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ABSTRACT

INFERRING EXPOSURE TO HARMFUL PSEUDBITZSCHIA BLOOMS FROM
OCEAN-TO-ESTUARY GRADIENTS IN DOMOIC ACID CONCENTRATIONS IN
HUMBOLDT BAY BIVALVES

Natasha Hope Ficzycz Winnacott

Harmful algal blooms (HABS) result from outbreaksaoly ofseveral different
species of toxifproducing phytoplankton artlatcan have major detrimental effects on
marine ecosystenmend poseevere health and ewomic threats to human communities.
Of particular concern along thenitied State$Vest Coasare HABs of pennate diatom
genusPseudenitzschiathat produce thpotent neurotoxin domoic acid (DAJhe
coastal ocean between Cape Mendocino, CA, and CapeoBlartis a hotspot for
Pseudenitzschiaspp.HABs. Such blooms impact coastal fisheries and pose a potential
threat to aquaculture operations in HumboldtBag | i f or ni ads s amwond
largest producer of oysterget, despite evidence that tidal exchanges dassude
nitzschiaspp from the ocean into the Bayegular assays rarely detéogh uptake of
domoic acid in cultured oysters and sentinel mussels in upper reaches of tii@iBay.
study examinéthe gradent to which oceaorigin DA andPseudenitzschiaspp enter
Humboldt Bay using naturally occurring bivalves as an integrated measure of exposure.
Bivalves were collected along ocean to upper estuary transects and proceBged for
concentrations in thegoft tissues. These samples were augmented with water samples

collected to characterize the concentrationBs#udenitzschiaspp.andDA in the water



columnand to relatéo DA concentrations in bivalveResultsdemonstrate thddA
concentrations ibivalvesdecline withincreasedlistancerom the mouth of the Bay a
manner that varies over time, and that this varialgitinked tothe variability and

intensity ofDA concentrations in the environmemhese results provide strong support

for the hypothesis that bivalves in the upper regions of the Bay experience less exposure
to ocearorigin Pseudenitzschiaspp.HABSs. This study lays the foundation for
understanding the dynamics and distribution of HABs in Humboldt Bay and warrants the
development of future studies to map this risk in greater detail to support hypotheses

regarding mechanisms that control HAB distributions and exposure.
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INTRODUCTION

Harmful algal blooms (HABSs) result from outbreaks of any of several different

species of toxifproducing phytoplankton that can have major detrimental effects on
marine ecosystems and pose severe health and economic threats to human canmunitie
(Gobler et al. 2017; Townhill et al. 2018; Gobler 2020; Brown et al. 2@f@articular
concern along the United States (US) West Coast are HABs of pennate diatom genus
Pseudenitzschiathat produce the potent neurotoxin domoic acid (Q4Jong et al.
2012; Trainer et al. 2012; Bates et al. 20Fdjer feeding organisms exposed to toxic
Pseudenitzschiaspp.(Pseudenitzschiahereafter) accumulate Dand pass it on to their
predatorswith potentially deleterious effec{s.g.,enhanced disease sea otters
Enhydra lutris[Miller et al. 2021) and, at igh enough concentratiof¥A canbe
potentially fatal andausea condition called Amnesic Shellfish Poisonimghumans
(Bates et al1989).DA can also accumulate through felagicfood web and has cause
the death of seabisdind marine mammalsicCabe et al. 20)6PseudenitzschiaHABS
have occurred along the US West Coast since at least 1991 (Lewitus et al. 2012). In 2015,
a masive PseudenitzschiaHAB occurred along the whole US West Coassuling in
persistently elevated concentrations of DA in several major fisheries res@axtersied
closuresof those fisherigsandincreasednortality & marine mammals and seabirds
(McCabe et al. 2016; McClatchie et al. 2016; Wells et al. 2017).

To mitigate risks to human consumers, monitoring programs regularly assay

concentrations of DA (and other algal toxisgach asaxitoxins produced by



Alexandrium sppCosta et al. 203 in key species using quantitative assays (e.g.,
enzyme linked immunosorbent as$By.ISA; Litaker et al. 200Bor highperformance
liquid chromatographjQuilliam et al. 198p. When DA concentrations exceed the
regulatory limit of 20 parts per million (pp), fisheriesharvestor mariculturesalesare
shut down to mitigate risks to human health. Such monitoring programs can lead to
temporary (though sometimes extensive) harvest advisories for shellfish fisheries (e.qg.,
razor clamsSiliqua patulg and Dungness crab Metacarcinus magistgy, and result in
substantial economic lossgsg.,McCabe et al. 2016Ritzman et al. 2018; Moore et al.
2020).

Evidence suggests that tidal exchanges between the coastal ocean and Humboldt
Bay carryPseudenitzschiaintot he Bay ( O6Connel | 2013), whi
risk to the extensive aquaculture operations in the norest reaches of the Bay and
to recreational harvesteiBespite this potential for toxieseudenitzschiato enter
Humboldt Bay, elevateaVels of DA are rarely detected in cultured oysters and sentinel
mussels at aguaculture operations in the upper reaches of Humboldt Bay (Anderson and
Kudela, unpublished datallhe mechanisms that shield the upper estuary from intense
HABs are poorly undstood, as are patterns of exposure in the lower reaches of the Bay,
where recreational harvest is more common. In this thesis, | analyze gradients in DA
concentrations in naturally occurring bivalves, from which | isfeatial patterns in the

exposure obenthichabitats in Humboldt Bay tdABs.



PseudenitzschiaHABs

The density and toxicity gsghytoplanktorcellsvaries substantially amorgpecies
of Pseudenitzschia(Bates et al. 1989), and not all species produce DA. As a result, high
densities oPseudenitzschiamay not always be correlated to increases in DA
concentrations (e.g., Rowlaiiigrim et al. 2019)ldentifying Pseudenitzschiaspecies
with light microgopy is difficult, soPseudenitzschiaare instead placed into two groups
specimen that have a cell width greaterthamm3 a r e p setiat@i ns itzhee ciill as s,
those with a cell width lesstham® ar e p delicatissmat sé z@ cldass ( Ha
Syvertsen 1997B5pecies in th@seudenitzschiasize clas$. seriatahave been
associated with intense HABsuch a$. australis which was the cause of the massive
2015 HAB (McCabe et al. 20163pecies inheP. delicatissimaize clasarenot often
associated witsevere HABgFehling et al. 2006RowlandPilgrim et al. 2013

Toxicity varies over the course oPseudenitzschiabloom, withevidence
suggesting thaDA productionelevate during the stable or declining stages of a bloom
(McCabe et al. 2016). Though the exact conditionsdbiatrol DA production are poorly
understood, it is likely that several factors may concurrently influence DA production
synergistically (Lelong et a012; Bates et al. 2018; Kelly et al. 2023udies indicate
that DA production byseudenitzschiamay depend on or be affected by a series of
factors, including macrand micronutrient supply. Macronutrierfesg., nitrogen input
and form; Thessen ek 2009; Auro and Cochlan 2013; Radan and Cochlan 2018; and

phosphate or silicate limitatipfParsons et al. 2002; Thorel et al. 2017) and



micronutrients (e.g., trace metals in the form of iron limitation or high concentrations of
copper Maldonado et al2002; Wells et al. 2005) have been shown to promote DA
production. Abioticconditionsincludingincreased temperature (e.g., McCabe et al. 2016;
McKibben et al. 2017), and changes in pH (Trimborn et al. 2008; Sun et al. 2011;

Wingert and Cochlan 2021; Aylae et al. 2021), and salinity (Doucette et al. 2008) have

also been observed to increase DA concentrations, though these effects are more variable.
Metabolites released by copepods and possibly by bivalves have also been shown to
stimulate DA production, hich suggests that toxin productioray bean inducible

response (Lundhm et al. 2018; Sauvey et al. 2021).

Regional Oceanography aRdeudenitzschiaHot Spots

The coastal waters that lie offshore of and connect to Humboldt Bay are part of
the Californa Current System (CCS). During the spring and summer, upwelling brings
cool, nutrient rich bottom waters from depth as surface waters are pushed offshore
(Checkley & Barth 2009). Such enrichment supports the development and productivity of
phytoplankton ldoms, including blooms d?seudenitzschia(Kudela et al. 2005; Kudela
et al. 2010; Trainer et al. 2010; Pitcher et al. 2017). During periods of relaxation in
upwelling, winds reverseayatertemperature increases, and surface waters are transported
closerto shore (Send and Beardsley 1984png the coast, water circulation is
interrupted by coastal headlands and bathymetric featuresathag¢sult irmesoscale
featuressome of which include eddi¢kargier et al. 1993, Barth et al. 20Gf})dcan act

asretentive zones fdPseudenitzschia(e.g., Trainer et al. 2009).



Pseudenitzschiaii h o t  saye ddes documentedrigtentive zones of the
CCS such aghe Juan De Fuca eddylonterey Bay and the coastal ocean between Cape
Mendocino CA, and Cagdglanco, OR(Trainer et al. 2002Trainer et al. 20205andoval
Belmar et al. 2023 Thelastof these posea major risk to aquaculture operations inside
Humboldt Bay, given the B&y proximity to this hot spot (Trainer et al. 2020)these
regions,Psewo-nitzschiahave been observed to occur at higher dengiliesner et al.
2009; Pitcher et al. 2010; SektWéood et al. 2011; Trainer et al. 2020)d eidence
suggests thaseudenitzschiain retentive zones occur at an increased frequency
(SekulaWoad et al. 2011 Trainer et al. 2020 Toxic Pseudenitzschiacellsmaysink to
depthsand become sequestered in sedini®ohnetzer et al. 200BekulaWood et al.
2009 SekulaWood et al. 201}l where theymayaccumulate in benthiofauna Sekula
Wood et al. 2011Smith et al. 2021)It has also been hypothesized tRatudenitzschia
in sedimenbr at depttcan becomeesuspended by the onset of upwelling or turbulent
mixing and form subsequent blooms in surface waters (Trainer et al. 2000etVdetz

2004; Hubbard et al. 2014rainer et al. 2020

Humboldt Bay: Structure and Connection to Coastal Ocean

Humboldt Bayis a large coastal lagodocated 50 km north of Cape Mendocino
in NorthernCalifornia ands connected to coastal waters spanned tgcantly identified
PseudenitzschiaHAB hot spot (Trainer et al. 2020)he Bayis formed by two long
spits that separate it from the coastal ocean and consists of a deep entrance channel that

leads to two largehallow bays, North Bay and South Bay, both of which consist of



extensive mudflats during low tid8outh Bay is connected directly to the entrance
channel, while North Bay is connected via a long, narrow channel (Barnhart et al. 1992;
Costa and Glatzel 2@). Freshwater input to Humboldt Bay dominated bynfluxes
from the Eel River plume (mainly during mtéer storm event8arnhart et al. 1992with
lesser contributions frommaller coastal watershetigt feed ito the Bay (Freshwater
Creek, JacopCreek, Salmon Creelgnd the Elk RiverBarnhart et al. 1992

The primary drivers of circulation in the Bay are tidal exchange and wave action,
both of which drive strong vertical mixing and tend to disrupt stratification, especially in
the shallowegions of the Bay. During the spring and summer, coastal waters derived
from upwelling aremixed into the waters that aaglvected into the Bay with each
incoming tide Under typical conditions, waténatreaches the extensive mud flats of the
Bay is heted by solar radiation and by contact with warmed sedim@sta result,
temperature increasavhereasutrients and chlorophyll generally decrease with
increased distance from the mouth of the Bay (Pequegnat & Butler, 1981; Barnhart et al.
1992; Anderso 2010; Anderson 2019). Water masses of different characteristics
(oceanic and estuarine) are separated by a nearly vertical frontal structure which presents
a potential constraint to rapid mixing of ocean and estuarine water masses (Largier 1992).
These dstinct water masses shift with the tidal cycle, exposing extensive mudflats and
habitat in North and South Bay during low tide (CeNCOQ@®3. Strong tidal forcing
generates the resuspension of sediment in Bay, driving increased turbidity, which likely
affects the level of light that is available for phytoplankton to grow in the Bay (e.g.,

Monbet 1992; Trainer et al. 1998; Tas & Lundholm 20The degree of tidal forcing



alsolimits the time that oceanic waters spend in the estuary (which limits theueepo
time of habitats in upper reaches of the Bay to ocqamnjtoplanktong.g., Alvarez
Salgado et al. 200&;figuezet al. 2018; Qin and Shen 201%his is clearly reflected in
sharp shifts in phytoplankton communities driven by the tides, which anmdt®d by
marine taxa at high tide or resuspended benthic diatoms at low tide (O'Connell&Z)13).
a result, HABs present in Humboldt Bay are likely from ocean origin (rather thaiuin
development), and the distribution is closely tied to the reaohez#n waters into the

Bay.

Processes and Considerations of Toxin Loading in Bivalves

Toxin loading in bivalves in Humboldt Bay is determinedtugir exposureas
well astheir speciesspecific feeding and elimination rates. The first element of risk of
bivalve exposure to toxieseudenitzschiais dependent on the development of an ocean
(or estuarine) HAB, and how effectively ocean to estuary exchange processes transport
(or retain) HABs into the Bay HABs in the Bay are affected Ipyocesses that govern
retention and distribution of HABs within the B&YA in the environment can be
retainedn cells as particulate DA (pDA) or as dissolved DA (dDi#gt isexcreted by
cells or released during fAsl oppyo DAeedi ng
in the particulate form is the dominant, perhaps sole, form of DA taken up by bivalves
(see e.g., Novaczek et al. 1994} a result, the risk of DA contamination in bivalves is
determined by the concentration, and toxicity?e€udenitzschiacells (both absolute

and relative to the rest of the phytoplankton communégiithe net effect of a species



specific uptake rate (including selective rejectioPséudenitzschig, and the
depuration rate (i.e., the rate at which toxins are elimirfadead the gut and tissues of a

bivalve;Figurel).

Retention (intensification?)

s ety

Advection

Figurel. Conceptual model of factors governing exposure of bivalves to HABs within an
estuary.

The dynamics governing thiene dependertoxin loading in a bivalve can be

summarized by the following equationtlined in Silvet & Subba Roa (1992
QOTQ0 OB 0D

whereF is a bivalvesfilt ering rate A is the concentration d?Pseudenitzschia(cells/L),
Ca is theconcentratiorof DA in Pseudenitzschig D is the depuration ratendCw is the
concentration of DAn the bivalve This model summarizes the conceptual basis for
understanding how to relate the variability of envimemtal DA to toxin loading in a
bivalve. This model is a simplified expression of the relevant dynamics under constant
conditions, in which uptake is a constant linear process and depuration represents a
constant proportional loss over time, however tlpgeeesses are affected by a series of
environmental and biological factors.

Uptake ofDA depends on the preseraed concentration of DA iRseude

nitzschiain the surrounding environme(®auvey et al. 2021This is countered by the



rate at which bivales remove toxins from their bodyften referred to adepuration,

through egestion, excretion (Bricelj & Shumway 1998) or possibly cheaegghdation
(Stewart et al. 1998Both uptake andepuratiorgenerally differ among species and are
possiblysize and temperature dependent. In general uptake (e.g., Saucedo et al. 2004;
RollwagenBollens et al. 2021) and depuratidtioivaczek et al. 199Blanco 2006)
increase with increasing temperature. Uptakeicper allometric relationships between
gill area and length or weigliteviewed by Cranford et al. 2011). The effect of weight on
depuration is not well understood, as some studies have shown that smaller individuals
depurate DA faster than larger onbBl®yaczek et al. 1992and others have found that
body weight has no significant effect on depuration (Blanco et al. 208f2a et al.

20103.

Ecological controls on filtration include foraging behavior, ingestion versus
deflection to pseudfeces and ptsical and competitive influences. Phytoplankton
exceeding some minimum threshold may be required to trigger active feeding (e.g.,
Riisgardet al. 2003), and the number of cells ingested can saturate at high concentrations
(FosterSmith 1975). Bivalves havaeen observed to reduce filtration when exposed to
Pseudenitzschiain a monoculture, regardless of toxicity (Mafra et al. 2008afra et al.
200%; Thessen et al. 2010; Sauvey et al. 20249, thisis consistent with observations
that ingestion oPseulo-nitzschiaand consequent uptake of DA is countered by selective
rejection ofPseudenitzschiaas pseudo feces (Mafra et al. 2009ajfra et al. 2008;

Mafra et al. 2010b; Thessen et al. 2010; Jennings et al. 2020; Sauvey et al. 2021). The

accessibilityof phytoplankton to benthic filter feeders depends on how much of the water
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column is effectively connected to the benthic boundary layer through vertical mixing

(Cloern et al. 1985; Cloern 1991) and competition among bivalves as they deplete

phytoplanktorstocks (Cloern 1982; Kimmerer and Thompson 2014; Lucas et al. 2016).
Different rates of depuration among species might reflect differences in

metabolism, the presence (or absence) of bacteb@atves that can degrade DA

(Stewart et al. 1998), or holdA is distributed among tissues (Novaczek et al. 1992;

Silvert and Cembella 1995; Blanco et al. 2002; Alvarez et al. 2020). Depuration rates can

also be sensitive to toxin concentrations (high toxin loads suppress depuration; Silvert &

Subba Rao 1992). Spte onecompartment models assume tB#t accumulates in a

single compart ment anthaddépuratiofaom kthis poaldceurs &ta b o d y

constant rateNovaczek et al. 199Blanco et al. 2002Multiple-compartment models

treat DA as being se@stered in different tissues, subject to different rates of enrichment

and loss (i.e.as has been shown fiazor clams; Horner et al. 1998)ussels depurate

DA in a matter of howsto days due to their relatively fast depuration rates-1164lay";

Mafra et al. 2010g@)and as a result a singtempartment modelppears to be best at

describing depuration over relatively short timescales (up to a few wésbgyh there is

evidence that they can retain very low amounts of DA for longer periods (btadta

2010a; Novaczek et al. 1991). A multi compartment model is best at describing

depuration in razor clams$iliqua patulg which can take months to depurate DA from

their tissues (Wekell et al. 1994).
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Research Objectives and Hypotheses

The goal otthis study was to take the first step towards elucidating the spatial and
temporal variability oPseudenitzschiaHABs in Humboldt Bay, which has important
implications for understanding present and future risk of expdaceel by commercial
aguacultureperations and recreational fisheries in the Bay. | sought guéhtify the
spatial pattern of toxin loading in naturally occurring bivalve species along-tmean
estuary transects in Humboldt Bay, andg@)relatetoxin loading in bivalves to HAB
intensity measured in Bay watdigough timeMy hypothesesvere

1. Bivalves near the mouth of the Baypwd have DA concentrations similar to
bivalves on the opetpast.
2. Bivalves in North and South Bay would be synchronous in their response to

HABs in the wagr column.

3. DA concentrations in bivalvesauld decrease with increased distance from the
mouth of the Bay; and
4. Temporal patterns in DA concentrations in bivalvesild reflect trends of toxic

Pseudenitzschiablooms in the water column.

To evaluate these hypotheses, | colledtede types of samples from the system. First,
native bivalvesvere collectedt eleven sites along ocean to upper estuary transects in
Humboldt Bayandatone site on the open coast over several sampling occaasimhs
these samples weassayedo measure concentrations of DA in their soft tissues

Second, tollectedwater samples from two locations (Trinidad Wharf on the open coast
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and Hog Island Wharf in Humboldt Bay) and assayednto assess HAB presence and
intensity Lastly, | collectecenvironmental data assembled from several sources to
provide broader context for the observed variability in HABs and toxin loaBiaged on

the environmental data and analysis of water samples, | also explored an ancillary
hypothesis that water characteristics and phytoplankton concentrations in Humboldt Bay

at high tide would be like those observed in the coastal ocean.
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MATERIALS AND METHODS

Bivalve Collection

Sampling for this study was conducted from Matober 2020 and May to
September 2021, which generally spéme months adinticipated HAB exposure during
a given year. Bivalves were collected at low tide from seven sites in 2020 and expanded
to eleven sites in 2021. During the 2020 sampling seas@satsuvereollected from
the lower reaches of North Bay two sites at the entrance (North and South Jetty) and
off the side of a dock at orsite on the main channel (Hog Island Whdtigure?2).
Butter clams were collected from the South Bay at a site near the entrance of the Bay
(South Entrance), a site deeper in the Bay (Above the Marine Protected Area), and a site
across the channel from the entrance to the(Begyds Landing). These same sites were
sampl@ during the 2021 sampling season, with the addition of three new mussel
sampling locations inside the North Bay (Samoa Campground on the main dhaheel
lower Bay, Woodley Island off the main channelthe upper Bayand Mad River Slough
in the northernmost reaches of the Bay where aquaculture production occurs) and one site
on the open coast (Trinidad State Bedtigure2). Mussels were collected off rocks at
Samoa Campground and Trinidad State Beach, and off the side of docks at Woodley
Island and Mad River Slough. Other species were collected for this Juebué nuttallii

andClinocardium nuttallifrom ChevrorDocks in North BayClinocardium nuttallii
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from the North Entrance, adya arenariafrom the Above the Marine Protected Area
site) butwere not analyzed due to resource limitations and lack of replicate sites.

Bivalves were collected in a manner coreistwith legal methods and bag limits
allowed under a recreational fishing license, under the auspices of James Ray, California
Department of Fish and Wi ldlifebds Senior
spanning my field sampling. Bivalves werdlected at the lowest tide on a twaeek
interval using clam guns, rakes, or by hand, as appropriate per recreational fishery
regulation. During each sampling occasion, the goal was to collect at least six bivalves
from each site, though on occasion a mimm number of four were collected. Shortly
after collection, bivalves were rinsed with fresh water, placed in separate Ziploc bags,

and stored a20°C prior to processing.
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Figure2. Map of sampling locations of musséisue circles) and butter clams (orange
triangles) along ocean to upper estuary transects in Humboldt Bay (top panel).
Bottom left panel shows the sampling location of mussels from Trinidad State
Beach (Trinidad SB)Bottom right panel indicatdscationof Humboldt Bay, CA
(green dashed bogndTrinidad, CA (red solid box). Stars represent water
sampling locations at Trinidad Wharf and Hog Island Whéeflow shaded
ellipsesrepresent the broad location of aquaculture operations in north Humboldt
Bay.
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DA assa

In the lab, each bivalve was thawed, measured (length and width), shucked, and
weighed. All tissue and liquid recovered from the shell, including any liquid released
during thawing and retained in the Ziploc bag, was combined, and homogenized in a
commercial blender. If a bivalve was too small to process with a blender, a knife was
used tdinely mince tissues to a consistency similar to that produced bye¢hder. All
tools were rinsewvith fresh water and sodgetween specimens. To extract Brdm the
homogenized tissue, | combined an aliquot of homogenate with 50:50
methanol:deionized water at a 1 g: 9 ml ratio in a 50mL Falcon Tube, and immediately
vortexed the mixture to generate a homogenous;wigkkd suspensioi.he suspension
was centifuged at 3500 RPM for 10 minutes to settle the clam tissue out of suspension,
and the supernatant was carefully transferred using a sterile pipette to a 5mL centrifuge
tube and stored aB(°C pending subsequent analysis.

In the lab, supernatants were tlevand DA in each bivalve was assayed with
ELISA kits (MercuryScience Test Kits, Jericho Sciences) following methods outlined in
Litaker et al. (2008)Briefly, a DA antibody solutiomasadded to each well which binds
to DA at the bottom of the well. Eadit uses a 96 well plate (12x8) and can analyze 36
samples in duplicate, with the first two wells of every column being used for a control.
After the control and samplegereadded, the platerasthen shaken for 3thinutes after
which a DA tracer solutinwasadded, and shaken for another 30 minutes. The DA tracer
competes with DA ithe samples to bind with the DA antibody at the bottom of each

well. Each wellwasthen washed, and a substrate solutided, which forms a color
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that is negativelyelated to the amount of DA in each well (more color means less DA).
A stop solutionvasthen added that stops this reaction from occurring, and thewsdate
analyzed with a microplate reader at 450nm.

Spectrophotometric readinggere generated with a SpectraMax Multi-Mode
Microplate Reader (Molecular Devices, San Jose CA). These readagenverted to
estimates of DA as parts per million (ppm) based on adsg®wnse curve developed by
Litaker et al (2008). This curve isr@lationbetweenBo, the observed signal (light
transmission) for DAfree controlsB, the signal of the unknown sample, the slope
data that habeenlogistically transforned, andEDso, the DA concentratiom the middle
of thecurve. EDspand the slope are defined cands, so all that is needed to calculate
DA concentration i88o andB using the following equation:

[DA] = EDso[(Bo/B)-1]5'°P¢

Bo/B is used as a diagnostic for data quality, as the assay is most accurate when
the ratio ofBo/B is equal to 0.5, which is ¢hmiddle of the linear portion of the sigmoidal
response curve. In practice, an acceptable randg&fBris 0.40.6 over which the
response is very close to linear with DA concentration.

Preliminary assays were conducted on composite samples of all individuals per
species by site and sampling occasion. | then used each composite sample to make a
dilution series to identify or estimate the dilution that is the closest tBJE(the
middle of the range 0-9.6). Individual samples included in each composite sample were

then assayed using the groups estimated best dilution. Samples that individually fell
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outsideBo/B = [0.4,0.6] were reassayed after adjusting the dilution based on congraris

to the original siteand occasiorspecific dilution curve.

Environmental Data: Abiotic Conditions and potential HAB Indicators

Water samples were collected at high tide inside Humboldt Bay at Hog Island
Wharf and on the open coast at Trinidad Whaigre2). These samples were collected
to compare the composition of the phytoplankton community (with emphasis on
guantifyingPseudenitzschig, as well adDA concentations(both particulate and total
fractions) in Humboldt Bay to conditions nominally representative of ocean source
waters to the Bay. Sampling occurred weekly from July to October 2020 and July to
September 2021. Samples were collected with-BtdSbucket from which several
aliquots were collected and processed as follows.

Total DA and particulate DA

Aliguots of 60 ml were collected from water samples, and froze20E for
subsequent assay of total DA (tDAJoncurrently collected 250 raliquots from water
samples were filtered onto 25mm diameter Whatman GF/F filters with a pore size of
O.7em. Filter disks were placed in-12x75mm
20°C for subsequerassay of particulate DA, which is the fractidrtDA that is in the
particulate form.Assays for tDA and pDA were conducted by collaborators at the
University of California Santa Cruz usiihgquid chromatographynass spectrometry
(LC-MS) with Select lon Monitoring on an Agilent 6130 system followingngy et al.,

(2007) (R. Kudela, persomm, 2019.
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Phytoplankton community structure aRdeudenitzschiadensity assay

The phytoplankton community was sampled by filterirtpal. of sampled
seawater through a 20um mesh sieve and preserving the retaimedp c|l es 1 n 1%
solution in 100 ml of filter seawater (sand filtered, obtained from HSU Marine Lab). In
the lab, each sample was thoroughly resuspended by shaking the bottle. A 1mL
subsample of each phytoplankton sample was counted under magmifigsitig a
SedgewickRafter counting slide. All phytoplankton cells were counted in the first 30
fields, or until 300 total cells wereached. Phytoplankton were identified to the lowest
practicable taxonomic level.

To improve density estimatéBseudenitzschiacells were counted in additional
fields until a minimum number of 10 cells were counted PSéudenitzschiacells were
measuredo differentiatethe P. seriata(cell width > 3im) andP. delicatissimacell
width < 3mim) size group$Hasle and Syertsen 1997).

Information on the fraction of the sample assessed for both phytoplankton
community abundance and more specific counf3saefudenitzschiawas used to convert
total counts to estimates of the numbers of cells per liter (cells/L) as anohdex
abundance.

Environmentabata

High resolution time series die followingvariableswere obtainedtemperature,
salinity, chlorophyllé (a proxy for phytoplankton biomgsand sea water pressu(ee

proxy for tidal height These time seriasere obtaed fromtwo CeNCOOS observation
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sites in Humboldt Bay (Humboldt Bay shore stations at Chevron Docks and Hog Island)

andoneon the open coast (Trinidad Wharf shetation; CeNCOOS2023.

Statistical Analysis

All data analysis was developed in thdistacal software language R (Version
410,RCore Team 2021), and all figures were ¢
(Wickham 2016).

Environmentapatterns: Humboldt Bapceanconnections

To test the ancillary hypothesis that water samipigisle Humboldt Bay at high
tide resembles that of the coastal ocean, | assessed whether phytoplankton community
composition differed between coastal (Trinidad Wharf) and Humboldt Bay (Hog Island
Wharf) sampling sites over the study period. | appliedmetric multidimensional
scaling analysis (nMDS; O6metaMDS6 in the 0O
sampleby-species matrix. The number of dimensions (axes) was minimized to maintain
stres€00.20, indicative of a reasonable representation of ttettat supports
parsimonious interpretation (Clarke and Warick 2001). GpBcies that occurred in at
least 5% of samples were used in this analysis. NMDS values from Trinidad Wharf and
Hog Island Wharf were extracted and plotted by sampling date tesasigglarities (or
differences) in phytoplankton community composition during each sampling event.
Trends in NMDS between Trinidad Wharf and Hog Island Wharf were then assessed

using a Pearson correlation coefficient with significalested at) = 0. 0 5
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Bivalve analysis

Datastructure.Constraints othe number of available assdgs processing
bivalves for DA concentrationgquired prioritization of samples that could be analyzed
Therefore, analysis focused on mussels and butter clams because theshvere
distributed between each basin. Further, a subset of sampling occasions was chosen to
span the range d¢iigh and lonHAB exposure based on observed HAB indices (HAB
indices from water samples described below).

Two samplet-test.A two-samplet-testwas used to testypothesisl that mean

DA concentrations in mussels located near the mouth of Humboldv8aythe same as
mussels located on the open coast. DA concentrations in mussels wetealogformed

to achieve a normal distribution anteet model assumption&ssumptions for this

analysis (i.e., normality and homogeneity of variance) were assessed visually. Mean
logie-transformed DA concentrations in mussels located at North Jetty and South Jetty (at
the mouth of Humboldt Bay) were comipd to mussels located at Trinidad State Beach

(on the open coast). The statistical significance level for this analysis wasJs@tQf.

Pairwisecorrelation.To test Hypothesis 2, that bivalves in North and South Bay

will be synchronous in their respssto HABs in the water columhgompared mean

DA in mussels and buttefamsusing pairwise correlation analysis. Mean DA was

calculated across all sites for each sampling occasions for both mussels and butter clams.

The statistical significance levelfo t hi s anal ysi s was set at

-

U
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Spatialpattern andenvironmentaldrivers of DAloading

Measures oflistancel consider o measures of distance as the basis for

evaluating spatial gradients in bivalve DA concentrations. Linear dis(aaeceas a cne

flies) was calculated as the distance between the mouth of the Bay and each sampling site
(km). Thesecondlistance measusgasb ased on using O6age of wat
circulation model of HumboldBay as a proxy for the level of exposure to wat@ming

in from the ocean extracted for the years 200%8 (J. Anderson, persomm, 2023.

Age of wateris a measure of the time water has spent at a given region of the Bay since it
entered the boundary of the system (i.e., the coastal ocean ohé&sBlayt Camacho et

al. 205). This was alculated by fitting a generalized additive model (R package
Amgcvo,; Wood adgofWwatdr taayeflyeat usimg@ cyclic cubic spline to

ensure continuity across the Decembéanuary transitionTablel; see Appendix A for

plots). This measure accounted for qe@snatological, seasonal variability in age of

water across sitg§igure3). For convenienceht estimates for age of water taken from

the generalized additive meldare assumed to lvery precise approximations in

subsequent modelin@e., any uncertainty in these estimates is not accounted for in

subsequent modeling).
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Tablel. Measures of distance as linear distance (km) and the raiage of water (days)
spanning the months during which bivalves were collected (May through
October) at all mussel and butter clam sampling locations in the North and South
Bay. Age of water masures were obtained from years 200%8 from a
circulation malel of Humboldt Bay and was calculated by fitting a generalized
additive model to the source data, relating age of water to day of year using a
cubic spline. For each species, sites are listed in order of closesttoutieof
the Bayandincrease in disnce away.

Species Site Distance (km) Range of Age of Wate
(days)
Mussels South Jetty 0 13-18
North Jetty 0.1 12-17
Samoa Campgrount 15 14-19
Hog Island Wharf 4.6 18- 26
Woodley Island 7.2 25-40
Mad River Slough 14.0 44-65
Butter clams South Entrance 0.4 12-17
Fields Landing 3.2 18-24

Above the MPA 3.9 20-27
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Figure3. Boxplot ofage of watefy-axis) in butter clams and mussels at each sampling
site (xaxis) acrosshe months during which samples were collected (May
through October)Sites are listed from most southern to northern in Humboldt
Bay and abbreviated as Above the M@PA), Fields Landing (FL) South
Entrance (SE), South Jetty (SJ), North Jetty (NJ), Samoa Campground (SC), Hog
Island Wharf (HI), Woodley Island (WI), and Mad River Slough (MRS). Note
that butter clams were only collected from AMPA, FL and SE and naussee
only collected from SJ, NJ, SC, HI, WI, and MRS. Boxes capture the interquartile
range and horizontal solid black lines indicate the median value.
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Environmentabrivers.Preliminary efforts to develop predictive models linking

pDA to environmentadirivers were not successful (Appendix Bherefore, | used linear
interpolation to generate a time series of estimated daily pDA concentrations from
observations collected at a roughly weekly interval at Hog Island Wharf. | then used this
time series tateratively calculate an index of DA concentration in a bivdle ) at
timet as:
06 06 | oo 0V o0 pQ

where is theclearance rate (i.e., the volume of water a bivalve filters per unit time),
00 0O isthelinearly interpoléedpDA concentratiorfrom Hog Island Wharét timet.,
andk is the depuration ratéused clearance rates4@L day* for musselgSilvert &
Subba Rao 1992and 48L day for butter clamgJennings 2012)n combination,
| 'O06 0 isanindex othe net uptake of DA from the environment. Depuration rates,
which set the fraction of DAlreadyin the bivalve that is removed per unit time, were set
at1.5 day! for musselg§Mafra et al. 2010eand0.84 day* for butter clamgJennings
2012)

This simple model does not include potential effects of size or environment on
03 , and thus represents a bivalve of average size experiencing constant uptake and
depuration rates regardless of temperature Gddis best understood asindex of
HAB toxin in a bivalve rather than an explicit DA concentratibnerefore/O ¢ is an
integrated measure of pDA concentrations from Hog Island Wharf.

HAB indexspatialmodels.Generalized linear mixed effects models (GLE)M

were used teest Hypothesi8, that DA concentrations in bivalves will decrease with
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increased distance frometmouth of the BaygndHypothesisd, that temporal patterns in
DA concentrations in bivalves reflect trends of DA &sdudenitzschiablooms in the
water columnModels were designed to test how DA concentrations in bivalves were
related to covariates distance (linear distance [km] and age of water [days]) and
integrated pDA (i.e/D 6 ) from Hog Island Wharf. Preliminary analysis indicated that
the two measures of distance (linear and age of water) were colinear for nlussels
0.97;p << 0.00) and butter clamg € 0.99;p << 0.002, so these distances were fit
separately in all spatial models fit.

Model fitting was conducted following protocols outlined in Zuur (2069%t,
different random effects structures for the GLMM were evalliaising Akaike
information criterion, corrected for small sample size (AlCc) by maintaining all fixed
effects (distancantegratedpDA, and the interaction between distance iategrated
pDA)inthemodelR package Al me 4)0The bBstahdens strecturewwas. 2 0 1
a random intercept for sampling occasion to account for the lack of independence within
a sampling occasion, and this performed better than models that also included random
slopes for either distance imtegratedoDA. The model

TT00 x 00 60fdA 0Qi 0 PEADQ pH D NI Q¢ &

relates logo-transfromedA concentrationin a bivalve at a given locatioi®(0 ) to the
distance from the ocean (either linear or age of water), integrated pDA from|&kod) Is
Wharf, an interaction between distance antdgratedoDA, and a random intercept for
sampling occasion that accounts for variabilitfi at the mouth of Humboldt Bay

(maximum ocean exposurd).h e Adredged functiBaon& R packac
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Barton 201%was then applied to the mixed effect model to find the optimal fixed effect
structureusing AlCc.Model assumptions (homogeneity of variance and normally
distributed residuals) were visually assessed using residuals vs. fittedalesglu

covariates, and histogram of residuédesults were plotted using model predictions with
95% confidence intervalsstimateds si ng bootstrapping (functio
Al me4o0,; B a t Blssseleand batter clan2DA Tdhgentrations everodeled
separatelyPreliminary analysis identified a significant species:distance interaction, but
lack of overlap in species distributions meant that this could not be cleanly interpreted as
a function of species or major basin in the Bay (i.e., NBajv. South Bay). Weight

was excluded from the model becaegperimental literature suggests weight does not
affect DA concentrations in mussels (Mafra et al. 2040d)there was no indication of a
logio(DA)-weight relationship at the site levélut see Appendix C).

Spatialmodels.To furthertestHypothesis3, that DA concentrations in bivalves

decrease with increased distance from the mouth of thel Bagmined if a pattern could
be resolved without including information on environmental HABs. dsda | created
descriptive spatial models that related P@ncentrationn bivalves to each measure of
distance (linear distance and age of water), without including integrated pDA from Hog
Island Wharf as a covariate. This GLMM

1106 x OQitaax p 0OQi 0 Hadodi Q¢ ¢
relatedogio-transformedA concentrationn a bivalve at a given locatioi®(0 ) to
distance from the ocean, and sampling occasion with a random intercept intended to

account for variability ifO 6 at the mouth of Humboldt Bay (maximum ocean exposure)
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and a random slope to account for the variability among sites depending omgampl
occasionThe model was fitwitiR  p a ¢ k a g(Batefi ét ah QLBY his random

effect structure was deemsdperiorto alternative random effects structures based on

AICc (differing from the previous set of models that included the integrated pDA

covariate) following protocols outlined in Zuur et al 2009. Model assumptions

(homogeneity of variance and normally distributed residuals) were visually assessed
usinggraphs ofesiduals vs. fittedtalues residuals vs. covariat@lues and histogram

of residualsResults were plotted using model predictions with 95% confidence intervals
estimatedi si ng bootstrapping (function fAboot Mer
2015).

Posthocanalysis: Exploring theensitivity of spatial patterns tasites

GLMMs were initially fit to the entire data sg@te., using all sitesfpr each
speciesFor butter clamshis approach posed no obvious challenges, but prompted post
hoc analysis of how changes in DA concentrations in butter clams might differ between
the gralient along the western shoreline of Humboldt Bay (South Entrance to Above
MPA) and a gradient that crossed the Bay (South Entrance to Fields Landing).

For mussels, models fit to ddtam all siteswere found to suffer from
problematic spatial patterns in the residuals, and patterns in the results that could not be
readily interpreted as being real or being artifacts of the imbalanced sampling(design
to substantially lower sample sizes in tleethernmost sites through time)herefore

GLMMs for musselexcludethe Mad River Slough and Woodley Island sites amigt
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includedobservations collected at a core set of sites in the Ipartion of the NorttBay
(i.e.,South Jetty, North Jetty, Sam@ampground, and Hog Island Wharf), all of which
are situated on the western shore of the Bay. | then used these models to predict DA
concentrations for the relevant sampling occasions at Woodley Island and Mad River
Slough and compared these predictitmebservations as a test of whether dynamics in
the lower Bayareuseful indicators ofvhatDA concentrationgrein bivalvesfurther

from the ocean, and to identify the characteristics of any departures from this

hypothesized pattern.
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RESULTS

Environmental Patterns: Humboldt B&cean Connections

Oceanographic observations

Throughout this study, waters inside Humboldt Bay were generally warmer than
coastal waters observed at TrimtWharf, and sites inside Humboldt Bay located further
from the mouth were generally warmer than those located near the rRmutied).

Despite differencebetween monitoring sites, temperature observations inside Humboldt
Bay are positively correlated to temperature observations on the coast at haylritide
2020 ¢ = 0.76;p << 0.00] and 20211 = 0.63;p << 0.00]) (Figureb). Observations of

both chlorophyll and salinity inside Humboldt Bay followed similar trends to
observations on the coast from Trinidad Whe@&tflorophyll inside Humboldt Bay was
positively correated to chlorophyll at Trinidad Wharf at high tidering 2020 ( = 0.24;
p=0.001 and 2021 (= 0.46;p << 0.00]) (Figure5). Salinity observations were deemed
less reliable: COVID19 lockdowns in 2020 precluded necessary calibrations which

undermined the quality of these observations (Gavin Zigegk comm, 2023.
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Figure4. Temporal trends in daily average valuesemfiperature (C), salinity (PSU), and
chlorophyll (ug/L) from 2020 (left pots; May through October) and 2021 (right
plots; July through October) at Hog Island Wharf (solid red line), Chevron Docks
(dotted greettine) and Trinidad Wharf (dashed blue linejyeBks in lines
represent missing data. Note that no chlorophyll data was available at Hog Island
Wharf in 2020 and 2021.
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Figureb. Pairwise scatter plots comparing daily high tide values of temperature and
chlorophyll between Bevron Docks (inside Humboldt Bay) and Trinidad Wharf
(coastal ocean) from 2020 (left pots; May through October) and 2021 (right plots;
July through Octobgr The Pearson correlation coefficient andgtue for each
relationship is indicated above eachtphote chlorophyll concentration is on a
logic-transformed scale.
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Water sampling observations: DRseudenitzschia and total phytoplankton

Analysis of concentrations of total DA (tDA), particulate DA (pDR¥eude
nitzschia and total phytoplankton is based on 31 water samples collected from Hog
Island Wharf and Trinidad Wharf. Due to the timing of tides, no sampld3sturde
nitzschiaand total phytoplankton concentrations were collected on the Auglis2@80
sampling @casion.

Total DA (tDA). During the 2020 sampling season, concentrations of tDA inside

Humboldt Bay resembled those observed in coastal waters at Trinidad Whareg).
Despite these similarities, a sharp increase in tDFiaidad Wharf inthe end of
September 2020 strongly differed from low tDA observed at Hog Island Wharf. There
was a weak positive carlationbetween these two sites when unusually high tDA in late
September 2020 was included=(0.09;p = 0.82), and a strong positive correlation when
that single point wasemoved = 0.77;p = 0.04). During the 2021 sampling season,
concentrations aDA were below detection limitsn allsampling occasions at both

sites.
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Figure6. Temporal variability itDA collected at high tide from Hog Island Wharf (solid
red line and circles) inside Humboldt Bay and Trinidad Wharf (dashed blue line
and triangles) on the coastal ocdéam July 30" through October 222020.
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Particulate DA (pDA)Throughout both the 20 and 2021 sampling season,

pDA was detected at relatively low concentratidriglre?). In general, there was a

significant positive correlation in pDA between Higtand Wharf and Trinidad Wharf (

=0.38 p=0.02). This positive relationship weakened when assessing data from only

2020 ¢ = 0.14;p = 0.68) but increased when assessing data from only 202D44;p =

0.08). The lack of strong correlations, partlarly in 2020, is likely due to sharp increases

in pDA at Trinidad Wharf (late September 2020 and early August 2021) during declines

in pDA at Hog Island WharfHigure?7).
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Figure7. Temporal variability in pDAcollected at high tide from Hog Island Wharf

(solid red line and circles) inside Humboldt Bay and Trinidad Wharf (dashed blue
line and triangles) on the coastal ocean. Panels from left to right: pDA samples
collected in 202@July 30" through October 22 and 2021 (July® through
September 28. Black diamonds represent dates when bivalves were sampled
and retained for analysis. Note the doubkexis for data collected in 2020.
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PseudenitzschiaconcentrationsOf the Pseudenitzschiatypes sampleduring

this study P. delicatissimavas observed at low frequencies and concentrations compared
to the frequently occurring and abundBnseriata Analysis for this study focuses én
seriata Throughout both years of the stu@y seriataconcentration (cells/L) inside
Humboldt Bay generally resembled those observed in coastal waters at Trinidad Wharf
(Figure8). Strong similarities in trends &f. seriataconcentrationbetween Trinidad

Wharf and Hog Island Wharf reflect a strong positive correlatienQ.90;p << 0.001J).

This strong positive relationship between coastal and Humboldt Bay sites weakened
substantiallywhen assessing data from 2020 omly 0.05;p = 0.88 and remained

strong when assessing data from 2021 aniy@.89;p << 0.00)). Differences in the
strength of the correlation is likely due to a sharp increaBedariataconcentrations in
2020 (midAugust) at Hog Island Wharf, when ammntrations declined slightly at

Trinidad Wharf Figure8).
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Figure8. Temporal variability inP. seriataconcentrationgcells/L) at high tide from Hog
Island Wharf (solid red line and circles) inside Humboldt Bay and Trinidad Wharf
(dashed blue line and triangles) on the coastal ocean. Panels fronrigit:tB.
seriatacollected in 2020 (July 30through October 23 and 2021 (July?

through September #5 Black diamonds represent dates when bivalves were
sampled and retained for analysis.
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Phytoplanktorcommunity.NMDS on four dimensions (stress=0.15) yielded

interpretablgatterns in the phytoplankton community= 43 out of 94 species that
occurred in at least 5% of the samples) at high tide between Trinidad Wharf and Hog
Island Wharf. Phytoplankton composition, indexed by NMDS, at Trinidad Wharf and
Hog Island Wharf followed almost identical trends over ibéh2020 and 2021 sampling
periods. Phytoplankton composition at Hog Island Whageiserallystrongly correlated

with phytoplankton composition at Trinidad Wharf at high tide as captured by correlation

analysis of each of the axes in NMDSgure9).
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Figure9. Time series of nonmetric multidimensional (NMDS) scaling ordination scores
at Hog Island Wharf and Trinidad Wharf along aki@\), 2 (B), 3 (C) and 4(D)
during the 2020 (left plots) and 2021 (right plots) sampling seasons. Color,
symbol, and line type corresponds togHsland Wharf (red circles and solid red
lines) or Trinidad Wharf (blue triangles and dashed blue lines) waitepling
sites. The Pearson correlation coefficiaftafd its significance, used to assess
the strength of the correlation of trends in phytoplankton composition between
Hog Island Wharf and Trinidad Wharf, is indicated above each plot.



















































































































































































































































