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Executive Summary

In Puget Sound, Washington USA, native eelgrZsstera maringand floating bull kelp
(Nereocystis luetkeapare less abundant compared to their historical distributions. Despite
conservation and restoration efforts, recent, localized declines raise ongoing concerns. Eelgrass
beds and kelp forests exist at the matereestrial interface and are foundationaarshore

habitats that support biodiversity, fisheries, and coastal resilience. Therefore, conservation and
restoration decisions for eelgrass and kelp should be guided by @tatgainderstanding of

both current and future threats in order to maxinezesystem resilience. This project assesses
current and future risks to these habitats through a regida cumulative, spatially explicit risk
analysis for eelgrass and kelp habitats using the open source INVEST Habitat Risk Assessment
tool. Cumulative isk assessment is a widely used framework to identify risk from multiple,
synergistic threats and assist in prioritizing management actions. For this model, we integrated
spatial data on habitat extent, seventeen current and future threats, and oneragesylgtnce

factor into a unified framework. The analysis encompassed eight marine subregions and used
expertbased scores in the calculation of risk. Threat layers broadly described marine and
terrestrial human activities and water quality. Risk moegliits were used to identify hotspots

of risk for eelgrass and kelp, evaluate the coherence between risk and habitat monitoring trends,
and examine the relative contribution of individual threats to total risk.

Risk to eelgrass was highest in Hood Canal and North Puget Sound. For kelp, thertsghest

areas included South and Central Puget Sound and the Saratoga/Whidbey Basins. While San
Juan Islands had the lowest risk for both habitats, there were multipleskgutliers. The

importance of individual threats differed among subregions and between habitats, but there were
commonalities: shoreline armor, river flow, industrial land use, and impervious surface coverage
were commonly the top threats to eelgriagsubregion and nutrients (low and high), vessel

traffic, industrial land use, and impervious surface coverage were commonly top threats to kelp.
Risk estimates aligned more closely with kelp monitoring trends than eelgrass, indicating that
eelgrass thréa may not have been adequately captured in our analysis. Projected future water
guality and sea level rise threats generally resulted in increased risk to both habitats, although
eelgrass risk increased more than kelp. A detailed analysis of risk aniébwaiomg threats is

presented for three high priority subregions: Eastern Strait of Juan de Fuca, San Juan Islands, and
South Puget Sound.

Our analyses can inform investment in habitat restoration, conservation planning, monitoring,
and regulatory decisiemaking from a regional perspective and complements ongoing work to
identify drivers of marine vegetation and appropriate managementantens at finer scales.
Future work can evaluate regions with similar risk profiles but different habitat trends to
elucidate possible reasons for observed differences. Importantly, this project establishes a risk
framework that can be updated for eelgrasd kelp as better information becomes available and
can be adapted to support efforts to manage other vulnerable habitats in Puget Sound.

Keywords: Marine vegetation, eelgragestera marinabull kelpNereocystis luetkeana
stressors, cumulative impacts, INVEST Habitat Risk Assessment
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Introduction

Marine-terrestrial interfaces are exposed to intense pressure from anthropogenic threats,
especially climate change and coastal developifi¢aipern et al., 20155eagrasses and kelps
are foundational species that inhabit shallow marine and estuarine waters at this interface. Both
groups have significant ecological, recreational, and cultural yBlarbier et al., 2011; Eger et
al., 2023; Nordlund et al., 2016nd are vulnerable to a shared set of anthropogenic threats
(Halpern et al., 2007; Hollarsmith et al., 2022; Waycott et al., 20@€ypite the recognized
importance of these habitats and increased effort toward research, monitoring, and stressor
intervention, seagrass and kelp continue to decline glofiallgic et al., 2021; Krumhansl et al.,
2016) In many cases, management efforts may be hindered by limited understanding of the
cumulative impacts of stressors on habitats and the often piecemeal approach to ecosystem
recovery(Halpern et al., 2015)

In Puget Sound, WA the abundances of native eelgfasdgra marinaand floating bull
kelp (Nereocystis luetkeapare thought to have declined significantly from their historical
distributions over the last two centurigs D. Berry et al., 2021)Despite relative stability of
eelgrass and kelp at a regional scale presently, smaller scale losses at previously stable sites
indicate that there is ongoing concékh Berry et al., 2023a; Shelton et al., 2Q\¥hile both
species are affected by natural climate variability, much of their declines are likely due to
multiple anthropogenic stressors stemming from human activity and climate change, including
changes to nutrient and sediment loading, increasing vemtgerature, altered food web
dynamics, and physical disturbance (Thom et al., 2011; Hollarsmith et al., 2022). Model
predictions of eelgrass biomass in the Salish Sea indicate nearly 50% future reductions
attributed to changes in temperature, saljratyd light availability with climate change and
developmentKhangaonkar et al., 2021further loss of eelgrass and bull kelp habitats could
trigger cascading impacts across the Puget Sound -suaklgical system due to their pivotal
roles in biogeochemical cycling, habitat provisioning, supporting productive food webs and
fisheries, andeducing currents and storm surges, among other services. In addition, both species
support recreation and hold important cultural value to tribes and other local communities
(Calloway et al., 2020; Harbison & Showalter, 20Z)ere is consensus in the Puget Sound
scientific community that coordinated action is needed to prevent or reverse additional loss of
eelgrass and bull kelp by addressing both current and future t{Caditavay et al., 2020; WA
DNR, 2015) However, more information is needed regarding the cumulative risk from current
and future threats and how risk is spatially distributed to prioritize investment of limited
resources.

The Puget Sound regionds technical under st an
eelgrass and bull kelp is still limited in some cases. For example, the impacts of nutrients,
sediment, aquaculture, shoreline armoring, and sea level rise ardedeadiuncertainties in
regional eelgrass recovery planning docum@wa DNR, 2015) The response of bull kelp to
many stressors is still uncle@tollarsmith et al., 2022; Raymond et al., 2QZggardless,
understanding the location and intensity of cumulative impacts on critical habitats is an essential
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component of ecosystem recovéHalpern et al., 2015; McMahon et al., 2022umulative risk
analysis is a widely used approach, derived from fisheries vulnerability assefidotatdy et

al., 2011; Williams et al., 201lyvhere risk is defined as the combination of exposure and
consequence from multiple threats. Risk assessment is advantageous in situations where there is
uncertainty about specific threggsponse relationships because it systematically and adaptively
evduates threats across scales, which can then be used to inform conservation, restoration, and
monitoring prioritiegArkema et al., 2014; Duggan et al., 201dcMahon et al. (2022) used a

risk assessment for seagrass around the continent of Australia to highlight spatial differences in
risk and the relative influence on total risk of two common strategies for conserving seagrasses
(reducing nutrient and sedimigpollution). When performed at a scale appropriate for the focal
habitats, threats, and management decisions, risk assessment can significantly improve recovery
outcomegHalpern et al., 2015)

We performed a spatially explicit, cumulative risk assessment of up to 17 current and future
threats to eelgrass and kelp in Puget Sound. Results of the risk analysis were used to evaluate the
distribution of risk compared to habitat trends from monitodath, examine the relative
contribution of individual threats to total risk, and produce a-frs&rdly webtool to evaluate
risk and the contribution of individual threats at any spatial scale within the study area. Risk
assessment requires two major gaments: 1) knowledge about the general relationships
between threats and focal habitats, and 2) data describing the distribution of focal habitats and
threats at the same spatial scale. Previous monitoring and research in Puget Sound allowed for
this appoach to be undertaken. Critically, Washington State Department of Natural Resources
(WDNR), in collaboration with many partners, has been conducting eelgrass and bull kelp
monitoring since approximately 2000 and 2010, respectively. For eelgrass, pregsiausas
identified and qualitatively ranked threats to eelgrass in Puget Sound (Thom et al., 2011). For
bull kelp, Hollarsmith et al. (2022) used expert focus groups and literature review to identify
perceived threats facing bull kelp in the Salish Seadwimcludes Puget Sound) and produce a
conceptual model. Raymond et al. (2024) used expert judgment to rate the bull kelp threats
identified by Hollarsmith et al. (2022). Various publicly available datasets were compiled to
describe the spatial distribati of these priority threats (Appendix A: Table SQr risk
assessment aimed to address the following three overarching questions: 1) How is current
cumulative risk to Puget Sound eelgrass and bull kelp spatially distributed, do the areas of
greatest risk align with observed habitat monitoring trendshanddoes the spatial distribution
of risk compare between eelgrass and kelp? 2) Does incorporating future climate threats alter the
spatial distribution of risk for eelgrass and bull kelp? and 3) Whheiselative importance of
individual threats to total risk and does it differ by subregion? Monitoring, conservation, and
restoration actions at regional and local scales can be guided by the outputs of this study.
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Methods
Site description and study framework

Puget Sound is a large fjotgpe estuary in Washington State, USA that is connected to
the northeast Pacific Ocean via the Strait of Juan de Fuca. Over the last two centuries, the Puget
Sound watershed has become highly urbanized and the marine ecasystexhibits many
symptoms of environmental degradation, including eutrophication and the loss of important
species and habitats. Dramatic declines of culturally and ecologically important fish species
including Chinook and coho salmo@ricorhynchus tshayschaandO. kisutch respectively),
Pacific herring Clupea pallasij, and rockfish (multiple species from the gefS@bastes
illustrate the extent of ecological impa¢B&SP, 2023)These declines may be due, in part, to the
loss of important nearshore habitats, such as eelgtastefa marinpand canopy kelps (most
commonlyNereocystis luetkearendMacrocystis pyriferawhich is less common). In addition
to serving as fish habitat, both eelgrass and kelp provide additional ecosystem services, support
recreation, and hold important cultural va(Barbier et al., 2011; Eger et al., 2023; Nordlund et
al., 2016) Coordinated action is needed to prevent or reverse additional loss of eelgrass and kelp
by addressing current and future thré@alloway et al., 2020; WA DNR, 2015Fumulative
risk assessment is a widely used approach which helps to identify and evaluate risk from
multiple threats and can inform conservation, restoration, and monitoring g¢imipern et al.,
2015)

The approach for the spatially explicit cumulative risk assessment in this study is
summarized in Figure 1. This involved obtaining the best available maps of existing eelgrass and
kelp habitat in our study area, which included all of the Washingtonvesaiges of the Salish
Sea except the Western Strait or Juan de Fuca (i.e., Puget Sound, Eastern Strait of Juan de Fuca,
Saratoga / Whidbey basins, and the San Juan Islands), and synthesizing the best available
information, including spatially explicit mapahen available, of threats to both habitats (Table
1). Below, we include brief descriptions of how eelgrass and kelp threats were identified and
rated (se®efinition of threats and ratingand the data processing and synthesis required to
produce the spatial threat maps (Beta collection and synthe$isAdditional methodological
information is outlined in Appendix B.

Habitat risk assessment model

To calculate risk, we utilized the InVESHabitat Risk Assessment (HRA) model. INVEST
IS an opersource ecosystem service modeling software (available at
naturalcapitalproject.stanford.edu/software/iny.€Ehe INVEST HRA model applies a well
established framework to quantify risk and can be used to quantitatively and spatially assess the
cumulative impact of threats to multiple habitgédskema et al., 2014; Duggan et al., 2018)
the HRA, risk is defined ake combination of exposure and consequeBgposureefers to the
degree to which a habitat experiences a threatanskequencdescribes the sensitivity of the
habitat to the effects of that threat. Exposure and consequence include multiple criteria that can
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be defined by the user. The HRA model is flexible and can incorporate a range of data types,
sources, and qualities.

In our analysis, exposure included three criteria: 1) spatial overlap between each habitat
threat pair as determined by spatial data layers, 2) intensity of each threat from observations or
modeled outputs (when available), and 3) temporal extent of gt tdefined as its frequency
of occurrence, derived from expert scores for eelgrass and kelp, respectively. Consequence was
calculated from three expeterived criteria: 1) magnitude of the effect of each threat on the
habitat, 2) reversibility of eadireat, and 3) trend of each threat expected into the future. Each
exposure and consequence criterion were assigned a value from 0 to 3, representing a relative
weighting of low (1) to high (3) importance of each threat/criteria with O indicating that the
threat is not relevant to the habitat. More information on expert scores obtained for these criteria
are given irDefinition of threats and ratingelow.

In brief, the HRA tool models spatially explicit risk using three primary steps. First, the
model calculates exposure and consequence scores for eachthaddtiapair (Equations 1 & 2):

Zf‘ilerjk Zilcijk
N %7 TN

where Exis the exposure score for habitftom threatk; Ci is the consequence scorg, ie the
exposure rating criterionfor habitatj and threak; cix is the consequence rating. When adequate
data were available, spatial variation in threat intensity was integrated into the exposure
calculation. These calculations result in one exposure and one consequence score for each
habitatthreat pair at each pikcation. Second, the exposure and consequence values are
combined into a risk score fora@ahabitatthreat pair in each pixel. Our analysis used a

omul tiplicative ri sko c au,tohabitajtcaused by (hiedisl at i on
calculated as the product of exposure and consequence scores for each pixelllocation

Ejk = (Equations 1 & 2)

Rj;;g - Ejkg y Cjki (Equation 3)

The HRA tool also allows users to calculate risk using Euclidean distance, however, we found
that the multiplicative equation yielded a broader range of values and resulted in greater spatial
contrast in total risk across the study area. Third, the iskalR«, from all threats to each

habitatj is summed at each pixel locatib(Equation 4).

K .
le T Zk:lekj (Equation 4)

Total risk at each pixel location is classified into four categories: low, medium, high, or none by
dividing the full range of total risk values into equal intervals for each habitat (i.e. lower third =
low risk, middle third = medium risk, and upper th#rdhigh risk; O = no risk). We used a 1 km

pixel size as both the processing unit and resolution of risk outputs, which was chosen based on



conservative consideration of the habitat and threat data resolutions that served as inputs to the
model.

Pixelscale total risk results were also aggregated to larger subregions of interest. For both
eelgrass and kelp, we utilized eight of the marine subbasins previously defined for Washington
statebs floating kel p i nditgldoodGanal, SamJuanusidndsy g Ea
North Puget Sound, Saratoga / Whidbey Basins, Central Puget Sound, and South Puget Sound
(H. Berry et al., 2023b)For the subregional scale, the score for spatial overlap (an exposure
criteria) is based on the fraction of the habitat area in a subregion that overlaps with each threat.
The other exposure and consequence criteria at the sub regional scale arateeymEsure
and consequence scores across all pixels in the subregion. As with thecpleehssessment,
risk is calculated using the multiplicative method and is classified as low, medium, high, or none.

Definition of threats and rating

We use the general term Athreato rather than
assessment literature, because the spatial data represent both drivers (e.g., human activities) and
stressors (e.g., nutrients). It is important to note that some btithan activities represented in
this study as fAthreatso ar e alesolngicalsystem, cal f ea
enhancing quality of life by supporting livelihoods, providing food and recreational
opportunities, and contributing to a sené@lace. Therefore, we present our approach and
results in a valuaeutral way that highlights the potential impact of such activities and
conditions on critical habitats, which in turn support many s@galogical benefits.

For eelgrass, previous work has identified and qualitatively ranked threats to eelgrass in
Puget Soun@Thom et al., 2011)For bull kelp, Hollarsmith et al. (2022) used expert focus
groups and literature review to identify perceived threats facing bull kelp in the Salish Sea
(which includes Puget Sound) and produce a conceptual model of those threats. Raymond et al.
(2024) sed expert judgment to rate the bull kelp threats identified by Hollarsmith et al. (2022).
These conceptual models and corresponding stressor ratings formed the scientific foundation for
our risk assessment. First, we identified available spatial datstoilde the stressors identified
by this prior work. We prioritized existing spatial data that had complete spatial coverage of our
study areaRuget Sound, Eastern Strait of Juan de Fuca, Saratoga / Whidbey Basins, and San
Juan Islandsand that could repsent or act as proxies for the4@ted stressors for eelgrass and
kelpaccording to Thom et al. (2011) and Raymond et al. (202¥0 threats and spatial data
layers were iteratively refined with input from other scientists and stakeholders.

Ultimately, we obtained spatial data layers to describe 17 current and future threats to marine
vegetation and one spatial data layer to describe potential resilience of marine vegetation to
threats (depth) (Table 1). These layers broadly describe madnemestrial human activities
and water quality. Most of the data sources were previously collected empirical information.
However, the marine water quality threats (Temperature, Salinity, and Nutriemsnd high),
were obtained from a higtesoluton, biophysical model used for research and management in
the region, called the Salish Sea Modé&angaonkar et al., 2012, 2018, 201Byo outputs of
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the Salish Sea Model were obtainezhe representing 2014 conditiof#shmed et al., 2021and
one representing a future 2095 climate prediction for the RCP 8.5 scenario using downscaled
global climate model projectiorf&hangaonkar et al., 2021)We also considered using a Y2000
model run for the current marine water quality threat layers because those results were derived
from the same model version and setup as YZB®angaonkar et al., 2021)owever
comparison of Y2000 and Y2014 model outputs showed that, for our specific usage, model
results were reasonably similar between the two years, despite the differences in Salish Sea
Model version, and that model results in Y2095 were more distoratboth Y2000 and Y2014
than those modeled runs were from each other (Appendidl@hately, Y2014 was selected
because it represented a more recent year and used a model output that has been extensively
studied and validate@hmed et al. 2021 The final future threat layer, sea level rise, was also
obtained from a downscaled climate model for 2100 using the 50th percentile RCP 8.5 projection
(Miller et al., 2018)

To match all the threat layers with the expert scores frbom et al. (2011) and Raymond et
al. (2024), we surveyezD regional marine vegetation experts [some of whom, but less than half,
participated in the initial Thom et al. (2011) and Raymond et al. (2024) stressor rating exercises].
These individuals were asked to select which of the kelp/eelgrass stressorsefete lie
strongly associated with each threat layer from Table 1 (Appendix A: Table S1). Seven
individuals responded for eelgrass andritlividuals responded for kelp, with some individuals
responding for both habitatResponses were compiled and stre¢israt layer associations
were retained if at least half of respondents for a given habitat identified a relationship to be
present (Appendix D: Tables S2 and S3). To calculate expert scores for one exposure criterion
(temporal extent) and three consequence criteria (magnitude, reversibility, and trembprthe
et al. (2011) and Raymond et al. (2024) expert scores for each stressatadswith the threat
layer- according to our expert surveyvere summed for each exposure and consequence
criterion. This additive score was then divided into thirds for each criterion, with the lowest third
of values receiving a score of 1, middlegdh= 2, and upper third = 3. This final step is
necessary because the maximum allowable score or intensity in our HRA was 3. If fewer than
half of respondents identified a relevant association between any stressor and a threat layer, that
layer was exclded from the risk model for that habitat. These exclusions are noted in Table 1 by
fieelgrassonly akelgond and scores are only provided fo

Data collection and synthesis

Puget Sound eelgrass and floating kelp distribution maps were obtained from publicly
available WDNR data (Appendix A: Table S1). For both taxa, these maps represent the most
current and comprehensive data on habitat extent in the study area (Appendjur€:3i). The
identified spatial threat datasets, described above, were obtained from available sources
(Appendix A: Table S1) and synthesized into threat layers for INVEST according to detailed
methods outlined in Appendix B. Maps of each threat layeinaé@pendix C.
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Briefly, there were four general types of threat layer data collected for this study. The first
type of data included points, lines, or polygon features, such as port locations, shoreline armor
locations, oil/gas facility locations, and dredge disposas gitat represent the presence or
absence of threat. No variation in intensity can be inferred from these data, therefore these were
assigned an Aintensityo consequence score of
buffered to extend influendgeyond the point/line, as indicated in Table 1.

The second data type was continuous data (from observations or model results) that had
complete spatial coverage over our study area, such as temperature, salinity, vessel traffic, and
depth (resilience attribute). The HRA tool does not accept continntarssity inputs, therefore
the raw data were binned into quartiles and the lowest quartile received an intensity score of
1(low), middle two quartiles received a 2 (medium), and upper quartile received a 3 (high),
except for salinity and low nutrient thitsand the depth resilience attribute where the scores
applied to quartiles were reversed (bottom quartile = 3 and upper quartile = 1) because low
values represent higher risk from these threats or lower resilience. This quartile approach was
also used byVyatt et al. (2017)The only exceptions were the future (Y2095) marine water
quality threats (temperature, salinity, and nutrients). For those layers, the quartile ranges
determined for the corresponding Y2014 marine water quality threat layers were applied to
Y2095 so thathe resulting threat layers would be representative of predicted future conditions
relative to current conditions.

The third type of data were watersHesised threats, such as riverine flow and nutrient loads,
wastewater treatment plant loads, and land use/cover, which are presumed to impact the
nearshore environment adjacent to river and wastewater treatment plgdiptsu For these,
the raw data were similarly binned into quartiles and the intensity was applied to a vsidatile
buffer around the pourpoint for each river and wastewater treatment plant. The buffer sizes
varied based on the flow quartile of eachree, with larger buffers applied to higher flow
sources. The last data type was projected sea level rise, which was provided as shoreline
segments with magnitude of change. Sea level rise values were matched with the nearest eelgrass
bed polygon and kellne segment based on proximity. The data were then binned into quartiles
and assigned a threat intensity, as above. All threat layers were formatted as a polygon or raster
GIS file for input to the HRA.

Analysis of risk to eelgrass and kelp

The HRA was run four times using current and future threats, each with both equal and
expertassigned scores. Although we provide some comparison in the results between equal and
expert scores, our primary focus is on HRA results using expert scores. étothewepeat
analyses and figures using equal scores and additional comparisons are included in Appendix E
of the Supplementary Material. To address our first and second research questions, we mapped
total risk for eelgrass and kelp across the studyfareaurrent and future threats using equal and
expert scores and calculated the proportion of low, medium, high and no risk areas within each
subregion. Further, we used analysis of variance and Tukey Honest Significant Difference (HSD)
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tests with a 95% familwi se confi dence | evel (performed usi
functions in the R 6statsd package, respectiv
each subregion. Differences were visualized using boxplots oveirididhe monitoring status
and trends for each subregion. Eelgrass and kelp statuses were obtained from the Puget Sound
Partnership Marine Vegetation ViFloatingkBlplsesh r epo
areaandShort and long term change eglgrass sitesdicators, respectively). SHeased status
and trends from individual monitoring locations were also compared to total risk, however these
sites capture less than the total eelgrass and kelp area in our risk assessment. These results are
presented in Apendix E.

To address our third research question, we evaluated the proportional contribution of risk
from each threat layer to total risk within each subregion. For this calculation, mean risk from
each threat layer was summed by subregion to calculate total aviskagéen the proportion
of risk from each threat layer was calculated as the mean risk from that layer divided by total
average risk. This fArelative contributiono me
Threat layers with the 5 highestaigle contribution values were noted for each subregion. The
relative contribution of each threat layer was compared between HRAs using equal and expert
scores by calculating the difference in proportion of risk from each threat layer to evaluate the
influence of exposure and consequence scores on threat contribution.

Evaluation of risk and threats in three priority areas

Additional analyses and visualizations were completed to explore the risk from each threat
layer in three of the subregions: the San Juan Islands (which have experienced recent declines of
kelp and eelgrass at previously stable sites) and the EastetroSit@n de Fuca and South
Puget Sound [which were identified as fipriori
Eelgrass Health and Conservation Rldarbison & Showalter, 202B)We mapped risk from
the top five threats in each of those subregions, which allows for more detailed evaluation of risk
and threat contribution in these key regions. For this priority-im@ssed analysis, we present
only the expertveighted HRA resudt with current threats.

Webtool visualization of HRA results

HRA results (expertveighted, current threats only) can be visualized using custom webtools
for eelgraskandkelp?. These tools offer improved functionality for exploring HRA output
layers, allowing users to visualize total risk and the relative contribution of individual threats to
risk in any area of interest. Following manuscript publication, all HRA input andioiiigs will
be made publicly available via the University

! uwt-gis-geotech.maps.arcgis.com/apps/instant/compare/index.html?appid=db3e611f43a846d0818e5dbf48379811
2 uwt-gis-geotech.maps.arcgis.com/apps/instant/compare/index.html?appid=500ffbafe88b4e5ca749f9e958f8106e
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Results and Discussion

We successfully applied the INVE$IRA tool to estimate risk to bull kelp and eelgrass in
the Puget Sound region, using publicly available information. To our knowledge, this is the first
risk assessment for nearshore habitats in Puget Sound and the first attempt to synthesize all
availabk threat data for marine vegetation in Puget Sound-iDegasive analyses like this one
present an opportunity to identify data gaps and inform future data collection and monitoring
efforts. Although data gaps and limitations remaamd are discussed Threats not evaluated
and knowledge gapnd throughout this sectierthe synthesis of existing information on threats
into a unified framework represents important progress towards understanding the conditions
influencing Puget Sound marine vegetation and prioritizing future work.

Distribution of total risk

Overall, the habitat risk assessment showed that total (i.e. cumulative) risk varied
significantly across Puget Sound (Figure 2) and the distribution of risk between subregions
differed between habitats (Figure 3). There were notable differences ingbtahen expert
exposure and consequence scores were used compared to equal scores (Figure 2). A greater
proportion of kelp habitats were classified as high risk compared to eelgrass, while a larger
proportion of eelgrass fell into the medium risk cated&igure 3). However, this difference
was not observed when equal scores were used and a greater proportion of eelgrass area was high
risk in that HRA (Appendix E: Figure S8). These results demonstrate the influence of the
exposure and consequence scorethe estimation of risk and caution that scores should be
thoughtfully defined. In our case, we leveraged existing stressor rating exéRagesond et
al., 2024; Thom et al., 2011)at were not tied directly to the threat layers we collected and
which defined stressors differently. This required an additional step to derive the exposure and
conseqguence scores from the existing work and may have introduced unexpected results. Other
habitat risk assessment work using expert scores has elicited input on the specific layers obtained
for the risk assessmefiicMahon et al., 2022; Wyatt et al., 201Which avoids the need for
this additional step. Future work could revisit the scoring of threat layers, possibly with
additional expert input.

The future HRA results generally mirrored those of the current HRA, although risk generally
increased in the future HRA and there was a notable increase in areas classified as high risk
(Figure 3 and Appendix E: Figures S9 and S10). There were a verynsmmdder of pixels
classified as fino risko in the current HRA an
difference between the current and future HRAs were the use of 2095 modeled marine
temperature, salinity, and nutrients (instead of 2014) anddti#ion of the sea level rise threat
layer. It is important to note that the Y2014 model run used to create the current temperature,
salinity, and nutrients threat layers used a different model version and source file than the Y2095
model run(Ahmed et al., 2021; Khangaonkar et al., 202Bchnical differences between model
runs used to determine current and future marine water quality threats mean that these results
(Appendix C: Figures S4 and S6) should be interpreted with some caution, although our
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assessment determined that showed that the Y2014 and Y2095 model runs were reasonably
compatible for our usage and indicated large scale changes in marine water quality consistent
with expectations (Appendix B).

Comparison between risk and monitoring trends

As previously stated, there were significant differences in total risk between subregions. For
kelp, South Puget Sound, Central Puget Sound, and Saratoga/Whidbey subregions had the
highest risk and San Juan Islands had the lowest risk (Figure 4). Farsseethe Hood Canal
and North Puget Sound subregions had the highest risk and San Juan Islands had the lowest risk
(Figure 5). However, San Juan Islands had several high risk outliers for both eelgrass and kelp.
The comparison between estimated risk anditodng status based on lotgrm trends showed
better alignment for kelp than eelgrass. Appendix E: Figures S11 and S12 present the same
comparison using the equstore HRAs for kelp and eelgrass, respectively, which show similar
alignment (or lack thexof) with monitoring trends.

For kelp, the highest risk subregions (South Puget Sound, Central Puget Sound, and
Saratoga/Whidbey) have observed declines or are of concern (Figure 4). Eastern Strait, which is
noted as stable for kelp, has moderate risk. Admiralty Inlet and North Baged are lower
risk, but lack sufficient monitoring data to determine a trend. San Juan Islands are an exception,
with low risk but monitoring data suggests concern in that subregion. However, the large number
of high-risk outliers in that subregion maglp to explain this discrepancy. For eelgrass, stable
subregions had higher risk than the two subregions of concern (Eastern Strait and San Juan
Islands), although San Juan Islands have several high risk outiienglar to kelp (Figure 5).

There are searal possible explanations for the lack of alignment between estimated eelgrass risk
and monitoring trend. First, the Vital Sign monitoring for eelgrass uses different, larger

subregion areas and we have derived the status here from those larger reagitiv& besults

may not align exactly with the monitoring data. Second, there may be additional eelgrass threats
not captured in our dataset. For example, intertidal eelgrass can be influenced by air temperature
because they are exposed during low (Magel et al., 2023)Third, the datasets used to

describe threats in our risk assessment may not adequately describe the conditions experienced
by eelgrass at all locations. For example, the Salish Sea Model, from which we derived the
marine water quality threat layers (teengture, nutrients, salinity), is not well validated in the
nearshorAhmed etal.,2021d nd gi ven eel grasso6 closer proxir
kelp (shallow subtidal or intertidal), those modeled values may be less reliable in nearshore areas
inhabited by eelgrass. Similarly, a risk assessment for Australia also showed mixed alignmen
between high risk and areas of seagrass(MsMahon et al., 2022)

To evaluate the alignment between monitoring and risk at a finer scale, we also compared
total risk with sitebased status and trends from individual monitoring locations across all
subregions. From this perspective, we found no clear alignment betweénringrirends at
individual sites and risk. Risk values were fairly similar across sites with increasing, declining,
and no trend classifications for both kelp (Appendix E: Figures S13 and S14) and eelgrass
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(Appendix E: Figures S15 and S16) regardless of whether equal or expert scores were used. A
statistical comparison of risk among site trend categories was not performed due to differences in
sample sizes across trend categories and, in some casesrmahdistributions. While 100%

of eelgrass areas in the full HRA aligned with monitoring sites, only about 65% of kelp areas in
the full HRA were captured in monitoring sites. Evaluating-keitel trends nested within their
respective subregions did not swstently result in better alignment between total risk and site

trend (results not shown). This suggests that our HRA was more effective at identifying risk
patterns at the subregional scale than at individualisp@sticularly for kelp, for which

subegional trends aligned well with estimated riBkg(re 4.

Importance of individual threats

Because risk from each threat is calculated before being aggregated into total risk, we were
able to evaluate the relative contribution of each threat layer to total risk. The relative
contribution of current and future threats to kelp (Figure 6) andassldFigure 7) differed
among subregions. Over the whole study area, ports, gas facilities, and dredge disposal sites
(kelp only contributed the least to total risk for both kelp and eelgrass. Our analysis used a 2,000
meter buffer on ports and gas faids, which may have been too small to intersect nearby
eelgrass or kelp habitats. Dredge disposal sites are located offshore in deep water where, partially
by design, they are unlikely to impact nearshore halifdésner & van der Elst, 2022y essel
traffic, nutrients, and watershdxhsed threats (impervious surface, industrial land use, and river
flow and pulse) varied most among subregions for kelp (Figure 6). The contribution of shellfish
harvest, shoreline armor, watersHeabed threatgend nutrient loading from wastewater
treatment plants were highly variable among subregions for eelgrass (Figure 7). In the future, sea
level rise contributed most to kelp and eelgrass risk in San Juan Islands, Admiralty Inlet, Eastern
Strait, and Saratog&hidbey basins (Figures 6 and 7). The influence of expert scores on the
relative contribution of each threat layer was also evaluated (Appendix E: Figure S17). For kelp,
expert scores resulted in a decrease in relative contribution of shoreline armiy, s&d sea
level rise and to a lesser extelittemperature. There was an increase in the contribution of
impervious surface, industrial land use, river flow and pulsej doch lesser exteiithigh
nutrients. For eelgrass, using expert scorestexbinl a decrease in relative contribution of
vessel traffic, temperature, salinity, high nutrients, and river nutrients and an increase in the
contribution of shellfish harvest, shoreline armor, and a lesser extefitimpervious surface,
industrial land use, and sea level rise.

Based on proportional contribution to total risk, we identified the top five current threats to
kelp and eelgrass in each subregion using expert scores (Table 2). As previously discussed, the
importance of individual threats differed among subregionsthiené were also commonalities.
Shoreline armor, river flow, industrial land use, and impervious surface coverage were
commonly in the top five threats to eelgrass for each region. For kelp, nutrients, vessel traffic,
industrial land use, and impervious fawe coverage were commonly in the top five for each
region. When using equal scores, the top threat lists differed slightly across subregions, although
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many common threats remain consistent (Appendix E: Table S4). One notable difference is
temperature, which was common in the top five when equal scores were used, but less common
using expert scores. Because of the additive approach to our calculatiqpexfsEores

(Appendix D), temperature received low or moderate scores for the exposure and consequence
criteria (Table 1). These scores may not reflect the actual importance of temperature, particularly
because it is known to interact with other threatsarine vegetation. For example, recent

studies from the U.S. West Coast indicate the importance of temperature in driving persistence
and production of bull kelfPontier et al., 2024; Weigel et al., 2028)d eelgras@Magel et al.,

2022; Marin Jarrin et al., 2022nd some studies have found interactions between temperature
and nutrientgBerry et al., 2021; Cavanaugh et al., 2025; Fales et al., 2023; Gayés et al.,

2022) light (Krumhansl et al., 2021; Magel et al., 2028)d diseasgAoki et al., 2022; Graham

et al., 2023)

Analysis of risk in three priority subregions

The HRA outputs also facilitate closer spatial examination of risk from individual threats.

We visualized the top five current threats (based on proportional contribution using expert
scores; Figures 6 and 7) to kelp and eelgrass in three subregionm Basti¢ of Juan de Fuca,

San Juan Islands, and South Puget Sound. Top threats (Table 2) were visualized alongside total
risk to understand where threats influenced cumulative risk to marine vegetation habitats in these
priority areas. This spatial resailon highlights variation in risk from individual threats and can

help to inform targeted conservation, restoration, and future research efforts that are specific to
each subregion. While these threats represent some of the top threats by subregithmeather

may be more important in individual pixels than those discussed in this section. Additionally,
other threats may be identified as important using calculations other than the average relative
contribution of threats in each subregion presented Résk.from individual threats can be

explored pixelby-pixel for any area of the HRAsing the custom webtools (links provided in

the Methods).

In the Eastern Strait of Juan de Fuca, most of the moderate and higher risk areas for kelp
were located in the eastern portion of the subregion, particularly between the mouth of the Elwha
River and Sequim Bay (Figure 8). Kelp was exposed, generallywttolonoderate levels of risk
from many threats, including the top five, which collectively resulted in areas of elevated
cumulative risk across the subregion. High and low nutrients had the greatest relative
contributions to risk across the subregion, despidespread low to moderate risk without
obvious hot spots. Vessel traffic also had fairly low, but widespread risk. Industrial use and
impervious surface risk were highest in the center of the subregion around Sequim Bay and in
the area of Port TownsénRiver flow and river pulse risk (concentrated around the Elwha and
Dungeness River mouths) and temperature (primarily the eastern portion) had the next highest
relative contribution to kelp risk in this subregion. Moderate risk areas to eelgras&astem
Strait of Juan de Fuca were concentrated in the Dungeness Bay area, with one high risk hot spot
adjacent to the Port Angeles wharf (Figure 9). Industrial use, impervious surface, river flow, and
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river pulse had the greatest contributions to eelgrass risk in the subregion and were highest in the
center around Sequim Bay and in the area of Port Townsend (similar to kelp). The high nutrients
threat was also in the top five threats and risk fromttiratat was highest near Sequim Bay and
around Protection Island. Risk from temperature and salinity (especially between the Dungeness
River and Discovery Bay) and shoreline armor (distinct hotspots across the subregion) also had
fairly high relative conthutions to eelgrass risk in the Eastern Strait of Juan de Fuca.

In the San Juan Islands, most of the moderate and higher risk areas for kelp were located in
the southwest and eastern portions of the subregion (Figure 10). High and low nutrients had the
greatest relative contributions to risk across the subregion.réagegt risk from high nutrients
was in the western portion, whereas low nutrients posed widespread risk to kelp throughout the
subregion. Vessel traffic had fairly widespread low to moderate risk, but higher risk hot spots are
apparent near specific harsand along ferry routes. Temperature and salinity risk to kelp were
higher in the northeastern portion of the subregion. Total risk to eelgrass showed distinct
hotspots in specific terminal inlets and bays (Figure 11). Shoreline armor contributed most to
eelgrass risk and was distributed across the San Juan Islands, but with distinct hotspots. Similar
to kelp, temperature, high nutrients, vessel traffic, and salinity were among the top five
contributors to eelgrass risk and showed similar patterns iacrslss the subregion to those
observed for kelp. River flow, industrial land use, and impervious surface were the next highest
contributors to both kelp and eelgrass risk in the San Juan Islands with similar risk patterns
among the threatshighest riskin the southwest, central, and eastern portions of the subregion.
Importantly, the San Juan Islands can be influenced by Canadian rivers, primarily the Fraser
River, which were not included in the river flow, pulse, or nutrient load datasets due to data
limitations. However, the marine water quality threat laydesmperature, salinity, low and high
nutrientsi do account for the contribution of Canadian rivers, which are included as inputs to the
Salish Sea Model.

For the very limited extent of kelp in South Puget Sound, no single dominant threat emerged;
instead, multiple lowto moderatdevel threats combined to create elevated cumulative risk
(moderate to high) across the subregion, particularly in the Tacomawsaarea (Figure 12).
Whereas impervious surface and industrial use risk were only present in Tacoma Narrows,
moderate risk from river flow, river pulse, and high nutrients were present at the Squaxin Island
kelp beds, as well. Vessel traffic and lownnents (widely distributed lower risk) and river
nutrients (especially on the southwest side of Tacoma narrows) were the next highest
contributors to kelp risk in South Puget Sound. Eelgrass is most at risk from shoreline armor and
river flow around the Niqually River (in the southern portion of the South Puget Sound
subregion), along with shoreline armor in Carr Inlet (northern part of the subregion) (Figure 13).
Risk from impervious surface coverage and river pulse were both highest in the Carr #&let are
whereas risk from industrial use was low to moderate across the subregion. Shellfish harvest
(hotspots throughout the subregion), river nutrients (hotspots in the Nisqually River and Carr
Inlet areas), and high nutrients (widespread low to moderajewesle the next highest
contributors to eelgrass risk in the South Puget Sound subregion.
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Threats not evaluated and knowledge gaps

Marine nearshore areas are highly dynamic with environmental conditions that are impacted
by terrestrial, marine, atmospheric, and anthropogenic forces operating over a wide range of
spatial and temporal scales. This dynamism may increase both the cesdli@hsusceptibility of
nearshore habitats, but it also complicates our ability to observe the stressors experienced by
those habitats and understand which factors are driving habitat variability. Therefore, data
limitations are a common challenge foreasch and analysis of nearshore habitats, particularly
at large scales. Datatensive analyses such as this present an opportunity to identify data gaps
and inform future data collection and monitoring efforts.

Kelp threats identified in Hollarsmith et al. (2022) that were not effectively incorporated into
the risk assessment due to lack of spatial data include aspects of Mechanical Damage due to
grazing or storms and Algal competition and Epiphytes (other Hwanrelationships to
nutrients). Eelgrass threats in Thom et al. (2011) that were not adequately represented in the risk
assessment due to lack of comprehensive datasets or difficulty representing them spatially
include: Invasive Species, Disease, Ovaifig (and the cascading impacts on trophic structure),
Bioturbation, Organic matter discharge/sulfides, and Storms. Several other threats were
implicitly represented in the risk assessment using proxies, including Ndrieah harmful
algal blooms (usig high nutrients as a proxy, for example) and Suspended sediment (using river
inflow as a proxy).

Water clarity and suspended sediment are important observational data gaps for both kelp
and eelgrass. High light availability afforded by clear water is important for photosynthesis in
both marine vegetation taxa, but kelp and eelgrass differ in theandepce on sediment
delivery. Eelgrass occurs in shallow, soft bottom areas and while significant burial can cause
mortality, a moderate amount of natural sediment delivery helps eelgrass beds to keep pace with
sea level ris¢Cabaco et al., 2008Recent studies of sediment dynamics in Puget Sound found
that eelgrass sites exhibited negative el evat
Padilla Bay estuary, and that current suspended sediment loads to Padilla Bay are insufficient for
edgrass to keep pace with projected SLR over 100 y&asis et al., 2024; Poppe & Rybczyk,

2022) Kelps, on the other hand, occur on hard substrate and sedimentation negatively impacts
kelp by covering substrate or smothering recently settled juveniles. Historically, there have likely
been large changes in sediment delivery to Puget Sound. Waterstéatation due to logging

and the removal of snags and large woody debris from streams and rivers may have increased the
delivery of sediment to the Puget Sound nearshore in the 1800s and early 1900s. Additional
changes to sediment delivery were likelyoaassociated with the placement of dams, which trap
sediments upstream, and the subsequent removal of dams releases those sediments to the
nearshore and impact marine vegetatiRabin et al., 2023)The impact of historical watershed
modifications on kelp and eelgrass habitat suitability is largely unknown. Direct measurements
or modeled outputs of water column turbidity or suspended sediment (such as total suspended
solids, TSS) are not readily alable at a Puget Sounalide scale. As with other conditions in
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the nearshore, turbidity and TSS are highly dynamic and monitoring efforts would need to be
designed appropriately to capture the conditions in kelp and eelgrass beds. Nearshore water
clarity is driven by the benthic structure, sediment type, and curvenits) influence the rate of
sediment resuspension from the bottom. Additional monitoring of benthic sediment type and
resuspension combined with nearshore hydrodynamic modeling would help to fill these gaps.

Even within the datasets used in our marine vegetation risk assessment (Table 1), we
identified limitations. For example, the Vessel activity layer we identified does not always
capture small recreational boats (i.e. pleasure craft) because they aguiretirto have an AIS
transponder. Because these vessels are likely to use nearshore areas and embayments, they
overlap more with kelp and eelgrass beds than larger vessels. In certain areas of Puget Sound, the
impact of recreational vessels could be saitsal. For example, an aerial survey of boats in San
Juan County during summer weekends estimated an average of 2,000 boats on the water, not
including those at marinas or private do€ksfferson et al., 2024Yessels pose risk of
mechanical damage (propellers, anchors, and draglines) and can stir up sedimen(Briusdes
et al., 2020; Venturini et al., 202D)ata on the spatial use patterns of small boats in Puget
Sound would improve understanding of their role in potential impacts on marine vegetation.

Modeled outputs from the Salish Sea Model were used to describe current and future
temperature, salinity, and nutrients in Puget Sound. While the Salish Sea Model includes nodes
in the nearshore areas of Puget Sound, the resolution is fairly coarse amatithdathymetry
was deepened to improve model performance (and eliminate the need for wetting/drying
processes). Model performance in shallow subtidal and intertidal areas has not been validated, in
part due to a lack of comprehensive nearshore morgtdiate. \While average modeled values
may approximate real conditions, the model likely underrepresents observed values in highly
dynamic nearshore areas (personal communication with Tarang Khangaonkar, Pacific Northwest
National Laboratory).

Future projections of salinity and nutrients from the Salish Sea Model include estimates of
future freshwater flows and nutrient loads based on climate projections for 2095. However, these
estimates are coarsely applied in those model runs. Upcoming rearklie Puget Sound
Integrated Modeling Framewotkroject will produce higheresolution projections of
freshwater flows and nutrient loadings. These will be based on climate change and land cover
projections using terrestrial land cover and ecohydrological models which the Salish Sea Model
will use to poduce new simulations of marine water quality. In the future, the results of both the
terrestrial and marine model simulations could be applied to the kelp and eelgrass assessments of
future risk.

Conclusions

Risk to eelgrass and kelp in the Puget Sound region is spatially diverse and our analysis has
highlighted hotspots of risk to eelgrass and kelp, some of which align with known areas of

3 www.pugetsoundinstitute.org/psimf
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marine vegetation loss. Alignment between risk and marine vegetation trends was stronger at a
subregional scale than at siéwel scales. Our approach was designed as a tool to guide broad
scale research, conservation, and restoration action acrosgitre fighis approach necessitated
several assumptions and did not capture all potential threats, which could explain observed
marine vegetation declines in areas characterized as low risk. Furthermore, low risk areas should
not be consi deéiheapprdashdoftheeatinanademeantcandgnarine vegetation
conservation and restoration in those areas may differ from other higher risk areas. Regions with
similar risk profiles but with different trends in marine vegetation can be compared and
contrastedo elucidate possible causes. Finer scale information for individual basins can be used
in a tiered approach and, when available, better information can be used to iteratively update the
risk assessment. By evaluating risk and the relative contributimliefdual threats from a

regional perspective, this study supports an adaptive, ecosgatad management approach for
marine vegetation in Puget Sound.
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Tables

Table 1. List of threat layers included in the risk assessment, exposure and consequence criteria,
and expert scores used in the fAexpert scoreso
models. Expert scores were summarized from previous work tetragsors to eelgraéshom

et al., 2011pnd kelp (Raymond et al., 2024), consider that additive threat of stressors associated
with each threat | ayer, and are interpreted a
scoreso version of the risk modeohsequeneed a valu
criteria. Table subgroupings are provided for context only. Complete descriptions of each layer,
including data source, spatial/temporal information, and data processing are provided in the
Supplementary Material.

Exposure Consequence
Threat layer Spatial overlap [Intensity* [Temporal |Magnitudg Reversibilitf Trend
extent y
Human activity (marine)
, . E: variable [E: 1 E: 1l E:l E:l
Vessel Traffic yes, continuous K: variable |K: 2 K: 2 K1 K: 2

Shellfish harvest |yes, no buffer |E: 2 E:3 E:3 E:3 E:3
(eelgrass only

Dredge disposal  |yes, no buffer

(kelp only K: 2 K: 1 K: 2 K:2 K: 1l
Port facilities yes, 2000m E:2 E:3 E:3 E:3 E:3
buffer K: 2 K:3 K:3 K: 2 K: 2

Human activity (terrestrial)

Shoreline armoring |yes, 1000m E:2 E:3 E:2 E:2 E:3
buffer K: 2 K:1 K: 1l K: 1l K:1
Oil/gas facilities yes, 2000m E:2 E:3 E:3 E:3 E:3
buffer K: 2 K: 2 K: 2 K: 1l K:2
Impervious surface |yes, variable E: variable [E: 2 E:2 E:2 E:2
cover buffer K: variable |K: 3 K:3 K:3 K:3
Industrial land use |yes, variable E: variable [E: 2 E:2 E:2 E:2
buffer K: variable |K: 3 K:3 K:3 K:3
Water quality
Temperature yes, continuous |E: variable |E: 1 E: 1l E: 1l E:2
(current or future) K: variable |K: 1 K: 1 K:2 K:3
Salinity (current or |yes, continuous |E: variable |E: 1 E: 1l E: 1l E: 1l
future) K: variable |K: 1 K: 1 K: 1l K: 1l
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High nutrients yes, continuous |E: variable |E: 1 E:l E: 1l E:2
(current or future) K: variable |K: 2 K: 2 K:3 K: 2
Low nutrients yes, continuous
(Current or future) K: variable |K: 2 K: 2 K: 2 K:1l
(kelp only
Riverine flow yes, variable E: variable |E: 2 E:2 E:2 E: 1l
buffer K: variable |K: 3 K:3 K:3 K:3
Riverine pulse yes, variable E: variable [E: 2 E:2 E:2 E: 1l
buffer K: variable |K: 3 K:3 K:3 K:3
Riverine nutrients |yes, variable E: variable [E: 1 E: 1l E:. 1l E: 1l
buffer K: variable |K: 1 K:1 K:2 K: 2
WWTP nutrients  |yes, variable E: variable [E: 2 E:3 E:3 E:2
buffer K: variable |K: 2 K: 2 K:2 K: 2
Sea level ris¢future yes, nearestvall E: E:2 E:2 E:2 E:2
only) variable K:1 K: 1 K:l K: 1l
K:
variable
Resilience attribute (applied to Consequence)
Depth yes, continuous [n/a n/a n/a n/a n/a

* Intensity score for most layers was derived from spatially explicit, guantitative data, when
available. If no data describing the intensity of the threat was available, a score of 2 was used.
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Table 2. Top 5 current threats (based on proportion, using expert scores) for kelp and eelgrass in
each subregion. See Appendix E: Table S4 for the top 5 threats using equal scores.

Admiralty Inlet

Central Puget Sound

Eastern Strait of Juan de Fuca

Hood Canal

North Puget Sound

San Juan Islands

Saratoga / Whidbey

South Puget Sound

Kelp threats
High nutrients
Low nutrients
Vessel traffic
Temperature
Industrial use
River flow
River pulse
Impervious surface
Industrial use
High nutrients
High nutrients
Low nutrients
Industrial use
Impervious surface
Vessel traffic
n/a
n/a
n/a
n/a
n/a
High nutrients
Low nutrients
Vessel traffic
Temperature
Impervious surface
High nutrients
Low nutrients
Vessel traffic
Temperature
Salinity
Industrial use
Impervious surface
High nutrients
Low nutrients
Vessel traffic
River pulse
River flow
Impervious surface
Industrial use
High nutrients

Eelgrass threats
Shoreline armor
Shellfish harvest
High nutrients
Temperature
Industrial use
Shoreline armor
WWTP nutrients
River pulse
River flow
Impervious surface
Industrial use
Impervious surface
River flow
River pulse
High nutrients
Shoreline armor
Shellfish harvest
River flow
Industrial use
Impervious surface
Industrial use
Impervious surface
River flow
Shoreline armor
River pulse
Shoreline armor
Vessel traffic
Temperature
High nutrients
Salinity
Shoreline armor
Impervious surface
Industrial use
River flow
Temperature
Shoreline armor
River flow
River pulse
Impervious surface
Industrial use
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Figure 1. Heuristic diagram depicting the approach for the cumulative risk assessment in this study. Table 1 contahsuhefis

and future risk layers utilized and Appendice€Arovide additional detail on data sources, data processing, aatlthyer maps.
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Figure 3. Proportion of each subregion in each risk classification for kelp (left) and eelgrass
(right) with current (top) and future (bottom) threats. These results utilize the expert exposure
and consequence scores for each threat layer. See Figuner&8ufts using equal scores.
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Figure 6. Relative contribution of each threat layekelp total risk using equal exposure and

consequence scores (left) and expert scores (right) with current (top) and future (bottom) threats.
See Figure S17 for the differences in relative contribution between equal and expert scores.
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Figure 7. Relative contribution of each threat layezdtyrasstotal risk using equal exposure

and consequence scores (left) and expert scores (right) with current (top) and future (bottom)
threats. See Figure S17 for the differences in relative contribution between equal and expert
scores.
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Kelp: High nutrients

Eastern Strait

Total Risk
Higher
I Moderate

| Risk from threat
B Lower

|Higher
= Moderate
Lower
Il None None

Low nutrients Industrial use

Vessel traffic

Impervious surface

Figure 8. Current totddelp risk (upper left) and the top five threats (by proportional

contribution) in the Eastern Strait of Juan de Fuca subregion (Figure 1) using expert scores. Total
risk is classified as lower, moderate, higher, or none (as above). Risk from each threat is
presented on a continuous scale from lower to higher (purple to yellow) across the whole study
region.
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Figure 9. Current totadelgrassrisk (upper left) and the top five threats (by proportional

contribution) in the Eastern Strait of Juan de Fuca subregion (Figure 1) using expert scores. Total
risk is classified as lower, moderate, higher, or none (as above). Risk from each threat is
presented on a continuous scale from lower to higher (purple to yellow) across the whole study
region.
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Figure 10. Current totdlelp risk (upper left) and the top five threats (by proportional contribution) in the San Juan Islands subregion
(Figure 1) using expert scores. Total risk is classified as lower, moderate, higher, or none (as above). Risk front &ach threa
presented on a otinuous scale from lower to higher (purple to yellow) across the whole study region.
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Figure 11. Current totaelgrassrisk (upper left) and the top five threats (by proportional contribution) in the San Juan Islands
subregion (Figure 1) using expert scores. Total risk is classified as lower, moderate, higher, or none (as above)eRc$ktaat
is presented on a obnuous scale from lower to higher (purple to yellow) across the whole study region.
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Figure 12. Current totdlelp risk (upper left) and the top five threats (by proportional contribution) in the South Puget Sound
subregion (Figure 1) using expert scores. Total risk is classified as lower, moderate, higher, or none (as above)eRcsktaat
is presented on antinuous scale from lower to higher (purple to yellow) across the whole study region.
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Figure 13. Current totaelgrassrisk (upper left) and the top five threats (by proportional contribution) in the South Puget Sound
subregion (Figure 1) using expert scores. Total risk is classified as lower, moderate, higher, or none (as above)eRcsktaat
is presented on antinuous scale from lower to higher (purple to yellow) across the whole study region.
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Supplementary material

Distribution of current and future cumulative risk and contribution
of threats to eelgrass and canopy kelp in Puget Sound
Magel et al. (2025)

The following material includes supplementary information on data sources, methods, and
results for the Puget Sound marine vegetation risk assessment. Information is divided into the

following sections:
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Appendix A: Data sources

Table S1. Spatial habitat, threat, and resilience data synthesized for the risk assessment.

Habitat Source Year(s) | Resolution | Coverage | Brief Description Intensity Buffer (m)
Eelgrass WA Dept. of Natural 200%: n/a WA state | Generalized seagrass Presence/ | none
Resources 2020 polygons Absence
Kelp WA Dept. of Natural 2017 1km WA state | Linear extent of floating Presence/ | none
Resources 2024 shoreline kelp along-6.1 m MLLW | Absence
segments isobath
Threat Source Year(s) | Resolution | Coverage | Brief Description Intensity Buffer (m)
[Stressors] (Exposure)
Human activity (marine)
Vessel U.S. Coast Guard 2022 100 mgrid | U.S. Average number of vessel] Variable none
Traffic Automatic Identification per day with AIS based on
System (AIS); transponders [disturbance| number of
marinecadastre.gov/ais/ contaminants, invasive vessels/day
species, water clarity] guartile
Commercial | WA Dept. of Natural Active n/a WA state | Sites with active Presence/ | none
shellfishing Resources Commercial | permits commercial shellfish Absence
(eelgrass Harvest Sites 11/2024 permits [disturbance,
only) through contaminants]
6/2025
Dredge US Army Corps of n/a n/a Puget ADi sposal Si| Presence/ | none
disposal Engineers Disposal Site Sound and| [sediment, contaminants] | Absence
(kelp only History; Strait of
https://usace.contentdm.o Juan de
c.org/utils/getfile/collection Fuca
/p266001colll/id/10745
Port facilities | Port locations; n/a n/a WA state | Locations of seaports Presence/ | 2000
https://www.washingtonpo [disturbance, contaminanty Absence
ts.org/ourportalirectory
Human activity (terrestrial)
Shoreline WA Dept. of Fish and 2017 0.01- 5,400 | WA Salish | Locations of armored Presence/ 1000
armoring Wildlife Beach Strategies m shoreline | Sea shoreline [disturbance] Absence
Toolkit; segments

https://beackstrategies

wdfw-hub.hub.arcgis.com
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Data sources

ammonium) concentration
in the surface layer
[nutrients]

Oil/lgas WA Dept. of Ecology n/a n/a WA state | Locations of oil/gas Presence/ | 2000
facilities Spills Program Regulated facilities [contaminants] Absence
Facilities
Land cover National Landcover 2023 30m Continenta| % impervious surface Variable Variable
(impervious | Dataset Fractional IUS coverage of watershed based on % | based on
surface) Impervious Surface [nutrients, sediments, cover river flow”
contaminants] quartilé
Land use WA Dept. of Commerce | 2022 n/a Puget % industrial land use Variable Variable
(industrial) General Land Use Datase Sound (heavy and light) of based on % | based on
Watershed| watershed [sediments, cover river flow”
contaminants] quartilé
Water quality
Temperature | Salish Sea Model** 2014 100 m- Salish Sea| Modeled dry season Variable none
3,000 m Outer average daily maximum | based on
unstructured Coast temperature in the surface| value
grid layer [temperature] quartilé
Salinity Salish Sea Model** 2014 100 m- Salish Sea| Modeled wet season Variable none
3,000 m Outer average daily minimum based on
unstructured Coast salinity in the surface layer value
grid [salinity] quartilé
High Salish Sea Model** 2014 100 m- Salish Sea| Modeled wet season Variable none
nutrients 3,000 m Outer average daily maximum | based on
unstructured Coast dissolved inorganic value
grid nitrogen (nitrate + quartilé
ammonium) concentration
in the water column
[nutrients, algal
competition]
Low Salish Sea Model** 2014 100 m- Salish Sea| Modeled dry season Variable none
nutrients 3,000 m Outer average daily minimum based on
(kelp only unstructured Coast dissolved inorganic value
grid nitrogen (nitrate + quartilé
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Riverine Washington State 18year | 130rivers | WA Salish | Average annual river flow | Variable Variable
influence® Department of Ecology** | Climatol | entering Sea [sediment, contaminants, | based on based on
ogy Puget Soung salinity] river flow river flow”
quartilé
Riverine Washington State 18year | 130rivers | WA Salish| River flow variability Variable Variable
pulse Department of Ecology** | Climatol | entering Sea [sediment, contaminants, | based on based on
ogy Puget Soung salinity] river river flow”
variability
quartilé
Riverine Washington State 18year | 130rivers | WA Salish| Average annual dissolved | Variable Variable
nutrients Department of Ecology** | Climatol | entering Sea inorganic nitrogen (nitrate | based on based on
ogy Puget Soung + ammonium) load load river flow”
[nutrients, algal quartilé
competition, water clarity]
Wastewater | Washington State 18year | 89 outfalls | WA Salish | Average annual dissolved | Variable Variable
Treatment Department of Ecology** | Climatol | entering Sea inorganic nitrogen (nitrate | based on based on
Plant ogy Puget Soung + ammonium) load load WWTP
nutrients [nutrients, algal quartilé flow$
competition, water clarity]
Climate Change
Temperature | Khangaonkar et al. 2021 | 2095 100 m- Salish Sea| Modeled dry season Variable none
3,000 m Outer average daily maximum | based on
unstructured Coast temperature in the surface| value
grid layer [temperature] quartilé
Salinity Khangaonkar et al. 2021 | 2095 100 m- Salish Sea| Modeled wet season Variable none
3,000 m Outer average daily minimum based on
unstructured Coast salinity in the surface layer value
grid [salinity] quartilé
High Khangaonkar et al. 2021 | 2095 100 m- Salish Sea| Modeled wet season Variable none
nutrients 3,000 m Outer average daily maximum | based on
unstructured Coast dissolved inorganic value
grid nitrogen (nitrate + quartilé

ammonium) concentration
in the water column
[nutrients, algal

competition]
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Low Khangaonkaet al. 2021 2095 100 m- Salish Sea| Modeled dry season Variable none
nutrients 3,000 m Outer average daily minimum based on

(kelp unstructured Coast dissolved inorganic value
only) grid nitrogen (nitrate + quartilé

ammonium) concentration
in the surface layer
[nutrients]

Sea Level Miller et al. 2018 2100 3-57,000 |[WA Magnitude of projected Variable Nearest
Rise m shoreline | coastline | SLR for 2100 (RCP 8.5, based on bed
segments 50th percentile projection)| value
[light, coastal squeeze] quartilé
Resilience
Depth United States Geological | USGS 1 meter Puget MLLW depth of kelp and | Variable none
Service (Puget Sound), | (2017), [ (USGS & Sound, eelgrass beds at 10m spat based on
WA Department of WADNR | WADNR). | Strait of resolution value
Natural Resources (Easte| (2023), 5 meter | Juan de quartile*

Strait of Juan de Fuca), | NOAA (NOAA) Fuca
National Oceanographic | (2003)
and Atmospheric
Administration (Western
San Juan Islands) ***
# https://experience.arcgis.com/experience/e03ea8b2a6574e4094230aff5e862626/
* Intensity scores were determined using a quartile approach: bottom quartile of values = low (1), middle two quartil@y,uppet quartile = high (3),
except for the salinity threat (eelgrass and kelp) and the low nutrient threat (kelp) whemrdheapplied to quartiles were reversed (bottom quartile = high and
upper quartile = low)
** Source data available atttps://fortress.wa.gov/ecy/ezshare/EAP/SalishSea/SalishSeaModelBoundingScenarios.html
*** Source data availablat: USGS- https://lwww.usgs.gov/data/topobathymeitniodetpugetsoundwashingtorl8872017,

WADNR - https://gis.dnr.wa.gov/image/rest/services/Aquatics,
) NOAA -https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ngdc.mgg.dem:288/html.
AThe river flow climatology quartile was used to determine the buffer size for riverine based threats (Land Use, Landv€avemiRrients, and Riverine
influence) as follows: Low (< 25th percentile) = 2,500 m, Medium (2%t percentile) = 5,000 rand High (> 75th percentile) = 10,000 m buffer
$The wastewater treatment plant flow climatology quartile was used to determine the buffer size for Wastewater TreatmgrieRtarss follows: Low (<
25th percentile) = 1,000 m, Medium (25tBth percentile) = 2,500 m, and High (> 75th percentile)08®m buffer
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Salish Sea Model data

Data layers:the following data layers (parameters) were extracted from existing Salish Sea

Model runs for three years (Y2000, Y2014, and Y2095) with the intent to select either Y2000 or
2014 to represent ficurrento conditions and Y2
Salinity

Temperature

Nitrogen (nitrate and ammonium, separately, but later summed together)

Riverine flow and pulse proxies

O¢« O¢« O« O«

Model versions and runs:Model data were taken from three years using the following Salish
Sea Model versions and runs:

Year 2014 Model version FVCOM_v2.7ecy/FVCONCM_v2* [Ahmed et al. (2021) and PSI
(2023) repofi]

Years 2000 and 209Model versionFVCOM_v2.7dFVCOM-ICM_v4 (Khangaonkar et al.,
2021)

Extraction and synthesis:Python scripts were developed for this project in Jupyter Notebook,
andwere used to undertake all Salish Sea Model output data processing to produce the eight of
the input threat layers (Table S1). Script development built on and followed the workflow
applied by PSI and the reader is directed to the PSI (26&®)rt for detailed description on all
Python packages used and full scripts. Specific processing undertaken for this project are
summarized below and scripts are available upon request (emaaitilli@uw.ed):
0 Daily minimum, maximum, and meanwere calculated for Salinity, Temperature and
Nitrogen outputs for each cell (representing an area of puget sound) in the model output,
and for each of the 10 layers of each cell (representing the water column below each cell
area). Hourly model outputidéis in NetCDF format were used to produce daily values,
which were available for the above three model runs (years 2000, 2014 and 2095).

0 For each daily data set, a further three datasets were extracted including each cell of

Salish Sea Model output grid: a) bottom layer, b) surface layer and for ¢) water column

(all 10 layers).

Water column data sets were further processed, calculating the minimum, maximum and

mean of the water columkor the mean, in each case, the mean across the 10 depth

layers were calculated For example, to calculate the daily minimum for the water

column of a cell, the daily minimum for all 10 layers for that cell were averaged.

0 Finally, for each dataset, seasonal averages were determined for each cell. Following
Ahmed et al. (2019) assessment of the approximate start and end dates for the wet and
dry season in Puget Sound, the following seasonal averages were calculated:

3 Dry season and warmer months: May 1 to October 31
3 Wet season and cooler months: November 1 to April 30

0 Unlike Ahmed et al. (2021), model outputs for shallow water areas were not removed
although results for these nearshore areas are interpreted with caution, using only the
guartiles of the data, as they have not been considered to be accurate for prauevork
to grid resolution in these areas (Ahmed et al., 2021).

O«

4 Model versionshttps://ssmaiw.org/salisksseamodelingcenter/salistsseamodel/history/
5 https://www.pugetsoundinstitute.org/vepntent/uploads/2024/02/Whidbey Technikmo.pdf
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Appendix B: Data processing methods

0 Boxplots were used to visualize the Y2000 and Y2014 temperature, salinity, and nutrients
data by marine basin for each season (wet, dry), value type (min, mean, max), and depth
(bottom layer, mid layer, surface layer, and full water column) to determensett

option for each threat layeione which captured spatial variation in potentially stressful

conditions to eelgrass and kelp. These comparisons were also used to determine whether

Y2000 or Y2014 should be used for fAcurrent

Ultimately, the following output files were selected to represent threats to kelp and

eelgrass:

3 Temperature: dry season average daily maximum temperature in the surface layer

3 Salinity: wet season average daily minimum salinity in the surface layer

3 High Nutrients: wet season average daily maximum nitrate and ammonium
concentration in the water column. Nitrate and ammonium were later summed
into a single DIN layer.

3 Low Nutrients (kelp threat only): dry season average daily minimum nitrate and
ammonium concentration in the surface layer. Nitrate and ammonium were later
summed into a single DIN layer.

0 The four files above were compared using boxplots among the three years (Y2000,
Y2014, and Y2095) to evaluaieat a high level yearto-year differences and to select
whet her Y2000 or Y2014 should be used for
figures for salinity, temperature, high and low nitrate (NO3) demonstrate the comparisons
that were performed.
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3 Comparison of Y2000 and Y2014 model outputs showed that, for our specific
usage, model results were reasonably similar between the two years, despite the
differences in Salish Sea Model version, and that model results in Y2095 were
more distinct from botlY2000 and Y2014 than those modeled runs were from
each other. For other uses, the differences between Y2000 and Y2014 might be
meaningful and warrant additional analysis.

3 Ultimately, Y2014 was chosen as the most representative of current conditions for
this project because it is the most current year (closest to present) and the most
validated through its extensive use in the Washington State Nutrient General
Permit (e.g.Ahmed et al., 2021).

0 Raw data from the four layers indicated above were processed into threat intensity scores
using a quartile approach for Y2014: bottom quartile of values = low (1), middle two
guartiles = med (2), upper quartile = high (3), except for the salinity thredgtges and
kelp) and the low nutrient threat (kelp) where the scores applied to quartiles were
reversed (bottom quartile = high and upper quartile = low). The values for each quatrtile
determined from the Y2014 data were then applied to Y2095 data. SeesHippendix
C: S4 and S6 for the resulting threat layers in 2014 and 2095, respectively.

Riverine and wastewater treatment plant data

Following McMahon et al., (2022), statistics and a georeferenced dataset were prepared for 131
rivers (iverine flow, riverine pulse, and riverine nutrients), and 99Vastewater Treatment

Plants loads(Table S1) in Washington state that discharge into Puget Sound, including the
following for flow and loads of Dissolved Inorganic Nitrogen:

46



Appendix B: Data processing methods

0 Annualized statistics for an 38ar climatology calculated from all available daily values

for each source and parameter, including annual: count, mean, minimum, maximum,
standard deviation, and percentiles (25%, 50%, 75%), and ranking of sum of annual
flows and loads

Quartiles metrics and class/grouping of source type, similar to that defined in McMahon
et al., (2022), as well as pulse metrics for each river to capture flow variability.

The following steps were taken in Python, and final outputs provided in text files with latitude
and longitude for importation to a GIS (unless otherwise noted):

1) Calculatedlow andnutrient loadsfor Puget Sound rivers and wastewater treatment plants:

Using the dataset prepared by the Washington State Department of Ecal@§year daily

flow and concentration data set were first produced, using python scripts by Aurora Leeson,
University of Washingtoh The following additions and options were applied in these

existing scripts and workflow to produce the datasets for this project:

™

(0]

O«

O«

O«

As per the original script, a single average yearly climatology is calculated for each source

from the full 19992017 available timeseries from Ecology. This is an "average year"

calculated using the 18 years of dafgach final dataset is 366 days to account for leap

years.

For the production of the climatologies, note that default processing was applied to rivers

which excludes errors identified in the the 2012 to 2014 data for the following rivers (see
documentation): Kitsap NE, Kitsap_Hood, Lynch Cove, NW Hood, Port Gamaluya

Scripts were further adapted to use only the original Washington State river source data,

not the Live Ocean equivalent datasets that would be substituted by default where they

exist (see documentation).

The default function from Aurora Leesonds s
riverso for datasets where Ecology data was
these should be outside of Puget Sound and not used in the currem vegetation

project. This means the subset of dataset used for the project is entirely sourced from the
Washington State source data available.

Climatologies for 161 rivers and 99 WWTP outfalls across WA and Canada were

processed, and scripts were adapted to export the 131 rivers and 90 WWTPs in

Washington state waters for further load and statistical analysis.

2) Calculated load and statistics for each parameter, for each river and WWTP climatology
dataset in Washington state waters:

Further scripts and workflow steps were developed in python to process a final total load for
each river and WWTP, for the following parameters:

6 Data is based on Ecology measured data and modeled regression data to produce an 18 year daily dataset, and can
be downloaded ahittps://fortress.wa.gov/ecy/ezshare/EAP/SalishSea/SalishSeaModelBoundingScenaribkisitml

version builds upon the previous iteration of estimates first documented in Mohamedali et. al (2011) and Appendix

B of Pelletier et. al (2017), and with updates documented in Appendix A of Ahmed et al. (2021).

7 Scripts available ahttps://github.com/parkermac/L O/blob/main/traps_notes/README.md

8 https://github.com/parkermac/LO/tree/main/traps_notes/pre_notes#make _climatolipy
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O«

Calculate DIN (NO3andNH4) concentration (in mmol/m3) (=NO3 mmol/m3 + NH4

mmol/m3)

Calculated DIN (NO3andNH4) load (in mmol/s): Flow in m3/s * Parameter conc.

(mmol/m3) = load in mmol/s

0 Total daily DIN load (in kg/day of N): DIN Load (kg/day) = Load (mmol/s DIN) * 86400

s/day * (0.001 mol/mmol) * (14.01 g/mol N) / (1000 g/kg).

Additional annual statistics calculated from the daily values for source and parameter,

including annual: count, mean, minimum, maximum, standard deviation, and percentiles

(25%, 50%, 75%), sum of total annual loads, and ranking from largest to smadlest to

annual loads:

0 GI'S Il ocations were added using the stateos
rather than mapping to the closest location in the Live Ocean grid that were the default in
the original script

0 The dataset included the location of each river in GIS ready format for total annual flow
and total annual Dissolved Inorganic Nitrogen load. Statistics on each source included a
ranking Salish Sea wide, and percentile metric compared across all river§?$VWT
Quartile metrics were assigned a class or grouping, similar to that defined in McMahon et
al., (2022), discussed following , grouping each river/WWTP in to three groups:

o Low (1) = <=25% quartile
0 Medium (2) = between 25% to 75% quartile
o High (3) = >=75% quartile

0 Threat scores were applied to a pour point for each river/ WWTP. Locations for pour
points were identified using the GIS locations described above. In cases where a river
point location was located upstream of a distributary split, GIS was used to repthstio
location at a midpoint between the distributary mouths. This adjustment ensured that
buffers applied would encompass both outlets and the area of influence in the nearshore.

0 Riverine flow score was used to scale the size of the buffer at each river pour point, as
follows: Flow score Low = 2,500 m, Medium = 5,000 m, and High = 10,000 m buffer.

0 WWTP flow score was used to scale the size of the buffer at each WWTP pour point, as

follows: Flow score Low = 1,000 m, Medium = 2,500 m, and High = 5,000 m buffer

O«

(@4

3) CalculateRiverine pulsemetric (i.e. flashiness) to capture variability of flow for rivers:

A pulse metric was developed for all river sources following McMahon et al., (2022)
python scripts created for each step:

Natural log of daily flow data +0.001

Additional annual statistics calculated from the daily values for source and parameter,
including annual: count, mean, minimum, maximum, standard deviation, and percentiles
(25%, 50%, 75%), sum (annual sum of daily loads), and ranking from largest testmal
sum of loads

0 For each river, the count of the number of days where flow was above 1 standard
deviation was determined

Based on the annual count of total number of days where flow was above 1 standard
deviation, the percentile (as above) were calculated across all rivers

O¢ O«

O«

9 https://github.com/parkermac/LO/tree/main/traps_notes/pre_notes#traps_placesraptpyhelperpy
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0 In Excel low, medium and high pulse metric were determined for each river, based on
McMahon et al., (2022), using the above value determined for all rivers and the same
three groupings used above:

0 Low (1) = <=25% quatrtile
0 Medium (2) = between 25% to 75% quartile
o High (3) = >=75% quartile

0 Riverine flow score was used to scale the size of the buffer at each river pour point, as

follows: Flow score Low = 2,500 m, Medium = 5,000 m, and High = 10,000 m buffer.

The resulting threat layers for riverine flow, riverine pulse, riverine nutrients, and WWTP
nutrients are shown in Figure S5. Additionally, riverine flow score was used to scale the size of
the buffer at each river pour point for watershed percent impengorface coverage and

percent industrial land use using the same rules as above.

Watershed land cover and land use data

Building on the riverine flows and loads data described above, a combination of Watershed
Boundary Dataset (WBD) hydrologic units (HUCs) were used to subdivide the Puget Sound
watershed into smaller, sourspecific catchments. GIS tools were applied togaeHUCs of
varying scales into a unified dataset representing each individual watershed associated with a
riverine flow/load.

The synthesized HUC layer was then used to calculate impervious surface coverage and
industrial land use within each watershed. The 2023 National Land Cover Dataset (NLCD)
Impervious Surface raster was used to determine the percentage of imperviousrsedabe
HUC. Quatrtilebased risk values were assigned based on the distribution of imperviousness
across the Puget Sound region. A similar method was used to assess industrial land use: the
Washington State Department otfwasusethimieentfye 6 s Gen
industrial land areas within each HUC, from which industrial land use percentages and
corresponding risk quartiles were derived.

Buffer sizes for impervious surface and industrial land use threat quartiles were scaled
according to river flow, as described above. The buffer distances were defined as follows: river
flow score Low = 2,500 m, river flow score Medium = 5,000 m, and fleer score High =
10,000 m.

Sea level rise and depth data

Sea level rise values were assigned to kelp and eelgrass beds based on proximity to the
shoreline. The sea level rise dataset was provided as line segments and did not directly intersect
with the kelp or eelgrass features. GIS analysis was used to idéetigarest shoreline
segment to each kelp line or eelgrass bed and the projected sea level rise value was associated
with that kelp segment or eelgrass bed

To ensure consistency between the kelp and eelgrass datasets, sea level rise and depth risk
guartiles were calculated using a combined dataset. THaaton approach ensured that
overlapping kelp and eelgrass beds received identical risk scoresHanétrics. Depth values
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were calculated by integrating the highestolution available layers into a unified

topobathymetric surface using GIS, enabling consistent and accurate risk classification alongside
sea level rise projections. SLR and depth values across the obseyedvitdun the habitats

were binned into quartiles and the lowest quartile received an intensity score of 1, middle two
quartiles received a 2, and upper quartile received a 3.
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Appendix C: Habitat and threat maps
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Figure S1. Locations of marine vegetation habitats in the study area (Puget Sound, Eastern Strait
of Juan de Fuca, and San Juan Islands), including linear extent of canopy kelp (left, blue lines)
and eelgrass bed area (right, pink polygons).
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Figure S2. Marine human activities, including locations of ports, commercial shellfishing
harvest, and dredged material disposal, and vessel traffic intensity. Intensity scores for vessel
traffic were determined using a quartile approach: bottom quaftalwes = low (1), middle

two quartiles = med (2), upper quartile = high (3).
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Figure S3. Terrestrial human activities, including locations of shoreline armoring and oil and gas
facilities, and percent watershed impervious surface coverage and industrial land use. Intensity

scores for impervious surface cover and industrial landvese determined using a quartile

approach: bottom quartile of values = low (1), middle two quartiles = med (2), upper quartile =
high (3). Shoreline armor locations and oil/gas facility locations were buffered by 1000m in
INVEST. Watershed points are loedtat centralized pourpoints and buffer sizes are scaled by

magnitude of river flow.
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Figure S4. Modeled marine water quality variables (Y2014), including temperature, salinity, and

low and high nutrients. Intensity scores were determined using a quartile approach: bottom
guartile of values = low (1), middle two quartiles = med (2), uppartde = high (3), except for

salinity and low nutrients where the scores applied to quartiles were reversed (bottom quartile =

high and upper quartile = low).
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Figure S5. Riverine and wastewater treatment plant flows and loads, including riverine influence
(flow magnitude), riverine pulse (variability or flashiness), and nutrient loads from rivers and

wastewater treatment plants. Watershed and wastewater tréalar@rpoints are located at

centralized pourpoints and buffer sizes are scaled by magnitude of river/ WWTP flow. Intensity
scores were determined using a quartile approach: bottom quartile of values = low (1), middle

two quartiles = med (2), upper quaetié high (3).
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Figure S6. Modeled future marine water quality variables (Y2095), including temperature,
salinity, and low and high nutrients. Intensity scores were determined using a quartile approach:
bottom quartile of values = low (1), middle two quartiles = medu@per quartile = high (3),

except for salinity and low nutrients where the scores applied to quartiles were reversed (bottom
quartile = high and upper quartile = low).

56



Appendix C: Habitat and threat maps

A" 1

\ X

‘/‘h N =

Depth Sea Level Rise »

- Low - Low

P Medium B Medium mmw———— km
P High P High 0 20 40

Figure S7. Current depth (resilience attribute) and future sea level rise threat layer. Intensity
scores were determined using a quartile approach: bottom quartile of values = low (1), middle
two quartiles = med (2), upper quartile = high (3). For depliiglascore (3) is associated with
low resilience.
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Appendix D: Expert exposure and consequence scores

Table S2. Percent of expert respondents (n = 7) who indicated a strong association between each Thom et al. (201igsselgrass s
and our compiled threat layers for the risk assessment. Associations with at least 50% responses (in red) were retained whe
calculating exposure and consequence criteria scores.

Thom etal. (2011) Eelrass Stressor

Threat layer not

Propeller wash/ Boat grounding/ Organicmatter  Seatemperature Nutrient-driven Freshwater Anthropogenic ~Shoreline Suspended Dredging/  Overwater applicable to
Threat Layer boat wake anchoring discharge/sulfides rise HABs input contaminants  armoring  Aquaculture sediment filing structures  Sealevelrise Storms  Construction Overfishing Bioturbation Invasive species Disease  eelgrass

Vessel traffic intensity 100.0 100.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 143 0.0 0.0 0.0 0.0 0.0 0.0 0.0 143 0.0 0.0
Commercial shellfishing sites 100.0 0.0 100.0 0.0 0.0 0.0 100.0 00 100.0 85.7 0.0 0.0 0.0 0.0 85.7 0.0 143 1000 100.0 0.0
Dredge disposal sites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Port facility locations 100.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 143 100.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0
Shoreline armoring locations 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0
Oil/gas facility locations 100.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 100.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0
Impervious surface (watershed) 0.0 0.0 0.0 100.0 0.0 100.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 1000 0.0 0.0 0.0 0.0 0.0 0.0
Industrial land use (watershed) 0.0 0.0 0.0 100.0 0.0 100.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0
Riverine influence (flow magnitude) 0.0 0.0 100.0 100.0 0.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Riverine flashiness (flow variability) 0.0 0.0 100.0 0.0 0.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 1000 0.0 0.0 0.0 0.0 0.0 0.0
Riverine nutrients (load magnitude) 0.0 0.0 100.0 0.0 100.0 0.0 85.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
WWTP nutrients (load magnitude) 0.0 0.0 100.0 100.0 100.0 100.0 100.0 0.0 0.0 85.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Temperature (from Salish Sea Model) 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 85.7 0.0 0.0 0.0 1000 100.0 0.0
Salinity (from Salish Sea Model) 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 85.7 1000 0.0
High nutrients (from Salish Sea Model) 0.0 0.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 85.7 1000 0.0
Low nutrients (from Salish Sea Model) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Sea Level Rise (from UW CIG) 0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 85.7 100.0 0.0 0.0 0.0 0.0 85.7 0.0 0.0

Table S3. Percent of expert respondents (n = 20) who indicated a strong association between each Hollarsmith et &. (2022) ke
pressure and our compiled threat layers for the risk assessment. Associations with at least 50% responses (in reshdvenenetai

calculating exposure and consequence criteria scores.
Hollarsmith et al. (2022) Kelp Pressure

Substrate Threat layer

Algal Mechanical Mutrients change/benthic not applicable

competition Contaminants Epiphytes damage (high) Nutrients (low) Salinity sedimentation Temperature Waterclarity tokelp
Vessel traffic intensity 0.00 85.00% 0.00 95.00 0.00 0.00 0.00 80.00 0.00 40.00 0.00
Commercial shellfishing sites 5.00 5.007 7.69 10.00 5.00 0.00 0.00 15.00 0.00 5.00 75.00
Dredge disposal sites 0.00 65.007 0.00 45.00 0.00 0.00 0.00 60.00 0.00 60.00 30.00
Port facility locations 5.00 90.00% 7.69 85.00 45.00 0.00 0.00 85.00 5.00 80.00 0.00
Shoreline armoring locations 0.00 000% 0.00 45.00 0.00 0.00 0.00 90.00 5.00 5.00 0.00
Oil/gas facility locations 0.00 90.00" 0.00 80.00 35.00 0.00 0.00 75.00 0.00 40.00 0.00
Impervious surface (watershed) 5.00 95.00% 7.69 0.00 80.00 5.00 40.00 90.00 85.00 90.00 0.00
Industrial land use (watershed) 5.00 95.00% 7.69 0.00 80.00 40.00 40.00 85.00 80.00 85.00 0.00
Riverine influence (flow magnitude) 5.00 80.00% 7.69 0.00 70.00 35.00 90.00 90.00 85.00 90.00 0.00
Riverine flashiness (flow variability) 5.00 80.00" 7.69 0.00 40.00 0.00 90.00 95.00 50.00 90.00 0.00
Riverine nutrients (load magnitude) 80.00 35007 7692 5.00 85.00 30.00 10.00 10.00 10.00 45.00 5.00
WWTP nutrients (load magnitude) 80.00 85.007 6154 0.00 90.00 5.00 0.00 0.00 40.00 40.00 0.00
Temperature (from Salish Sea Model) 75.00 0.00%” 53.85 0.00 0.00 5.00 5.00 0.00 95.00 5.00 0.00
Salinity (from Salish Sea Model) 35.00 0.00” 0.00 0.00 0.00 5.00 95.00 0.00 5.00 0.00 0.00
High nutrients (from Salish Sea Model) 85.00 5007 6154 0.00 95.00 35.00 0.00 0.00 0.00 80.00 0.00
Low nutrients (from Salish Sea Model) 70.00 000%  46.15 0.00 35.00 95.00 0.00 0.00 0.00 65.00 0.00
Sea Level Rise (from UW CIG) 5.00 75.00% 0.00 0.00 30.00 0.00 35.00 75.00 0.00 45.00 5.00
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Appendix E: Supplementary results

The following section contains supplementary results to support those displayed in the main text.
Often, these are the same analyses presented in the main report text, but utilized equal exposure
and consequence scores for all threats and are presentetdrast to the expert exposure and
consequence scores utilized in the main text. They provide a comparison and demonstrate the
influence of expert exposure and consequence scores on total risk and the contribution of
individual threat layers.
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Appendix E: Supplementary results

Table S4. Top 5 current threats (based on proportion, esjugscores in contrast to Table 2)
for kelp and eelgrass in each subregion.

Subregion

Admiralty Inlet

Central Puget Sound

Eastern Strait of Juan de Fuca

Hood Canal

North Puget Sound

San Juan Islands

Saratoga / Whidbey

South Puget Sound

Kelp threats

High nutrients
Salinity

Low nutrients
Temperature
Vessel traffic
Shoreline armor
Vessel traffic
High nutrients
Salinity

Low nutrients
High nutrients
Low nutrients
Salinity
Temperature
Vessel traffic
n/a

n/a

n/a

n/a

n/a

Low nutrients
Vessel traffic
Salinity
Temperature
High nutrients
Low nutrients
Vessel traffic
High nutrients
Temperature
Salinity

Low nutrients
Salinity
Vessel traffic
Temperature
High nutrients
River pulse
River flow
River nutrients
Impervious surface
Industrial use

Eelgrass threats

Shoreline armor
Vessel traffic
High nutrients
Temperature
Salinity
Shoreline armor
Vessel traffic
High nutrients
Salinity

River pulse
High nutrients
Salinity
Temperature
River flow
Vessel traffic
River flow

River nutrients
Industrial use
Shoreline armor
Impervious surface
River flow

River nutrients
Industrial use
Salinity
Impervious surface
Vessel traffic
Shoreline armor
Temperature
High nutrients
Salinity

Salinity
Temperature
Shoreline armor
High nutrients
Vessel traffic
River nutrients
River pulse
River flow
Shoreline armor
Impervious surface
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Figure S8. Proportion of each subregion in each risk classification for kelp (left) and eelgrass
(right) with current (top) and future (bottom) threats. In contrast to Figure 2, these results utilize
equalexposure and consequence scores across threat layers.
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Figure S9. Maps of cumulative risk to kelp (left panels) and eelgrass (right panels) from current (left panel in egcniaiitate
threats (right panel in each habitat). These results uéilipertexposure and consequence scores across threat layers. See Figure S10

for maps of current and future kelp and eelgrass risk using equal exposure and consequence scores.
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Figure S10. Maps of cumulative risk to kelp (left panels) and eelgrass (right panels) from current (left panel in egcmiaioitiare
threats (right panel in each habitat). These results usitipalexposure and consequence scores across threat layers. See Figure S9
for maps of current and future kelp and eelgrass risk using expert exposure and consequence scores.
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Figure S11. Distribution of current cumulative risk to kelp in each subregion eguaiscores

(in contrast to Figure 4). Boxes contain th& &5 73" percentiles, bar represents the median, and
whiskers represent minimum and maximum values, with points for outliers. Letters designate
statistically similar means from a Tukey honest significant difference test with a 95%-family
wise confidence level. Sukgions are organized left to right by highest to lowest mean risk.
Colors indicate the current statiseach subregion according to monitoring for Buejet Sound
Partnershipbés floating kelp Vital Sign
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Figure S12. Distribution of current cumulative risk to eelgrass in each subregioreqaailg

scores (in contrast to Figure 5). Boxes contain tHet@55" percentiles, bar represents the
median, and whiskers represent minimum and maximum values, with points for outliers. Letters
designate statistically similar means from a Tukey honest significant difference test with a 95%
family-wise confidence level. Subgions are organized left to right by highest to lowest mean
risk. Colors indicate the current status of each subregion according to monitoringRogtie
Sound Partner s hi pNotethatthel sgbregions utilized heeelare fot tigersame
as those used in the eelgrass Vital Sign, which are larger areas, and therefore status here is
informed by the Vital Sign metric but may not align exactly.

65


https://vitalsigns.pugetsoundinfo.wa.gov/VitalSignIndicator/Detail/61
https://vitalsigns.pugetsoundinfo.wa.gov/VitalSignIndicator/Detail/61

Appendix E: Supplementary results

Figure S13. Current cumulative riskkelp usingexpertscores by site trend from monitoring data, including {ergn (left) and

recent (right). Boxes contain the'2f® 75" percentiles, bar represents the median, and whiskers represent minimum and maximum
values, with points for outliers. Numbers of HRA pixels within each category are indicated below the bderbrotignd includes

the entire record at a site (approximgted years) and recent trend includes the last 5 years of data. Definitions for the site trend
categories can be found in Berry et(@D23).Note: Monitoring sites only overlap with a subset of the full HRA resulé&segory NA
includes risk at sites that do not align with monitoring sites.
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