possession Point survey orthomosaid \ji+ «6iRa..R\edU\R 2Re 6R 11 6 X..R§+HBR xele :2RUX:&
orthomosaic in true color (background), manually déneating bed extent while viewing in falseolor NIR (left), calculating

e OR b"«IB 276,B :XBe 6R:Xe :1:\i R+ 2eBReccAWRIRIB A, ej@22 B &0621X...R&+I\\ xéle :2\Rai\
e X6\ :+1R}I+jO6\R 2Re OR b"«IR 2716,RB X e an

Kelp canopies also persist along urbanized waterfnat in Elliott Bay, with examples of

overwater structure removal such as the Pier 62 renation project :++:+07U& ...U2:ie 2 U'6
canopy establishment (Figure3-62). These canopies in Elliott Bay are smaller (0.7G:3 ha)

but are important contributors to habitat connectivity in the region.

Figure3-62. The Pier 62 area in downtown Seattle shown pritw removal of the degrading northern structure in@2 (left),
and the survey orthomosaic from 2024 (right) visuiakd in true color at the full extent, falsecolor NIR within the bed
extent, and with theprevious pier extent indicated in yellow, highlighihg the kelp canopy present in the novwnshaded
area.

Kelp was also observedyrowing in seagrass beds at several sites, highlighg the varied

habitat composition (e.g., small rocks in softbottom substrates) upon which kelp canopies

canpersist. 21+ ..\6\Ui\\:& [edTUes e Ue \Ue:X'UiX6U:2 :U2¢aU-* e UiU=2
produced by September 2025. his project expanded WADNR’s multispectral UAS

mapping capacity through apartnership with the Suquamish Tribe with the goaif

collaboratively improving themonitoring and management of critical nearshore haltats.
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3.3.2.9 ShoreZonesurvey

The Nearshore Habitat Program at DNR
completed a state-wide inventory of saltwater
shorelines using the ShoreZone Mapping
System between 1994 and 2000 (Figure&3).
The ShoreZone Mapping System uses
helicopter-based aerial videography to classify
physical and biological characteristics of the
shoreline. The Washington State ShoreZone
Inventory characterizes approximately 3,000
miles of saltwater shorelines in the State.
Results have been analyzed at multiple spatial
scales, including a summary of the percent of
shoreline with marine vegetation (including
2:]e 2 U'dgablegQiiFigure3-64).

Figure3-63. ShoreZone video acquisition by
year. Figure and caption from Berry et al. 2001

Table3-21. Percentage of aquatic vegetation along coastal girelines in Washington State (By county) Source:
Department of Natural Resources. Table and captiofrom ShoreZone Inventory Summary of Key Findings.
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Figure3-64 4R <& X002\ :eR X:1R<¢ :X0%:20R+i...0 XRI\BRYb+ URIRT2Riee 0@ IHUERE:+:X0TRa&...R2:1
presence (dark brown=continuous, yellow=patchy, grg=absent).
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3.3.2.10 KelpWatch (Landsat satellite data)

KelpWatch U X:} T0\UWjiXe6X+..U2:le 2 U'6+UUegurgsolutidriX6iU1iu\aUij\
Landsat satellite data Figure3-65; Figure3-66; Figure3-67). Data spans from 1984 to
UX6\d2eRUal, 1j1U2:ie 2 U'6+UUEI2:U...U:eej2\U628®BXU2RU2XVULIS
each year

Figure3-65. Screen capture of kelpwatch.org during Q3 of 2024howing all areas of Washington State currentiné¢luded
in this product.
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Figure3-66. Screen capture of kelpwatch.org during Q3 of 2024howing the Cape Flattery/Neah Bay area of Waslgton
State.

Figure3-67. Screen capture of kelpwatch.org during Q3 of 202¢howing a closeup of Neah Bay, Washington. Each pixel
is 30x30 m.
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3.3.2.11 WA DNR SPS and CPS linear extent surveys

Linear extentsurveys were conducted by WA DNR in 2017 for the SblPuget Sound (SPS).
This survey found that bull kelp beds occurred along% of the SPS shoreline, with a vast
majority of shorelines with bull kelp located alonghe Tacoma Narrows and its approaches
at Day Island and Fox Island (Berry et al. 201%idure 3-68).

Figure3-68. Linear extent of bull kelp in 2017, visualized @hg the-6 m bathymetry line (MLLW). Red lines denote
UX0\02¢06R ) 6X0TRe:ReedR} \ a&+0R bR & bBRARA G 8RR X 6X.0R+2DORRTEXe R: Re 6R\eji...R\...)
were not surveyed. Figure andaption from Berry et al. 2019.

Similar linear extent surveys were also conducted in Centrdfuget Sound in 2019The
report summarizingthe Central Puget Soundlataset is currently in progress.

3. Existing Bull Kelp Data 171



3.3.2.12 Historical CPS and SPS data
An analysis of historical data sources in South Pugedound found a loss of 63% of bull kelp
(Nereocystis) extent between 1878 and 2017 (Berry et al. 202L.&5 One) Figure3-69).

Figure3-69. Most recent observation ofNereocystis presence along shorelines in South Puget Sound (SPi&etween 1873
and 2018.(A) The location of SPS, the southern terminus dfe Salish Sea. (B) Bar charts show the most recent
yearNereocystiswas present in tkm segments within each subbasin. Years were binned into 2gear increments, with
two bins excluded due to lack of data. (C) Th&.1 m bathymetric contour line denotes all shorelirs

where Nereocystis : @ @jXX02&0RI1\BiI\\6\\6TeeRBRe+i\\ +06TR bsenBtonioldreserdX @antedeg®nd as in
B). The gray line denotes absence throughout therie period. The general location of three sutbasins (West, Central and
(Ve BR\R16+206TRIeRe 6Re:UR: Re 0R1IUeRA2IRR d6@%: X.IRhBsied AWRR iGAge ifased on

172



publicly available data from the Washington State Bpartment of Natural ResourcesFigure and caption from Berry et al.
2021.

Multiple time periods were included in this studypased on available maps and data. This
allowed for a comparison of proportion of SPS sholime with Nereocystis before 1980 and
after 1980 Figure3-70). This comparison shows substantial losses in botlthe West and
Central sub-basins of SPS, where there was a median of Z8% of shorelines with
Nereocystis present before 1980 compared to nearly 0% of shorigles with Nereocystis
present after 1980.

Figure3-70. Distribution of Nereocystis persistence at 2km segments (A) before 1980 and (B) after 1980. Betence was
calculated as the proportion of all observations ireach segment withNereocystis present within each time period. All 1

km segments whereNereocystis occurred at least once in either time period werenicluded (n = 120) Figure and caption
from Berry et al. 2021.

The long time span of this data set also allowed facomparisons of most recent bull kelp
observation (decade) and oceanographic characteristis such as waves and currents
(Figure3-71).
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Figure3-71. Current and wave exposure at-km segments withNereocystis. The annual mean of maximum daily current
velocity (y-axis) was derived from a 2014 model run of the Sstti Sea Model Youngmann 1978; Ensemble Oceanic Nino
Index 2019. Average annual maximum wave height{xxis) was modeled between 1950 to 2010 by the Wastgton
Coastal Resilience Project Bos et al 2015. 1-km kelp segments are coded by sufbasin and the most recent year

that Nereocystiswas observed (n = 120)rigure and caption from Berry eal. 2021.
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3.3.3 Data Access

For more information or to access th ese datasets, see the following links, reports, and
webmaps.
3.3.3.1 WA DNR COSTR/AQRES
Example technical report:
Van Wagenen, R.F. (2015Washington Coastal Kelp Resources: Port Townsend tbe
Columbia River. Summer 2014Nearshore Habitat Program, Washington State
Department of Natural Resources.
https://www.dnr.wa.gov/publications/agr_nrsh_vanwagenen_ 2015 kelp_tables.pdf

Web App including data from 1982021
https://wadnr.maps.arcgis.com/apps/webappviewer3d/ind ex.html?id=bf65099e13
d14dbfa386bf54790eeall1

Data download:

COSTR

https://fortress.wa.gov/dnr/adminsa/gisdata/datadow nload/kelp_canopy_ strait_coast.zip
AQRES

https://fortress.wa.gov/dnr/adminsa/gisdata/datadow nload/kelp_canopy_aquatic_reserves.zip

Nearshore Habitat Program. (2022). WA DNR COSTR/AE#RAerial Imagery (v2021.0)
[Data set]. Washington Department of Natural Resowes.
https://doi.org/10.5281/zen0d0.11068629

Data layers:
https://experience.arcgis.com/experience/028ded90c96c46eab38ecf72bd8ec847/

Scroll down to Web Services, then Floating Kelp Mooiting

Manuscript:

+{IXaU"RU RaU 6XX..aUFRaU-U X \e i62alWRUIiQIi@ QT YR @as X
recovery after a marine heatwave event in the SalisBea and adjacent open coast. PloS
one, 20(12), e0336574.

3.3.3.2 Kelp Aerial Monitoring (KAM): Highesolution aerial imagery
Technical reports:
NV5 Corvallis, (2023). Kelp and Seagrassi¥nd Orthophotography. Technical Report,
22 pg. Prepared for WA State Department of NaturRlesources, Nearshore Habitat
Program.https://www.dnr.wa.gov/publications/aqgr_acquisition _report.pdf

NV5 Corvallis (2022) Kelp and Seagrassiand Orthophotography. Technical
Report, 24 pg. Prepared for WA Department of NaturResources, Nearshore
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Habitat Program.
https://www.dnr.wa.gov/publications/agr_nrsh_2022 rnv5_ kelp_ortho_acquisition_r

eport.pdf

StoryMap with interactive map and data links:
https://storymaps.arcgis.com/stories/b501ab57cc5749f88 61202b7ad22a681

Image Service URLSs:

2022
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__OpenCoast_2022/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__ StraitJdF_2022/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__SanJuanls 2022/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__ AquaticRes_2022/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__NPugetSound_2022/ImageServer
https://gis.dnrwa.gov/image/rest/services/Aquatics/Nearshore_img__Saratoga 2022/ImageServer
https://gis.dnrwa.gov/image/rest/services/Aquatics/Nearshore_img_Admiraltyln_2022/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img__Tacoma_2022/ImageServer
https://gis.dnrwa.gov/image/rest/services/Aquatics/Nearshore_img__Squaxinls_2022/ImageServer

N

02
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_AquaticRes 2023/ImageServer

w

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_NPugetSound 2023/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_SanJuanls 2023/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_Saratoga 2023/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_EastStraitJdF_2023/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_WestStraitJdF_2023/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_Tacoma_2023/ImageServer

N

02
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_Admiraltyln_2024/ImageServer

~

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_AquaticRes 2024/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_NPugetSound 2024/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_NorthCoast 2024/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_SanJuanls_2024/ImageServer

https://gis.dnrwa.gov/image/rest/services/Aquatics/Nearshore_img_Saratoga_2024/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_EastStraitJdF_2024/ImageServer
https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_WestStraitJdF_2024/ImageServer

https://gis.dnr.wa.gov/image/rest/services/Aquatics/Nearshore_img_Tacoma_2024/ImageServer

3.3.3.3 Samish Aerial data

Samish Indian Nation kelp Story Map:
Palmer-McGee 2021

Samish Indian Nation Department of Natural Resourcewsebsite:
https://www.samishtribe.nsn.us/departments/environm ent
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Image Service& StoryMap

The 20222023 and 2024 aerial imagery was generated by WA DNR in partneiphwith
NV5 Geospatial, and can be accessed ahese ArcGIS Online Image Service links
2022, 2023, 2024.

Imagery can also be viewed on this StoryMaglaar 2024

3.3.3.4 Linear extent from 1984 imagery in Central Puget Sod
Report:
aéXxXo622iavu@RalU 6XX...,.aUFRaU +iixXxau"RrauU :+IXDX0A02BOQOQTR
along Seattle shorelines in 1984 using historicalerial imagery. Nearshore Habitat
Program, Washington State Department of Natural Resirces.
eeU\Aiii2XReiR :}7\ ed\iTd {Q5/aimesh)imQKOrQA 2025.pdf

StoryMap:
https://storymaps.arcgis.com/stories/c13a62f9930a4f2481e3balfb620f8e0

3.3.3.5 MRC Kayak surveys

ArcGIS Online feature service:
https://www.arcgis.com/home/item.html?id=762bb0b250a6 4b519d67f0f6b123dba6

Sound 1Q website:
https://www.nwstraits.org/our -work/soundiq/
https://maps.cob.org/geviewer/HtmI5Viewer/Index.html ?viewer=SoundIQ

Contacts:

NWSC GIS SpecialistSuzanne Shull sshull@padillabay.gov
NWSC GIS Specialist: Leah Skakare@nwstraits.org
NWSCKelp Program Manager V 6 ~ U ®, weity@nwstraits.org
Marine Program ManagerDana Oster oster@nwstraits.org

Datasets are available through the NWSC and individl MRCs
-  NWSC Kelp Monitoring

- Clallam County

- Island County

- VO 6X\:2U :j2e...

- San Juan County

- Skagit County

- Snohomish County
Whatcom County

MRC kayak protocol document:
https://www.nwstraits.org/media/3380/mrc -kelpkayaksurveyprotocot2023update.pdf
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3.3.3.6 WA DNR Kayak surveys
Report: Longe 6 X1U'i...I'U1:2 e:X 2 U: U2:je 2 U'6+UU 2UJJ 6eU<«:j2
2024: eeU\&iil2XReiBR :}i\ e6\iido iQ#aniHedbei€) Q@RT.pdf

Report:LongedX1U'[...['U1:2 e:X 2 U: U2:je 2 U'6+UU 2Ya 6eUc<:j2
https://www.dnr.wa.gov/publications/aqr_ledbetter_b erry24.pdf

2019 StoryMap:
https://storymaps.arcgis.com/stories/96fc7e27353c4cc3872a0610881331dd

Monitoring report (2017 & 2018):
https://www.dnr.wa.gov/publications/agr_nrsh_bullkelp_sps_2019.pdf

Monitoring report (2013, 2014, & 2016):
https://www.dnr.wa.gov/publications/agr_nrsh_squaxin_bullkelp 1217.pdf

3.3.3.7 WA DNR UAS monitoring surveys

Report: Monitoring Puget Sound Bull Kelp Forests thiMultispectral UAS(2024)
https://www.dnr.wa.gov/publications/agr_nrsh_monitoring_bull_kelp_multispectral

_uas.pdf

StoryMap: Mapping bull kelp forest canopies with agal imagery
https://storymaps.arcgis.com/stories/9daebbe14134440290e87bb77d2feb75

Report: Kelp Forest Canopy Surveys with Unmanned A& Vehicles (UAVS) and
Fixed-Wing Aircraft (2021)
https://www.dnr.wa.gov/publications/agr_nrsh_kelp _canopy_survey_report.pdf

3.3.3.8 WA DNR/Suquamish UAS surveys
Final Report in progress at the time of this publeation.

3.3.3.9 ShoreZone survey
Nearshore Habitat Inventory landing page:
https://www.dnr.wa.gov/programs-and-services/aguatics/aquatic -
science/nearshore-habitat-inventory

Report: Washington State ShoreZone Inventory: Summaof Key Findings
eeU\aiieeeRT2XRBeIR :}iUjee+ eie :2\ilWX62X\ 6\ Xe2006\j16+21R I

ShoreZone Inventory Users Manual
https://www.dnr.wa.gov/publications/agr_nrsh_szusermanual.pdf
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ShoreZone Inventory Data Dictionary
https://www.dnr.wa.gov/publications/aqr_nrsh_szdatadict.pdf

Shoreline Biology from ShoreZone in the Washingtdboastal Atlas Interactive Map
https://www.dnr.wa.gov/programs-and-services/aguatics/aquatic -
science/washington-marine-vegetation-atlas

3.3.3.10 KelpWatch (Landsat satellite data)

KelpWatch landing page:
https://kelpwatch.org/

Data download:
https://doi.org/10.6073/pasta/a9071a2celb78242c2adldda5854ec78

Manuscripts:
Bell, T. W., Cavanaugh, K. C., Saccomanno, V. R.,Y@aaugh, K. C., Houskeeper, H.

F., Eddy, N., ... & Gleason, M. (2023). KelpWatch:n&w visualization and analysis
tool to explore kelp canopy dynamics reveals varidb response to and recovery
from marine heatwaves. Plos one, 18(3), e0271477.
https://doi.org/10.1371/journal.pone.0271477

Bell, TW., Allen, J.G., Cavanaugh, K.C., & SiegblA. (2020). Three decades of
variability in California’s giant kelp forests fromthe Landsat satellites. Remote
Sensing of Environment, 238, 11081 https://doi.org/10.1016/|.rse.2018.06.039

Houskeeper, H.F., Rosenthal, I.S., Cavanaugh, Ka.(Rawlak, C., Trouille, L., Byrnes,
J.E.K., Bell, TW., and Cavanaugh, Ky.C. (2022)t¢uated satellite remote sensing
of giant kelp at the Falkland Islands (Islas Malvas). PLoS ONE, 17(1): e0257933.
https://doi.org/10.1371/journal.pone.0257933

Hamilton, S.L., Bell, TW., Watson, J.R., Grorudolvert, K.A., & Menge, B.A. (2020).
Remote sensing: generation of longerm kelp bed data sets for evaluation of
impacts of climatic variation. Ecology, e03031https://doi.org/10.1002/ecy.3031

3.3.3.11 WA DNR CPS and SPS linear extent surveys

Report: SPS Bull Kelp Surveys
https://www.dnr.wa.gov/publications/aqr_nrsh_bullkelp_sps 2019.pdf

Conference Presentation: CPS Bull Kelp Surveys
https://cedarwwu.edu/ssec/2020ssec/allsessions/51/
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South Puget SoundVlanuscript:

Berry HD, Mumford TF, Christiaen B, Dowty P, Callay M, Ferrier L, Frossman EE,
VanArendonk NR (2021) Lonterm changes in kelp forests in an inner basin ohe
Salish Sea. PLoS ONE 16(2): e0229703.
https://doi.org/10.1371/journal.pone.0229703

3.3.3.12 Historical CPS and SPS data
South Puget SoundManuscript:
Berry HD, Mumford TF, Christiaen B, Dowty P, Callay M, Ferrier L, Frossman EE,
VanArendonk NR (2021) Lonterm changes in kelp forests in an inner basin ohe
Salish Sea. PLoS ONE 16(2): e0229703.
https://doi.org/10.1371/journal.pone.0229703

180



3.4 Discussion

341 (, \e 2 U2:fe 2 U'6+UUITIel
“ \UX6U:XeU \UiUeé:1U +le :2U: Ui} +ik2+0 V.47 \\&e 2 &3eie22) (2B U
abundance in Washington State. These datasets spaarange of collection methods,

spatial resolutions, and collection dates, providinga peak into past kelp canopy
distribution and how kelp canopies have changed oveire.

UT ~ éj+e..U+ e U 2ed Xie 2 U2:fe 2 U'6+UWUT\eelX iae aividR &iiedUiaj21
scale is that there is no one method that is appropate to use under every circumstance.
Three main considerations should inform methodologial choices for kelp canopy

1:2 e:X 2 AUPYyUX®d\:+je :24aU \Ue 6Ulbecel+:i6+2..Wé+Had)R b\ X
area: is the method feasible across the planned swey area? 3) cost and capacity: is

j21 2 Ui}i +ilee+6Ui271:XU \Ue 6X0U\el i}:+]j2datatcKlldaidbnlie e...U :XUL
processing, and analysis? For example, highiK 6\:+je :2U+,06TUes 2 U 11 6X...U&l2UUF
feejxXied+..UT06edeéeUz2:ile 2 U'6+UUIeUe AU X i2zaWih&y: UM Ujé+U.: U
large areas of the State, but 3) tend to be relagly expensive and/or time consuming to

UX:e6\\RU +ed6X2ie }o+..aUuU'l...I"U\jX}6elBiipyl iy Uad)Xdedji..200¢
submerged individuals, (2) are limited in spatial sope due to tide windows and the amount
of time it takes to conduct the surveys, (3) areelatively low-cost compared to some other

16e :T\RU ++U: Ue 6\0U10e :1\Ue&:106U- e UeXliii@:280LUPD&dXD PeUW :
@ ::\6Ue 6U@:XX06eeUeé:1a 2ie :2U: U\jX}6.. UNi@eU:d\U& aPk:+e & ey
2:]e 2 U'6+UUIeUe oU20N X0\ @++®iU 71 e :21++...aUe 6UUXO6\062e06U
supports a multi-tiered approach for monitoring, that includes bothlarge-scale survey
methods as well as local survey methods. By integtang multiple methods, it is possible to
build a more comp+6edUU éejXoU: U2:le 2 U'6+UUIxj21i2e6aUU\eX &je :
time.

Despite the amount of data that is currently availble for kelp canopies, large data gaps

remain. These gaps are present both spatially ane&imporally; of the nine Indicator sub

@i\ 2\Ue leU (}6U2:le 2 U'6+UaAUIUUX:, 1ieoer 0.2adlfdrbtatude 61U [}06!
e+i\\ +eél&igwdBil). For most of these subbasins, datasets are available for only a

limited subset of sites within a large spatial areaand dataset lengths tend to be relatively

short (<510 years). The San Juan Islands is an exception sinthe Samish DNR aerial data

spans multiple years between 2004 and the present (layer data record) for all nearshore

habitat in the sub-basin. These data are limited by some inconsistencgin survey

16e :1:+: ...UleX:\\U..6iX\UaxjeUiXoUe:+\edoXelUR. .+H62WIR211WHA:j\L
that shows previous distributions of kelp canopies irthe San Juans. Since Indicator data

and assessments are used by managers, researchersnd organizations to identify areas of

2:fe 2 U'6+UUX0B\ + 62¢6aU+:\\aviz2ivue (2 sauUiepesenieiU [U\Ue TeU
immediate improvements for science and management.
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as areas of substantial documented declines. Theséeclines have been documented at a

century scale (Berry et al. 2021) across both subasins, as well as precipitous declines at

some sites over the past decade. As kelp beds shrknand often vanish in these sukbasins,

valuable habitat and services are lost from the cogsponding nearshore ecosystems. For

example, Nereocystis : X6\e\U 2Ue 6Ub:Xe 6i\eU,ié xeUl i+ :X¥2UIUe:U +1i\
to have an economic value of $142,000 per hectare o€lp forest area per year (Eger et al.
QOQRyYRU“ \U}i+jle :2U:2+..U 2¢&+jiotUeixXxaUup2ieLtXioxad\2jeX 62e
services, so is likely an underestimate of the total economicvalue provided byNereocystis

forests. Nereocystis forests also improve the quality of seagrass nursgrhabitat for young

of-the- ... 6 I XU X:&'+\ aU U X-:qudlitg ptey and Xcreased recruitment (Qden et al.

2019). Furthermore,Nereocystis forests also have higher abundances of zooplankton,

$j}62 +06U\I+1:2 T\aUvui2iU :XI 6U+\ 6\Ue 12U2061eXdd +RIUIQ ODYRWUX
these, and many other reasons, substantial kelp delnes at a sub-basin scale represent

risk and damage to nearshee ecosystems.

Conversely, kelp forests on the open coast of Washgton and the Strait of Juan de Fuca
[}6U 620Xi++..Uae0062UX06\ + 62eU:}6XU e\ ddMXU beellNiorI U6 0O e W B A |
are a few exceptions, including near the mouth of # Elwha River which hadubstantial
\67 162eU2j,6\U :++:« 2 UTi1U-2614: (Rubid eRdl. Q023F),Rand in the eastern
portion of the Eastern Strait of Juan de Fuca. Themainder of the locations (i.e., 510 km of
coastline each) in these subbasins are either stable or slightly increasing, altbugh
@ [2 6\UiIXdU:eejXX 2 U:2U+286XU\Ule T+U\eV +®d\RibHR Ak 8 6 e + Ul U
general stability of this region, continued monitoing is important to identify new losses and
to implement protection, conservations, and X 6\e: Xie :2U6 :Xe\UI\U2667161R U

3.4.2 Current Vital Sign integratiorand Future Development

jXX062e+..aUlj+e U+06U7T 0X062eUe..U0\Ue:Uel®il>k:d8 & o2 §+Ddb
Sign Indicator, either analyzed as part of quantitéave trends (at the site/location scale)
woven together with other data sources to inform stius assessment (atthe sub-basin
scale). For inclusion in quantitative trend analysis, a daset must 1) be collected with
e:2\ \e62eU10e :1\U:}0XUe 16aUQyUXo6U:XeUeHE ®UUd+1B Dad TWi X
survey years.

Datasets used for quantitative trends:

* WA DNR COSTR/AQRES aerial imagery
» Samish DNR aerial imagery

* MRC kayak surveys

* WA DNR kayak surveys

Datasets used for qualitative status assessment:
» All quantitative datasets
» Kelp Aerial Monitoring higkresolution aerial imagery
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» Linear extent from 1984 imagery in Central Puget Sond
* WA DNR UAS monitoring surveys

* WA DNR/Suquamish UAS surveys

» ShoreZone survey

» KelpWatch

* WA DNR SPS and CPS linear extent surveys

» Historical CPS and SPS data

Some datasets included in qualitative status assesment may be used for quantitative

assessment in the future, depending on data structue, project support, and dataset

+062 e BU 7T e :2i++..aUs +06U:e 0XU}i+jieed6Wjide (Blhd,} 0&)Tiei\0e
1606 U 6e'U\jX}6..\yaUe 6\0UTIei\6e\U16I\jXdBRUGEDR eU.WiXI16edi
not currently directly comparable to kelp bed area (e., the quantitative measure used in

the Indicator).

The WA Floating Kelp Bed Area Vital Sign Indicatail be updated annually, dependent on

continued funding and support. (,e 62\ }oUeé:++ieae:Xie }6UB6 :XeU iI\Uxdbd2UUje
[2TU«01} 2 Ue: 6e 6XUe 0\6Ulj+e U+oUTieiU\:jX8daUBZTHelUINOW "2
ongoing and are anticipated to continue over the logpterm. The continuous addition of new

data by multiple project partners will allow for cortinued Indicator improvement with each

update.

3.4.3 Conclusions and Next Steps

3.4.3.1 Floatingkelp indicator improvement

Floating kelp distribution and abundance varies a@ss the State, and we are only just

beginning to be able to assess status and trends imany locations. With the available

information, the Indicator has highlighted many aras with substantial data gaps.Filling

these knowledge gaps is a top priority to support onitoring, protection, and conservation

 U®I\ 2 e:2\U2:fe 2 U'6+UU :X06\e\BRU*“ 6\6UTLe AU WU €ii.2 Uty IU &
@:2e 2j 2 Ui21U6,Ui27T 2 Ub, \e 2 Ul:2 e:X adikgéaddinsdrpbéatihg2 iU Qy U e
already-existing knowledge and data. Already existing inforation may come in the form of

12T 62:j\Ucé 62e +eUX2:++01 6aU \e:X ei+U 1000\ R\:PX B I6 BKe..iW: X
have not yet been accessed or synthesized. Inordez: U+ 27aUi2i+...+6aUi27U 2¢&:XU:XIi
additional data and knowledge sources, additional fmding support will be needed.

3.4.3.2 Researchquestions arising

\UedU+06iX2U1:X06Ulee:jeU\Uie [+UUIeedX2\U R&RX\Iked 2@ ®arWil X8 j2
guestions arise regarding why any particular area idoing better or worse than any other
IX6iRUTO\6IXe U I\U 162e £061U\eX0d\\:X\Ue\U2ebthR202H+U\UUGOR Ral
Raymond et al. in prep and citations within), butite nearshore environment in the greater
,j 6eUc«:j2iUIX6iU \Uese:e U\Ule [++...Ui21UebdTUEMierde:U}iX2ke +0EU
which stressor(s) within the constellation of drives and stXd\\: X\UiXo6UI 6ée 2 U'6+UU
abundance and persistence. This is further compoundd by the fact that there is fairly
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limited in situ data for environmental conditions n and around canopy kelp beds, so the
exact conditions that the kelps experience is ofterunknown. Finally, kelp abundance and
persistence are likely linked to health and condition Unfortunately, limited data are
available to describe spatial patterns of canopy kgd morphometrics and condition in the
X6led6XU,j 6eUc:j2iUIX6lauli’' 2 U eUT ~ €+l d) 22 2UUDIA}\ XXD1D: X
to kelp health, condition, and abundance at a statevide scale.

The HSIEsupported project that funded this report representsan attempt to bridge these
knowledge gaps between environmental conditions anadanopy kelp health and

UGX\ \ed2e0RU" 60U :Xe €:1 2 UlielUX0U: Xe@UUYAWXod XidrdPeU 2e¢
laboratory analyses, with the goal to improve our understading of questions such as\Why
are canopy kelps thriving in some locations? Why k& kelp canopies been lost in some
locations? Are canopy kelps healthier in some areasompared to others? What
environmental conditions are canopy kelps exposed to throughat the year? Which
stressor(s) may be responsible for patterns of resilience and 188 These questions (and
many more) are fundamentally important to our undestanding of canopy kelp loss and
resilience, and will provide critical data for managment, restoration planning, and stressor
1 e le :2U6:Xe\U 2e:Ue 06U jejXoR

3.4.3.3 Development of anunderstory kelp indicator

We acknowledge that, while the WA Floating Kelp VIt&ign Indicator provides a statewide

view of kelp canopy speciesiacrocystis pyriferaand Nereocystis luetkeana), it is, by

nature, not representative of all kelp in Washingto. Washington State is home to 22

species of kelp (includingMacrocystis and Nereocystis) and many other species of marine

algae that comprise a broad range of life historigeenvironmental responses, and

ecosystem functions. Momentum is building for the deelopment of an UnderstoryKelp

127 éfe:XaUajeUe 6UUX:e6\\U I\Uax0662U 276Xaiyaxe.d2zedliieTR)+e
a:2 e:X 2 U2:je 2 U'6+UU+62T\U e\6+ UedUIx+eUG+dW\jX Ji@oWid'de. i’
[21Ue:le\yUi27U X:1Ue 0UI X-Adiing adiidrft, atehtesy Chnversely,

monitoring understory kelp must be conducted underwéer, where largescale surveys are

T~ éj+ealli2iuU\UGe 0\UT "6X62e le :2Uei2U\:10RUIFGY0 pdXAROIX + ... U
collection and data processing methods are improvingapidly, opening the possibility of an

Understory Kelp Indicator in the near future. Moreesearch and method development are

needed to realize this potential, and we identify ssessment and monitoring of understory

kelp as an important next step in building our undestanding of kelp forest status and

trends in Washington and beyond.

3.4.3.4 Monitoring for management

The Indicatordemonstrates the value of monitoring data, and prodes direct links to
targeted research and management planning, includingestoration, protection, mitigation
planning:
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x In order toidentify areas for restoration, it is helpful to kew where canopy kelp has
existed in the past. If a kelp bed was knocked outyban extreme event, it may follow
that there is a higher likelihood of restoration socess in that area. This assumption
does, :+0}OXUXOWj X6Ui2Uj276X\ei27 2 U: Ues leUdif\i@abd) 6 U +:\\
and whether that stressor is still present or if ihas been alleviated so kelp may
again grow in that location.

X In order to identify areas for protection, kelp mapmg and monitoring can provide
valuable insights: 1) Identify beds with a high chace of protection success, by
mapping where kelp has been persistent over time; kelp bed that is present in an
area yearafter year is more likely to experience conditions@nducive to continued
persistence over time. 2) Identify beds that are imprtant for canopy kelp
connectivity and population stability; an area with @rsistent canopy kelp may be a
seed bank for nearby, more ephemeral beds. 3) Id&fy priority habitat for
protection; knowledge of the location of not only lage beds, but also smaller,
fringing beds, can be vitally important to identifing habitat and connectivity
corridors for other species such as salima® \Ui27U :XI 6U+\ RU U'6+UU&x06iU1
small, but it may provide the only hospitable hab#t for some species along their
migratory route. It is important not to underestimae these connective, fringing
habitats.

X In order to identify areas for stressor mitigationit is helpful to understand the
e 16+ 206U: UUX6} :j\U'6+UU+:\\RUI Ue 6HéTURUER: 2&:1\02A&8 |-
with purported stressor(s), this information can beused to link the stressor and tie
loss. If the stressor is known, it is then possibléo prioritize areas where it is feasible
to mitigate the instigating stressor for that partular location. This could increase
e 6Ueé [2806U: Ul e le :2U\jeeéd\\aUae...U02\jXsordisteheUe 6U1 ¢
with the expected driver of loss.

““UX6i+ «6Ue 6\0U&x6206+e\alU:2 : 2 U j27 2 UMY LUXX2 W i:2qW'6+U
f\\o\\162eU \UXOW| X6TRU«6&jX 2 U 2}06\eldl2eli2Uej2ec:Xaed el &Ud
returns on investment can be enormous: accurate undrstanding of kelp distribution and

UdX\ \ed2e06Uei2U 1UX:}6U0 6ée }620\\U: Uli2Wb1%@eel16i\jX0O\UI
conservation over the long term.

3. Existing Bull Kelp Data 185



3.5 References

Bell, TW., Allen, J.G., Cavanaugh, K.C., SiegelAD2020. Three decades of variability in
California's giant kelp forests from the Landsat stellites. Remote Sensing of
Environment, 238, 110811https://doi.org/10.1016/j.rse.2018.06.039

Bell, T. W., Cavanaugh, K. C., Saccomanno, V. R.,v@aaugh, K. C., Houskeeper, H. F.,
Eddy, N. & Gleason, M. (2023). Kalgatch: A new visualization and analysis tool to
explore kelp canopy dynamics reveals variable resptse to and recovery from marine
heatwaves.PLOSOne, 18(3), e0271477.

o++aUl“aUXRBRU i}i2ij aU"BU« 6 6+RUQOQSRUx.. . UBORAGULFBN\YX 8\

kelp biomass in the canopy from Landsat 5, 7 and &ince 1984 (ongoing) ver 26.
Environmental Datalnitiative.
https://doi.org/10.6073/pasta/a9071a2celb78242c2adldda5854ec78 Accessed 2025
01-13.

Berry, H. D., Harper, J. R., Mumford, T. F., JooBheim, B. E., Sewell, A. T., & Tamayo, L. J.
2001. The Washington State ShoreZone Inventory UsManual. Nearshore Habitat
Program. Washington State Department of Natural Resirces. Available online at
https://www.dnr.wa.gov/publications/agr_nrsh_szusermanual.pdf

Berry, H. D., Harper, J. R., Mumford, T. F., JooBheim, B. E., Sewell, A. T., & Tamayo, L. J.
2001. The Washington State ShoreZone Inventory: Sumary of Key Findings. Nearshore
Habitat Program. Washington State Department of Natral Resources. Available online
at:_eeU\ATi12XReiR :}i\ ed\iTo {DHRIM B HIZXA BT X20606\j16+2TRUT
Berry, H.2017. Assessment of Bull Kelp at Squaxin Island in 2013014, and 2016.
Nearshore Habitat Program, Washingtorstate Department of Natural Resources,
Olympia, WA.

Berry, H, Calloway, M.,Ledbetter, J.2019. Bull Kelp Monitoring in South Pugt Sound in 2017
and 2018 Nearshore Habitat Program, Washington State Depament of Natural
Resources, Olympia, WA.

Berry, H., Cowdrey, T. 2021. Kelp Forest Canopy Says with Unmanned Aerial Vehicles
(UAVs) and FixedVing Aircraft: a demonstration project at volunteemonitoring sites in
northern Puget Sound. Nearshore Habitat Program, VBaington State Department of
Natural Resources, Olympia, WA.

Berry H., WW. Raymond, D. Claar, P. Dowty, E. Spding, B. Christiansen, L. Ferrier, J.
Ledbetter, N. Naar, T. Woodard, C. PalmdvicGee, T. Cowdrey, D. Oster, S. Shull, T.
Mumford, M. Dethier. 2023. Monitoring Program Desigand Data Assessment Protocols
for Floating Kelp Monitoring in Washington Stat&Vashington State Department of
Natural Resources Report. 64 pg.

Berry H., WW. Raymond, D. Claar, P. Dowty, E. Spding, B. Christiansen, L. Ferrier, J.
Ledbetter, N. Naar, T. Woodard, C. PalmevicGee, T. Cowdrey, D. Oster, S. Shull, T.

186



Mumford, M. Dethier. 2023. Floatind<elp Monitoring in Washington State: Statewide
Summary. Washington State Department of Natural Resources Report. 33 pg.

Berry, H. D., T. F. Mumford, B. Christiaen, P. DoyvtM. Calloway, L. Ferrier, E. E. Grossman,
and N. R. VanArendonk. 2021. Lontgrm changes in kelp forests in an inner basin ohe
Salish Sea. PLOS @k 16:€0229703.

Bishop E. 2014. A kayabkased survey protocol for Bull Kelp in Puget SoundPrepared for
the Northwest Straits Commission. https://nwstraits.org/media/3380/mrc -
kelpkayaksurveyprotocot2023update.pdf

Britton-< 11:2\aUXRBRaU(e'1i2auUVRU(RaU-U"] 2\aU"RULRIGTRUEOMBU( 06é
stage on estimates of bed size in the kelplereocystis luetkeana Marine Ecology
Progress Series355:95-105.

Calloway, M., D. Oster, H. Berry, T. Mumford, N. [dg B. Peabody, L. Hart, D. Tonnes, S.
Copps, J. Selleck, B. Allen, and J. Toft. 2020. Pug@»ound kelp conservation and
recovery plan. Prepared for NOAAIMFS, Seattle, WA. 52 pages plus appendices.
Avalilable at: https://nwstraits.org/our -work/kelp/ .

Cavanaugh, K. C., K. C. Cavanaugh, T. W. Bell, @adG. Hockridge. 2021. An Automated
Method for Mapping Giant Kelp Canopy Dynamics frotdAV. Frontiers in Environmental
Science 8:587354.

Chittaro, P., Andrews, K., Tolimieri, N., Gates,,Buckner, E., Ylitalo, G., & Tonnes, D. 2023.
Dietary connections of marine species to kelp and egrass. Research Square Preprint
https://www.researchsquare.com/article/rs -2809764/v1
+{{XaU"RU RAU 6XX..aUFRaAU-U X \e i62aUURLIEOQQIRY@WHX oo X
after a marine heatwave event in the Salish Sea aratijacent open coast.PLOS One
20(12), e0336574.

Claar, D., H. Berry, S. Ammons, J. Bluhm, B. Chiiegn, T. Cowdrey, M. Dethier, J. De La
Cruz, P. Dowty, L. Ferrier, J. Ledbetter, T. MumdpN. Naar, D. Oster, W.W. Raymond, S.
Shull, L. Skare, E. Spaulding, B. Turner, J. Whitty Woodard. 2024. Floating Kelp
Monitoring in Washington State: Statewide Summanrhtough 2022. Washington State
Department of Natural Resources Report. 21 pg. plugppendix.

Claar, D., H. Berry, S. Ammons, B. Christiaen, To@drey, M. Dethier, P. Dowty, L. Ferrier, J.
Ledbetter, G. McKenna, T. Mumford, N. Naar, D. Ostaly.W. Raymond, S. Shull, L.
Skare, B. Turner, J. Whitty, T. Woodard. 2025. Riog Kelp Monitoring in Wasington
State: Statewide Summary through 2023. Washingtont&e Department of Natural
Resources report. 21 pg. plus appendix

Cowdrey, T, & Claar, D. 2024. Monitoring Puget SadiBull Kelp Forests with Multispectral
UAS: An IndexBased Approach. Nearshore Habitat Program, Washingh State
Department of Natural Resources, Olympia, WA.

3. Existing Bull Kelp Data 187



Eger AM, Marzinelli EM, Beasuna R, Blain CO, Blamey LK, Byrnes JE, Carnell E&gi CG,
Hessing-Lewis M, Kim KY, Kumagai NH. 202Bhe value of ecosystem services in global
marine kelp forests. NatComm 14(1):1894.

Hamilton, S.L., Bell, TW., Watson, J.R., Grorudolvert, K.A., & Menge, B.A. 2020. Remote
sensing: generation of longterm kelp bed data sets for evaluation of impacts bclimatic
variation. Ecology, e03031https://doi.org/10.1002/ecy.3031

Hollarsmith, J. A., Andrews, K., Naar, N., Stark8,, Calloway, M., Obaza, A., ... & Therriault,
T. W. 202). Toward a conceptual framework for managjrand conserving marine
habitats: A case study of kelp forests in the SalisSea.Ecology and Evolution12(1),
e8510.

Houskeeper, H.F., Rosenthal, I.S., Cavanaugh, Ka.(Rawlak, C., Trouille, L., Byrnes, J.E.K.,
Bell, TW., and Cavanaugh, Ky.C. (2022). Automatedtellite remote sensing of giant
kelp at the Falkland Islands (Islas Malvinas). PLOSNE, 17(1): e0257933.

Ledbetter, J. and Berry, H. 2024. Lorg 6 X 1U'[...1'U1:2 e:X 2 U: U2:je 2 U'6+UU 2
<:j27aUto\j+e\Ue X:j U+06+1U..6IXUQOQRRUbLOIX\e:X&t&JFiae eieU
Department of Natural Resources, Olympia, WA.

Ledbetter, J. Claar, D., and Berry, H. 2025. Long6 X 1 U'[...1'U1:2 e:X 2 U: U2:ie 2 U'd

Puget Sound: Results through 2024. Nearshore Habit&rogram, Washington State
Department of Natural Resources, Olympia, WA

McKenna, G., Berry, H., Claar, D., Cowdrey, T. 2028./UU 2 Uz2:fe 2 U'6+UUUX06\62e06U
Seattle shorelines in 1984 using historical aeriamagery. Nearshore Habitat Program,
Washington State Department of Natural Resources.

Nearshore Habitat Program. (2022). WA DNR COSTR/AE8RAerial Imagery (v2021.0) [Data
set]. WashingtonState Department of Natural Resources.
https://doi.org/10.5281/zen0do.11068629

Olson AM, HessingLewis M, Haggarty D, Juanes F. 201Nearshore seascape connectivity
enhances seagrass meadow nursery function. Ecologidapplications 29(5):e01897.

, =\ e 64 UBerry HD., Mumford T.2018. The dynamics of Kelp Forests in the Northeast
e xeuiedi2Ui2iUe 6UX6+ie 12\ UUe e UB2} XUZ&06Rel+UTX }OX\I
106(4):1520633.

bie :2i+UalX 26U> \ 6X 6\U«6X} e6RUQOPVREW::&2 NUDY @20 38 X [.UU , -
Basin ... 0+ +:+0 ... 6 IS¢bastes rubérrimug and bocaccio Sebastes paucispinis.
National Marine FisheriesService. Seattle, WA.

NV5 Corvallis 2023. Kelp and Seagrassidand Orthophotography. Technical Report, 22 pg.
Prepared forWashington State Department of Natural Resources, Nearshore Hatat
Program.https://www.dnr.wa.gov/publications/aqr_acquisition _report.pdf

NV5 Corvallis 2022 Kelp and Seagrassi#and Orthophotography. Technical Report, 24 pg.
Prepared forWashington State Department of Natural Resources, Nearshore Hatat
Program.

188



https://www.dnr.wa.gov/publications/aqr_nrsh_2022 nv5 kelp ortho_acquisition_repo
rt.pdf

Rubin, S.P.,, Foley, M.M., Miller, I.M., Stevens, AW\arrick, J.A., Berry, H.D., Elder, N.E.,
Beirne, M.M., & Gelfenbaum, G. 2023. Nearshore subltl community response during
and after sediment disturbance associated with dam emoval. Frontiers in Ecology and
Evolution, 11, 1233895. https://doi.org/10.3389/fevo.2023.12338%

Schroeder, S. 2019. Satellite remote sensing dereocystis luetkeana(bull kelp) and the
use of kelp by juvenile salmon in the Salish Se&lniversity of Victoria Dissertation.

« [ToXaUVR RaUaj2\e aURFRaU-U :X16++aUVeR2BU i:QXO QO3 BVadHr U
i2TU$j}062 +0U\NI+1:2 T\U: Ue 6U2:Xe aMArne bnkCaastall2 61X\ : X6 R
Fisheries,12(1), 420.

Timmer B., Reshitnyk L.Y., Hessingewis M., Juanes F., Gendall., Costa M. 2024.

Capturing accurate kelp canopy extent: integratingides, currents, and specieslevel

morphology in kelp remote sensing. Frontiers in Emonmental Science 12
https://doi.org/10.3389/fenvs.2024.1338483

Van Wagenen, R.F. (2015). Washington Coastal Kelp®urces: Port Townsend to the
Columbia River. Summer2014. Nearshore Habitat Program, Washington State
Department of Natural Resources.
https://www.dnr.wa.gov/publications/agr_nrsh_vanwagenen_ 2015 kelp_tables.pdf

Whitty, J. and Oster, D. 2023. Puget Sound Kelp Gavation and Recovery Plan: Status
Update. 32 pages plus appendices. Available ahttps://nwstraits.org/our -work/kelp/.

Youngmann C.1978. Coastal zone atlas of Washington. Olympia, WA: Washgton
Department of Ecology and University of Washingto@artographic Laboratory
Avalilable from:https://searchworks.stanford.edu/view/2373183.

3.6 Supplementary Material

Supplementary references from Berry et al 2021

Berry H. Assessment of bull kelp at Squaxin Island 2013, 2014 and 2016. Olympia, WA:
Washington State Department of Natural Resources Neahore Habitat Program;
2017. p. 39. Available fromhttps://dnr.wa.gov/aquatics/aquatic -science/nearshore-
habitat-program/nearshore-habitat-publications.

Berry H. 2004 Coloiinfrared kelp survey at Squaxin Island. In: Assessent of bull kelp at
Squaxin Island in 2013, 2014 and 2016. Olympia, W/ashington State Department
of Natural Resources Nearshore Habitat Program; 2004. 39. Available from:
https://dnr.wa.gov/aquatics/aquatic -science/nearshore-habitat-
program/nearshore-habitat-publications.

Berry H, Calloway M, Ledbetter J. Bull kelp monitmg in South Puget Sound in 2017 and
2018. Olympia, WA: Washington State Department ofdtural Resources Nearshore

3. Existing Bull Kelp Data 189



Habitat Program; 2019. p. 72. Available fromhttps://dnrwa.gov/aquatics/aquatic -
science/nearshore-habitat-program/nearshore-habitat-publications.

f16X:2U>RBU,:efl\ U X:1U'6+URU®BI\ 2 e:2aU" AaRO«Yi@-leROUXX2280

eeU\diiélel+: R+ aeBRjée el :R61ji}j+x21it6e:XTTRRPWSOQ

\eUi21U@06:76e eéU«jX}6..8U"<U :i\eU, +:XRUMBUXDBe:2aU :i\edU I-
®I\ 2 e:2aUFiel Ui2iU,ie teUIN\+i2T\BUI24U" :1UF:2i+7UaRUF]
Long-term changes in the areal extent of tidal marshes,adgrass meadows and kelp
forests of Puget Sound. Wetland Ecosystem Team, Fisheries Researchstitute,

University of Washington; 1926. p. 116. Availabledm: https://www.dnr.
wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?1gy.

\eUi21U@06:76e éU«jX}06..8BU"<U :i\eU, +:XRUMBUXDBe:2aU :i\edU I-
®I\ 2 e:2aUFiel Ui2iU,ie teUIN\+i2T\BUI24U" :1UF:2i+7UaRUF]
Long-term changes in the areal extent of tidal marshes,agrass meadows and kelp
forests of Puget Sound. Wetland Ecosystem Team, Fisheries Researdhstitute,

University of Washington; 1951. p. 116. Availabledm: https://www.dnr.
wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?1gy.

\eUi2iU@06:76e eU<«jX}b6..RU U :l\eU, +:XRUMBUXDE:2aU :i\edU i+
®I\ 2 e:2aUFiel Ui2iU,ie teUIN\+i2T\BUI24U" :1UF:2i+7UaRUF]
Longterm changes in the areal extent of tidal marshes,agrass meadows and kelp
forests of Puget Sound. Wetland Ecosystem Team, Fisheries Researdhstitute,

University of Washington; 1889. p. 116. Availabledm: https://www.dnr.
wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?1gy.

Harlin MM. A Phycological Survey of Steamboat Islap@hurston County, Washington State.
Syesis. 1969; 2:257%61.

Hodgson LM, Waaland JR. Seasonal variation in thaetgidal macroalgae of Fox Island,
Puget Sound Washington. Syesis. 1979; 12:1612.

National Ocean Service. Hydrographic Sheet RegisteroN9682. Nisqually Reach: US
Department of Commerce, National Oceanic and Atmosphac Administration;

1977. Available from:https://maps.ngdc.noaa.gov/viewers/bathymetry/.

National Ocean Service. Hydrographic Sheet DescriptivReport. Register No. 10684. Dana
Passage. US Department of Commerce, National Oceanica Atmospheric
Administration; 1996. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

National Ocean Service. Hydrographic Sheet DescriptivReport. Register No. 10714.
Nisqually Reach. US Department of Commerce, NatioridOceanic and Atmospheric
Administration; 1996. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

bie :2i+Uie6i2U«6X} €0RUF...TX: XiU eU« 60eUkd:ivebeWbiR& RO UL
Passage. US Department of Commerce, National Oceanicnal Atmospheric
Administration; 1996. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

National Ocean Service. Hydrographic Sheet DescriptivReport. Register No. 11042.
Nisqually Reach. US Department of Commerce, NatiorlaDceanic and Atmospheric

190



Administration; 2001. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

National Ocean Service. Hydrographic Sheet DescriptivReport. Registry No. 11550.
Southern Portion of Colvos Passage. US Department Gommerce, National
Oceanic and Atmospheric Administration; 2008. Availale from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

Nearshore Habitat Program. Boatee i\6071U&i2:U...U76+ 206ie :2U: U2:ie 2 U'6+U U«
Squaxin Island. In: Assessment of bull kelp at Squan Island in 2013, 2014 and
2016. Olympia, WA: Washington State Department ofdtural Resources; 1994. p.
39. Availablefrom: https://dnr.wa.gov/aguatics/aquatic -science/nearshore-habitat-
program/nearshore-habitat-publications.

Maxell BA, Miller KA. Demographic studies of the anal kelps Nereocystis luetkana and
Costaria costata (Laminariales, Phaeophyta) in Puge&Sound, Washington. Botanica
Marina. 1996; 39(3):47989.

Phillips R. Shallow subtidal surveys by scuba and smkel at sites in Puget Sound for Seattle
& £eU 4406 6UI27U72 }6X\ e...U: U®I\ -83.a.28UAGIatBer6aU® P)
from:
https://www.dnr.wa.gov/public ations/agr_nrsh_phillips_dive_log_1962_ 1963.pdf?f
m90e8.

US Coast Survey. Topographic sheet. Register No. 22 Section XI, No. 1. Budd’s Inlet,
Wash. Ter. 1873. Available from:
http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast Survey. Topographic sheet. Register No. I32 Section XI. No. 2. Budd’s Inlet,
Wash. Ter. 1873. Available from:
http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast Survey. Topographic sheet. Register No. ¥6/5ection XI. Carrs Inlet, Wash. Ter.
1877-78. Available from:
http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast Survey. Topographic sheet. Register No. IESection XI. Topography of Puget
Sound, Wash. Ter. from Nisqually River to Tottenlét. 1878. Available from:
http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast Survey. Topographic sheet. Register No. I6Section XI. Puget Sound: from Pt.
"0+ti2e06Ue:UX0eX:2UNTRU®I\ 2-78: 28780AUXilableXrama U P W V V
http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast and Geodetic Survey. Topographic sheet. Rsigr No. 1528. Case’s Inlet from its
head to Herron Island and Pickering Passage, Pugeb@d. 1879-1880. Available
from: http://riverhistory.ess.washington.edu/tsheets/fram edex.htm.

US Coast and Geodetic Survey. Hydrographic survey N@931. South End of Colvos
Passage, Puget Sound, Washington: Department of Camerce; 1935. Available
from: https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@102. Hale Passage, Puget Sound,
Washington: Department of Commerce; 1935. Availabledm:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

3. Existing Bull Kelp Data 191



US Coast and Geodetic Survey. Hydrographic survey N@103. South End of Carr Inlet,
Puget Sound, Washington: Department of Commerce; 1% Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/. PLOS ONE Longerm changes in
kelp forests in the Salish Sea PLOS ONE |
https://doi.org/10.1371/journal.pone.0229703 Februay 17, 2021 22 / 27

US Coast and Geodetic Survey. Hydrographic survey N@104. Nisqually Reach to Fox
Island, Puget Sound, Washington: Department of Comsarce; 1935. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@105. North End of Carr Inlet,
Puget Sound, Washington: Department of Commerce; 1% Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic Sheet Retgir No. 6106. Balch and Drayton
Passages, Puget Sound, Washington: US Department Gbmmerce, National
Oceanic and Atmospheric Administration; 1935. Availale from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic Sheet Retgir No. 6107. Case Inlet, Puget
Sound, Washington: US Department of Commerce, Natial Oceanic and
Atmospheric Administration; 1935. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey Ndo. 6108. Case Inlet, Puget
Sound, Washington: Department of Commerce; 1935. Aiable from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@197. Devils Head to Dana
Passage and Henderson Inlet, Puget Sound, WashingtoDepartment of
Commerce; 1936. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@198. Eld and Budd Inlets and
Vicinity, Puget Sound, Washington: Department of Comerce; 1936. Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@199. Budd Inlet and Olympia
Harbor, Washington: Department of Commerce; 1936. Ailable from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N&202. Eld Inlet, Puget Sound,
Washington: Department of Commerce; 1936. Availablerdém:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@203. Totten and Skookum Inlets,
Puget Sound, Washington: Department of Commerce; 193 Available from:
https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey N@204. Pickering and Peale
Passages, Puget Sound, Washington: Department of Gonerce; 1936. Available
from: https://maps.ngdc.noaa.gov/viewers/bathymetry/.

US Coast and Geodetic Survey. Hydrographic survey. Ne205. Hamersley Inlet, Puget
Sound, Washington: Department of Commerce; 1936. Ailable from:
https://maps.ngdc.noaa.gov/viewers/bathymetryy/.

192



US Geological Survey. Hydrographic sheet. In: Thom kadd M. Hallum Loann. 1990. Long
term changes in the areal extent of tidal marshes,adgrass meadows and kelp
forests of Puget Sound.

US Geological Survey. Hydrographic sheet. In: Thom kadd M. Hallum Loann. 1990. Long
term changes in the areal extent of tidal marshes,algrass meadows and kelp
forests of Puget Sound.

US Geological Survey. Hydrographic sheet 6460. In:dmh Ronald M. Hallum Loann. 1990.
Long-term changes in the areal extent of tidal marshes,adgrass meadows and kelp
forests of Puget Sound. Wetland Ecosystem Team, Fishies Research Institute,
University of Washington; 1891. p. 116. Available from:
https://www.dnr.wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?7mi1gy

®i\ 2 e:2U"d6UIXeld62eU: U® +7+ O6RUIX 2i+Ukromeitiom2pl: U's
Atlas: Thom Ronald M. Hallum Loann. 1990. LorAgrm changes in the areal extent
of tidal marshes, eelgrass meadows and kelp forestef Puget Sound. Wetland
Ecosystem Tean, Fisheries Research Institute, University of Washgton; 1978. p.
116. Available from:
https://www.dnr.wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?7m1gy

Washington State Department of Fisheries. Kelp sueys 1975-1989. In: Thom Ronald M.
Hallum Loann. 1990. Longterm changes in the areal extent of tidal marshes,
eelgrass meadows and kelp forests of Puget Sounde&ttle, WA: Wetland
Ecosystem Team, Fisheries Research Institute, Univaty of Washington; 1975
1989. p. 116. Available from:
https://www.dnr.wa.gov/publications/agr_nrsh_thom_hallum_1990.pdf?7mlgy

Washington State University. Kelp mapping in: ThoRonald M. Hallum Loann. 1990. Long
term changes in the areal extent of tidal marshes,algrass meadows and kelp
forests of Puget Sound. Wetland Ecosystem Team, Fishes Research Institute,
University of Washington; 1954. p. 116. Availabledm:
https://www.dnr.wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?7m1gy

West JE. Personal communication regarding observatns of Nereocystis luetkeana by the
®I\ 2 e:2U"6UIXel162eU: U> \ Ui27U® +7+ o0UTjX G, UBed+\ U\j
<:j27UTjX 2 Ue BUPXXQU=*6+TU...0iXRUi+...1U fauU® au®i\ 2 e:.
Fisheries; 1992 Available from:
https://www.dnr.wa.gov/publications/agr_nrsh_west wdfw_divelog.pdf

Wetland Ecosystem Team, Fisheries Research Instituté&niversity of Washington; 1875. p.
116. Available from:
https://www.dnr.wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?7mi1gy

Wetland Ecosystem Team, Fisheries Research Institut&niversity of Washington; 1886. p.
116. Available from:
https://www.dnr.wa.gov/publications/aqr_nrsh_thom_hallum_1990.pdf?7mi1gy

3. Existing Bull Kelp Data 193



	Acknowledgements
	Preface
	1 Synthesizing Reef Check Washington’s benthic data to inform kelp loss and resilience research
	Rebecca Hansen0F ,1F , Gray McKenna2F , Jackie Selbitschka3F , Dan Abbott4 and Megan Dethier1
	Acknowledgments

	1.1 Introduction
	1.1 Methods
	1.1.1 Benthic community composition
	1.1.1 Environmental drivers
	1.1.2 Environmental drivers and N. luetkeana density

	1.2 Results
	1.2.1 Benthic composition
	1.2.2 Environmental drivers
	1.2.3 Environmental drivers and N. luetkeana density

	1.3 Discussion
	1.3.1 Patterns in benthic composition
	1.3.2 Benthic composition and environmental drivers
	1.3.3 Nereocystis luetkeana density and dynamics
	1.3.4 Limitations
	1.3.5 Future directions
	1.3.6 Conclusions

	1.4 Bibliography

	2 Summary of Two Existing Environmental Datasets
	Pete Dowty4F  and Helen Berry5
	Acknowledgments

	2.1 Ecology Marine Water Monitoring
	2.1.1 Data Acquisition
	2.1.2 Dataset Preparation
	2.1.3 Overview of the Data
	2.1.4 Station Comparisons
	2.1.4.1 Temperature
	2.1.4.2 Salinity
	2.1.4.3 Nitrate
	2.1.4.4 Light transmission
	2.1.4.5 Beam attenuation
	2.1.4.6 Turbidity

	2.1.5 Trends

	2.2 Salish Sea Model Currents
	2.2.1 The 2014 Model Solution
	2.2.2 Data Intercomparison
	2.2.2.1 NOAA Current Prediction Data
	2.2.2.2 Intercomparison of Current Speeds at 19 Stations

	2.2.3 Site Current Distributions

	2.3 References


