UC San Diego

Research Theses and Dissertations

Title
New Tools and Insight for Recognition of Pseudo-Nitzschia Bloom and Toxic Incidence

Permalink
https://escholarship.org/uc/item/3hk1d1sf

Author
Quay, Jenny Elisabeth

Publication Date
2011-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3hk1d1sf
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ

NEW TOOLS AND INSIGHT FOR RECOGNITION OF
PSEUDO-NITZSCHIA BLOOM AND TOXIN INCIDENCE

A dissertation submitted in partial satisfaction
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in
OCEAN SCIENCES
by
Jenny Elisabeth Quay
September 2011

The Dissertation of Jenny E. Quay
is approved:

Professor Raphael M. Kudela, Chair

Professor Kenneth W. Bruland

Professor Peter T. Raimondi

Dr. G. Jason Smith

Tyrus Miller
Vice Provost and Dean of Graduate Studies



UMI Number: 3480360

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upan the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript

and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI

Dissertation Publishing

UMI 3480360
Copyright 2011 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Copyright © by
Jenny Elisabeth Quay

2011



TABLE OF CONTENTS

DISSERTATION INTRODUCTION ..o 1

CHAPTER ONE.....oiieeee ettt ettt e e s 7

Development of a logistic regression model for the prediction of toxigenic Pseudo-
nitzschia blooms in Monterey Bay, California

CHAPTER TWO .ottt ettt et e e e e aae e e e 23
Assessment of river discharge as a source of nitrate-nitrogen to Monterey Bay,
California

CHAPTER THREE et ettt et re e s 74

Application of Solid Phase Adsorption Toxin Tracking (SPATT) for field detection of
the hydrophilc phycotoxins domoic acid and saxitoxin in coastal California

CHAPTER THREE (ADDENDUM) ...occoiiiiiiiiiitee et 91

Update on the application of Solid Phase Adsorption Toxin Tracking (SPATT) for
field detection of domoic acid

DISSERTATION CONCLUSTON. ..ottt ettt et s 95

1i



ABSTRACT

NEW TOOLS AND INSIGHT FOR RECOGNITION OF
PSEUDO-NITZSCHIA BLOOM AND TOXIN INCIDENCE
By

Jenny Elisabeth Quay

Pseudo-nitzschia is a cosmopolitan marine diatom which can cause the poisoning of
humans, marine mammals, and birds through the production of the neurotoxin
domoic acid and subsequent contamination of the marine food web. Severe poisoning
events are induced when environmental conditions allow: (1) the rapid proliferation
(‘bloom’) of resident toxic species of Pseudo-nitzschia, and/or (2) their enhanced
toxin production, and (3) the conveyance of the toxin into prey items. The
introduction of domoic acid into the food web was recognized as a public health
concern along the coast of California following a Pseudo-nitzschia bloom and seabird
mortality event in the Monterey Bay area in 1991, and blooms of Pseudo-nitzschia
have since been observed in the region with regularity. Since the recognition of the
public health concern posed by these recurrent harmful algal bloom (HAB) events,
the California Department of Public Health (CDPH) has been charged with protecting
the public from domoic acid intoxication through the Preharvest Shellfish Protection
and Marine Biotoxin Monitoring Program. This regulatory program (1) conducts,

surveys, classifies and monitors commercial shellfish growing areas, and (2) monitors



numerous points along the California coastline for marine biotoxins in shellfish and
toxigenic phytoplankton in the waters. While these regulatory efforts have
successfully prevented significant injury to public health since they began, they
remain relatively inefficient in terms of time, energy, and cost.

This thesis begins with an investigation of the environmental factors that
contribute to Pseudo-nitzschia bloom formation in Monterey Bay (Chapter 1). The
identification of nitrate and river discharge as seasonal bloom factors motivated an
explicit evaluation and contextualization of river nitrate loading within the
‘upwelling-dominated’ region of Monterey Bay (Chapter 2). Finally, a new
monitoring technology, Solid Phase Adsorption Toxin Tracking (SPATT), is
presented, developed primarily for use by public health managers for more effective
and efficient monitoring of domoic acid, the toxin produced by Pseudo-nitzschia and

the ultimate cause for concern (Chapter 3, with addendum).
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DISSERTATION INTRODUCTION

Phytoplankton (from the Greek phyton, meaning “plant”, and planktos,
meaning “wanderer”) are microscopic single-celled plants that form the base of the
oceanic food web. Under certain environmental conditions (the provision of light,
nutrients, etc.) phytoplankton can proliferate rapidly to form algal ‘blooms’. When
such a proliferation is the cause of some deleterious effect it is referred to as a
harmfiul algal bloom (a “HAB”), and consequences may range from those of
aesthetics {e.g. foul smell, discoloration of the water) to those of public health (e.g.
the introduction of toxins to the coastal food web). The consequence effected can
depend on the type of phytoplankton that have bloomed, the environmental setting,
the physiological state of the phytoplankton, etc.; each of these factors is a subject of
study within the field of HAB ecology and dynamics.

This dissertation centers around the study of a cosmopolitan genus of harmful
algae, Pseudo-nitzschia, that blooms frequently along the coast of California and in
the study region of Monterey Bay. Pseudo-nitzschia is considered harmful through its
production of a potent neurotoxin, domoic acid (DA). Domoic acid was first
identified in Japan in the scaweed Chondria armata Okamura (Takemoto and Daigo
1958), and named according to its common name in Japanese, domoi. Confirmed as
an ascaricidal (Asamti et al. 1960), DA was frequently administered in Japan as a
homeopathic remedy for parasitic infestations of roundworm in humans and animals.

The neurotoxic effects of DA were discovered in 1989 when approximately 150



people became ill and 4 died following consumption of DA-laden shellfish harvested
from Prince Edward Island on the Atlantic coast of Canada (Bates 1989; Wright et al.
1989; Perl et al. 1990). Estimated toxin loads (200 ppm) associated with the outbreak,
coupled to a 10-fold safety factor, form the basis for the current regulatory action
limit of 20 ppm in the United States (Wekell et al. 2004). Neurotoxic poisoning due
to consumption of DA-laden prey or food items has been observed in marine
mammmals, birds, and humans (Addison and Stewart 1989; Bates 1989; Perl et al.
1990; Fritz et al. 1992; Beltran et al. 1997, Lefebvre 20600; Scholin et al. 2000;
Kreuder et al. 2005). The neurotoxicity of DA is attributed to its structural similarity
to kainic acid, glutamic acid, and aspartic acid; the over-activation of glutamate
receptors on nerve cell terminals causes an excessive influx of calcium ions into
neurons through ion channels and, as a result, neuronal injury or cell death. The
reader is referred to Lefebvre and Roberston (2010) for a complete review of DA
{mechanism of neurotoxicity, structure, etc.) and human exposure risk.

The introduction of DA into the food web was recognized as a public health
concern along the coast of California following a Pseudo-nitzschia bloom and seabird
mortality event in the Monterey Bay area in 1991 (Fritz et al. 1992; Work et al.
1993), and blooms of Pseudo-nitzschia have since been observed within the region
with regularity (Buck et al. 1992; Fritz et al. 1992; Work et al. 1993; Scholin et al.
2000; Trainer et al. 2001; Jester et al. 2008; Lane et al. 2009). Since the recognition
of this public health concemn, the California Department of Public Health (CDPH) has

been charged with protecting the public from DA intoxication through the Preharvest

2



Shellfish Protection and Marine Biotoxin Monitoring Program. This regulatory
program (1) conducts, surveys, classifies and monitors commercial shellfish growing
areas, and (2) monitors numerous points along the California coastline for marine
biotoxins in shellfish and toxigenic phytoplankton in the waters. The latter depends
on an extensive volunteer force for the collection, maintenance, sampling, and
processing (shucking, homogenization, packaging, and shipment) of sentinel shellfish
at field sites along the California coast. Analytical cost prohibits the analysis of all
samples received by CDPH through these volunteer efforts, and the samples are
prioritized by CDPH according to estimates of Pseudo-nitzschia abundance at the
time of shellfish collection. In addition, CDPH enforces an annual quarantine of
sport-harvested mussels from May 1 through October 31. While CDPH efforts have
successfully prevented significant injury to public health since they began, they
remain relatively inefficient in terms of time, energy, and cost.

Factors that improve growing conditions for land plants (fertilizer or nutrient
input, adequate availability of light, etc.) similarly affect the coastal marine
environment. Because Pseudo-nitzschia blooms pose a threat to human, marine
mammal and bird health, the identification of specific environmental conditions
associated with their formation are of interest; eutrophication (the enrichment of
bodies of water by inorganic plant nutrients) via terrestrial freshwater runoff (Bird
and Wright 1989; Trainer et al. 1998; Scholin et al. 2000), fluctuations in nutrient

ratios (Marchetti et al. 2004) and upwelling processes (Buck et al. 1992; Trainer et al.



2000; Anderson et al. 2006) have been suggested as causative factors in Monterey
Bay and elsewhere.

This thesis begins with an investigation of the environmental factors that
contribute to Pseudo-nitzschia bloom formation in Monterey Bay (Chapter 1). The
identification of nitrate and river discharge as seasonal bloom factors motivated an
explicit evaluation and contextualization of river nitrate loading within the
‘upwelling-dominated’ region of Monterey Bay (Chapter 2). Finally, a new
monitoring technology is presented, developed primarily for use by public health
managers for more effective and efficient monitoring of DA, the toxin produced by

Pseudo-nitzschia and the ultimate cause for concern (Chapter 3, with addendum).
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1ssue i Cabformua since 1991 when domow acd the nemotonn produced by toxigenic species of
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wol dataset represeating 8 3 ve of ~amphag effont Models were daveloped for v carround {annual
modde 1 or seasurial tet ppring and fall-winter seudely Toe consideration of woasopality was sigady
cant chlorophyvil @ (chl o} anud s lics acd were predictors m all modale but penod-speathe mclusions
of temperature, upwelbng mdes mer discharge and, 0. mirae provided sigrohe art model relime-
ment Predanee pov ortor ankoown (futuie; bloom cascs was dosponcivated at 275 fos all models
aur-performing 4 bl ¢ aromaly model and performing comparably o, ot better than previously
dosenbad stabsucal models for Preudo-nitzse fng blooms or toxartly e models prosented here are
the {irsi tv hase been developed from long-term (>1 % vi) momlor mg efforts, and the tirst to have
been developed tor bloom predwbeon of toxayr mce Tsevdo-mfzsonie species The desonplve capacity
of our models places hstorw al and recept abservabions 1o yrealer er ologscal context whirh could
hely fo resnt v husion of altoroation betwer n foe mmplyation of ireshw ater discharge and upwelling
BrK esse.. 1 bloom dyvoamics
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Logeti segiesvon Harmbd olgal bloom

INTRODUCTION

Development of a logistic regression model for the
prediction of toxigenic Pseudo-nifzschia blooms in
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rop the mewdsnce of HAB- appe ars (o be mereasing o
hoth frequency and nlensity  {Hallegraeff 1963
Anderson ot gl 2002, Ghbert of al 2005 Thes trond,
and ils potental to mitict nsmy eronorn and sooetal
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casting tocls 1 recent years (Seioliold et al 1999
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Jobnsen & Sakshuag 2000, Fisher et 8l 2003) Many of
these elforts have forused on the prediction and nom-
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of HABs spon ¢ wide range of modehng approaches
angd complr aly One of ke simplest approaches uf-
fizes satelhie-derived chiotophyll anomalies (o Wdontly
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oven speccs-spectiic ploums {Tombmson et al 2004)
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bmmyg satellite data v ath other prediciors as 15 done
m the Sonthwest Flonda {USA) operational forecast
for Karemi brevis This model imctudes sateliste data
wind predictiens and rule basc d modehng to improve
forecasting ~uccess {Stunp® et al 2099) A siomlar
approach mtegrating rauitiple ¢nvironmoental datasets
was uscd for the Ewropean Herpdul ‘ugael Bloom
Papest Systum (JIABES s preasctnve mods rg
agproqach wes fuzsy loge toidennly bloows of Nodu
larnia spumigena I nopny<is ~pp  Aleaar droum mu ¢
tum A mukimotol ard Phaeocystis globosa (Blauw ~f
al 2006} The o ytnors state thet fuzry fogic badyes the
gap betacen purely ompiical fstabstical} predictons
and fully detferommmslic models Pmahy seasonal muba
non of 1HAB evenis and spatal/temporal distntebon
have been seccesstully predacted using fully coupled
determuustic physical L logwal models m the Gulf of
Mawme {(USA) for A fundyvense (MeGalbouddy et ol
2000} In concrast to these and other eftoris r-lapvely
hitle prediciive «kifl has been developed for HABs of
diatom species

Toxgene speaes of the datom Pseudo-mitzschia are
praJurers of dumnoic atd which can cause neurctoxic
posoning i runans {addnon & Stewart 1989 Bates
at al 1988} marne mammals (Lefebvre et of 1999
2002a Schobn et ai 2000 Kreoder et al 2005) and

birds {Frtz ot ol 1992 Beliran i al 1997) Smnce it ol
documentanion m 1991 {IABs of toxgemc Pseudo
nfzschra have occnrred in Monterey Bay Califorma
wih requlanty (Buck et al 1992 Tnitz etal 1992 Work
etal 1993 Schohn etal 2000 frawer ef ol 2001) the
bulk of published Pseudo n tzschiz bloom defa was
generaled through episotic generally stand alene
researt h projocts anderiaken s reachon 10 these pent
odic events (Fig 1) Because these studies were rela
tively shoii and episerlic @ nature they torcibly rehed
on rircumstantal ohservations or single vanable cor
relatwons for dent icstion of ensironmental coadibons
conduc ve {o blnon fovmation the constramis assoct
ated with thas approach led o calls for long term mon
itonng approaches { ramer et al 2000 Bates & Tromer
2006y

Derpric the lack of long terro data eutrophicahion
via trrrestusal freshwater runoff (Bud & Wnght 1989
frarper ot ol 1986 Schohm et al 2000 fluctuations
nuinient ratos {Marcheth et al 2Z004) and upwelhng
processes {Buck et al 1992 Trawer et al 2000 An
derson ot al 2006} were 1mphcated as promunent
causative factors m histonical et ature and our modet
my design was developed with thus Iustorcal ecolom
cal perspectve m tund While our daia used for model
deve lopment could not extend over the tull time. portod
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represented within the literature due to samphing and
methodological mconsistenaes, the range of ecological
circumstances addressed are not unlike those encoun-
tered and bmplicated previously as triggers for HAB
events {Fig. 1).

Our efforts follow 2 previous modeling studies that
used shorier duration datasets. The lirst {Blum et al.
2006} was an atlempt o model cellular domoic acd
in a tomgenic sirain of Pseudo-nitzschia (Pseudo-
mizschia pungens f. mulliseries). In that study, 4 mod-
els were developed: 2 hnear models demonsireied
‘good predictive abdity’, but were developed from lab-
oratory data that {ailed to address the scope of nutrient
concentrations and ratios encountered in the lield and
were therefore not appropriate for use with field data.
A third hnear model and a logisiic regression model
were developed from combined laboratory data and
field data collecied from monospecilic blpoms of P
pungens f. multiseries off the coasts of Prince Edward
island (Canade}. and Washington Siate {USA}. Split-
sample validetioas of these models {75% data used for
model development; 25% reserved for model valida-
yion} demonstrated their ‘sdequate reliability”, butl the
lunited amount of field dats {N = 46} and the predomm-
nance of restnciive laboratory data within the modet-
g dataset left the applicability of these models unde-
termined.

The sccond modeling shudy {Anderson et al 2009}
doveloped Hoear regression (hindcast) models of
Preudo-nitzschis blooms, particolate domoic actd, and
cellular domoic aad, frome {1} & 'Tull’ remotely sensed
and in situ} suite of predictor variables end (2} a
‘remote-sensing only’ suite of predictor variables. This
study was limited in the sanount of data avaldlable for
moedel development {N = 72 to 89), but prowvided pre-
liminary insight into Psewrdo-nitzschia bloom mecha-
nisms, meluding macronutnient control. Both model
sets presented by Anderson et )l {2008) demonstyated
high rates of false negative predichons, presumably
due to the relatively Iimited dataset.

Here, we develop logistic regression models of toxi-
genic Pseudo-nitzschia blooms in Monterey Bay, Cali-
fornia. This meodeling exercise bad 3 goals: {1} to
develop Pseudo-nitzschia bloom models that are
straightforward amd vseful in thewr application towards
bloom monitoring, (2} hrough model development, to
identify environmuntal veriables that are significant
tactors in bloom incdence, and {3) fo test the recur-
rence of these significant epvitonmental variables in
the previous Pseudo-nitzschia models described by
Anderson et al. {2008} and Blum et al. {2006}, The pre-
vicus modeling efforts amd this one are not wholly con-
sistent in teumns of scope, evaluated variables, or spe-
cific amm: Anderson et o}, (2009} developed models of
‘generic’ Pseudo-nifeschia blooms, cellular domome
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acid, and particulate domnoic acid from a 1.5 yr dataset
collected from the Santa Barbara Channel, while Blum
et al. (2006} developed models of particulate domoic
acid from a mixture of experimental and field data.
These previous studies and our efforts clearly differ in
their reguon of interest and specific model subject. [n
the context of the present study, these disparities are
an advantage, 1o that they allow for inter-model com-
parison capable of identifying factors that are likely to
be universally significant lo Pseudo-nitzschia bloom
meidences and to the introduction of domoic acid into
the marine environment throvgh bloom prohferation.
Thus, our model and the companson of these 3 efforts
should help to identify a comnmon set of variables use-
ful for predictive modeling of Pseudo-nitzschia in simi-~
lar systems, such as major eastern boundary current
regimes {(Kudele et al. 2005).

We present 3 logistc regression models of toxigenic
Pseudo-nitzschia blooms in Monierey Bay, Califorma,
as they occur throughout the year (armual model) and
seasopally (spnnyg and fall-winter models). A total of
31 enmvironmnental variebles were evaluated, and 6
variables were identificd as statistically significant for
bloom prediction. This work s the first to present
robust Pseude-nitzschia Bloom models developed from
long-ferm menitoring data, and the first to evaluate
eutrophication processes and seasonality in the predic-
tion of Pseudo-nitzschis bloom meidences.

MATERIALS AND METHODS

Compilation of the model dataset. We compiled a
datsset from  publications that included Pseudo-
nitzschia ceil counts for Monterey Bay (Buck et al
1992, Walz et al. 1994, Walz 1995, Villac 1996, Scholin
et al. 2000, Goldberg 2003, Lefebvre et al. 2002b}.
Additionel unpublished datasets were provided by
Maoss Landing Marine Laboratories (MLML), and inter-
nally generated through the Center for Infegrated
Marine Techaologies {CIMT) and through the Califor-
nia Program for Regiopal Enhanced Monitoring lor
PhiveoToxins {Cal-PReEMPT). Details on samphng and
analytical methods tor internally generated datasets
are provided.

We obtained 2099 discrete cases from the above
sources, 1136 of which were from surface waters
{depth £ 5 m). All of the data were assessed to ensure
methodological consistency, specifically: {1) unbiased
sample collection and (2) true concurrency in environ-
mental snd Pseudo-nitzschia sampling. Of the 1071
cases remaining, 576 contained cell counts of toxigeme
Pseundo-nitzschia. Mot all data contained the same suite
of environmentat variables. For finalization of the mod-
eling datasel, it was necessary to evaluate which data



Mar Ecol Prog Ser 383: 37-51 2009

were suffictently complete, ie. evaluate the minimal
combination of variables sufticient for the develop-
ment of & successful model. The receiver operating
characteristic (ROC) was used to conduct this evalua-
tion. ROC is a measure of model {it that scales like a
traditional (US) academuc point system (<0.6 = poor;
0.5 t0 0 7 = fair; 0.7 t0 0.8 = good; 0.8t0 0.9 = very good;
»>0.9 = excellent}. Models developed from single, sm-
gle and umversally availeble {(i.e. river discharge,
upwelling index), and pairs of predictor variables
tailed o aclneve ‘very good' model fit accuracy. To
achieve this level of accuracy, model development
required concurrent macronuizient, chlorophvll a
{chl &), and temperature variables in combination
{Tables 1 & 2). Final inclusion of cases {or the models
presented therefore required sample collection from
Monterey Bay surface waters, and toxigenic Pseudo-
nitzschia cell counts (P. mulliseries and/for P australis}
with concurrent environmental measurements of sea-
water temperature, chl a, and macronutnents.

Internal data: sample collection. Samples were col-
lected monthly from June 2002 to Novemnber 2007 from
11 stations throughout Monterey Bay as part of the
CIMT project. PVC pNiskon bottles (16 1 volume fitted
with silicone mhber band strings) mounted on an
mstrumented roselte were used to collect water from
5 m depth. Surlsce samples were collected from 2 sta-
tions by PVC bucket. Temperature data were obtained
frum a Seabird SRE-18 CTD deployed concurrently
with water sampling.

Table 1, Bvaluations of mdependent variable(s) as predacior
vanabies wee performed using all compiled literature and
field dots of tonic Psewdo-nmitzschia in Monterey Bay at a
depih <5 m (N = 578) The receiver operating charactenstic
{ROC 18 & sneasure of model (it accuracy, where <08 = poor,
G610 8.7 = fair, 0.7 to 0.8 = good, 0.8 10 0.9 = very good, and
>0 8 1 consudered oxcellent Inclusion of macvonuitiend, sea-
water rempetatore, and chiorophyll a as predictor variables
was necessary to achleve ‘very good’ model [ accuracy.
A key 1o variable names 18 provided « Table 2

Independent variable N Cases ROC
{casesy  omtted

Salinity 427 149 0.462
Temp 493 83 0.573
Infsibicic acid) 516 60 0.614
In{chl a} 497 74 0.618
nf{chi a), temyp 4%3 103 0.838
In(chl &), upwelling 492 84 (.638
tnfsilicic acid), vowelling 316 60 0,713
In{sihcic acid), Infchi a) 444 132 Q757
n{ndrate}, temg, Infchl ¢} 419 157 3.766

silicie acid), temp 438 138 0.785

Hhow acd), temp, Inichi e} 422 154 0.848
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Table 2. Complete list of the vanables evaluated as indepen-
dent (predictor) variables in the logistic regression models. X:
all environmental valiables and ratios, excluding temperature

Independent variable Abbreviation Units
Seawiter tetaperature Temp °C
Total chlorophyll a Chl a ug '
MNizate Nitrate M
Silicic acxd Sihcic acrd uM
Ortho-phosphale Phosphate uM
Saicwe acd {mtrase) ! Silcic acid.mirate
Nitiate (silicic acd)™ Nitrate silicic acid
Ortho-phosphate {nitrate} ! Phosphate-mitrate
Nitrate {ortho-phosphate) ' Nitrate:phosphate
Cithoe-phosphate (siicic Phosphate:siticic acid
acid)
Siheic acid {ortho- Silicic acid:phosphate
phosphate)
Pajaro River discharge Pajaro Raver gt
San Lorenzo River discharge San Lorenzo River  m? §7!
Sequel River thischarge Soquel River mt st
Salinas River discharge Salinas River oyt st
Bakun npwelbng mdex Upwelling m? s
LafX+ 1} LofX}

Shore-based surface samples were collected weekly
from May 2005 o April 2008 {rom the Santa Cruz
Municipal Wharf (36° 57.48' N, 122°1.02' W) as part of
the Cal-PReEMPT project using a PVC bucket or by
wiegration of waler samples coliected from 3 discrete
depths {0, 1.5, and 3 m} with 8 FieldMaster 1.75 | basic
waler bottle, Temperature was measured in the field
by digital thermomoler mnmediately following sample
retrieval

Raver discharge rates for the Salinas, Sen Lorenzo,
Soquel, and Pajaro Rivers were obteined from the
United States Geological Survey Nalional Water
Information Systom (http//walerdata. usgs.guv/nwis/}.
Bakun daily upwelling index values for the Monterey
Bay region {36°M, 122°W) were obtained from the
National Oceanographic and Atmosphere Admimstra-
tios Paafic Eovironmental Ressarch Division (www.
pfeg.noaa.gov/producis/PFEL/).

Internal dafa: anafytical methods. Samples for ¢l a
were collected in duplicate and fdtered onto vncom-
busied glass-fiber filters (Whatman GF/F) and pro-
cessed using the non-acidification method (Welsch-
meyer 1994}, Macronuirienis {Nifrate plus nitnte
Thereafier referred to as nitrate], silicic acid and ortho-
phosphate} were stored {rozen prior to analysis with a
Lachat Quick Chem BOOO Flow Imjechon Analysis sys-
tern using standard colovmetric technigues (Knepel
& Bogren 2001, Smith & Bogren 2001ab}. Pseudo-
nitzschia species identification and enumeration uli-
tized species-specific large subunit rRNA-targeted
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probes following standard protocols (Miller & Scholin
1998) Samples were enumerated with a Zewss Stan-
dard 18 compound nucroscope equipped with a fluo-
rescance Humunator 100 {Zewss) Duphceate Dlters were
prepared for each speries and the entire surface arca
of each fil'er was conmidered in counting

Model developmeni. Logwhe regression models
were developed usicg MYSTAT Version 120211
Logishe modeling is appropnate when the dependent
variahle s dichotomous {=g /1) Swce our dafaset
contanned contimuous data of Pseudo mitaschia abun
dance, lognstie modeling reguired concatenabon of
Pseudao nitzechra sbundance data nto a new d.choto
mous dependent vanable {(bivom_noabloom} using a
aefined bloom thresheld of 10000 toxgeuic Pseurio-
mtzschia cells 1 ' {Lofebvre et al 20020, Fehling et al
2006 Howard et ol 2007 Jeuter o al 2008 Suadar
model résults were obtoined (ot shown) when a onie-
118 of 5000 ceils 1 * was used

independent vanables evalusted dunng model
development are provded m Table ¢ We used an
automatic stepwise approach forward backwerd, and
idirectionsl) to sdentify the most sigruficant subset
vanabile selections were rufined to (1) maxinuse the
rate at which blooms were successfully predicied
{2} nunmuze the rate of lalsc negative predichions and
3} maximize model L4t accuracy (ROCH while control
hng for covarmee umong the mdependent varables
Vanables exlabaing severe (o anation s determined
by vanance milabon {aciors and condibon mdices
were considered mutusily exclusive Oaly sigmficant
vanables (p < O 051 were wactuded i the Imal rrodels
For ihe development of the 2 seasonal models the daia
were parlitioned gccordayg o ihe seasoual penods
previously described for Monte rey Bav {Pennangton &
Chavers 2000} wihale the enbie dataset was used for
gt velopmen! of the annual wodel The lina: 3 models

are as follows (1) year-round {annual model} {2} Feb-
ruary 14 to June 30 (spnng model] and (3) July 1 to
February 13 {{all winter model)

‘We comaparc our models to a simple bloom predichon
method using chl @ anomahes Data from June 2004 to
July 2008 were obtamed from the LOBOVIZ website
{www mban org/lobofloboviz htm) for a nearshore
mooung 11 Monterey Bay (MO}, and a 30 d median
chl @ anomoly was calculated according to methods
previousty descnibed for 60 d mean anomahies {Tomhn-
sonetal 2004 Wynne et al 2008) The I OBOVIZ web-
site was selecled as a dafa source due to sty easc ol
access and appheabiity A median was employed in
heuof a mean since it has recently been recognized as
the generally more appropnate value {R Stumpf pers
comm j

Transiatong probabihty mto preduction. prediction-
powmt assignment. Whon the model equation is solved
the user 35 presented with the probabibity of a bloom
occurrence  The degree of probabnlity that can be tol
erated s referred to here as the pedichon-pomt
‘Where the model solution, bloom probability 15 greater
than the predichion point the model predicts a bloom
Conversely where the model solution 1 lower than the
predachion-point, the probabildy of o Bloom 1 connd-
ered sufficiently low to warrant a non bloom predic-
fpon The predichon-pomt nmust be pre dehmned by
either {1 the mode} developer for optumuzation of pre-
dichive power or (2} the model user for selective nisk
managems of We provide optimized predichivn-points
for each madel and offer gquidance foc thar adjusiment
Opbmmused predicbon-pomts were deterruned by gen-
erating model prediction fatlure rates over the full
vanige of putential prediction-pomt assignments (0 000
to 1 040} at 0 G085 merements (g 2} The oversll fail-
ure rate » monigmived when the falhure to predict
blooms and tailure to predict non blooms are simulla

et b
T "
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Predicion-pomnt

Fig 2 Prediction feilare 1ates for blooms (sohd hines} and non blooms (broken Ines) for the spang {A) fall-winter (B) and annua

madet {C) along the .ange of possible predicion points The prediction {ailure 1ate » defined as the rate at which the model fads

to predict a case type {bloom or non bloom} The overall prediction farlure rale 1» mmamzed at the ophimized prediction point
where the 2 Iines cross
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aeously mummuzed The optrmzed prediction powmnt
values therefore nccur whore the falure rate curves
wtersect (Fig 2%

Model vahidation A jackknue cross vdahdation mod
ule was suppled by SYSTAT and used to vebdalc
model performance with respect to unknown (futurej
cases This method s stmalar to the splt sample boot
strap validation approach taken by Blum et al (2006)
except thal it does not reduce the datasel that can be
used for it:al model development and it 1s an lera
live process thal allows for N instances of cross
validatwon agamst ungnown swmgh cases The cross
validation was run wih the model opbmuiced
predichion points and with user adjusted predution
pomnts set according to the hustoncal probahility of
blooms for Monterey Bay {2002 to 2005) calculated
from an mdependent Califormie Department of Fuhlic
Health {(DPH} Pseudo mizschie bloom monitonng
dataset This Ihastorical probabibty w reterred to as
priors

RESULTS

Alter remonmg those céses fiom the ongmal (N
2009) dataset that did not fulfill the speafied qualkty
criteria 506 cases from 2002 to 2008 remamned 74 of
which were classiied as bloom cases There was clear
scasonably in thesc data the rate of bloom mncidence
was 78 / dunng the sprmy mode peniod compared to
arate of G/ {r the rerpainder of the year

Logrstic regrossion models are of the form

LOGH p) ~ Infp/i-pll=Po+Bim+ Poir+ + [

1

where p s the probebility ol the condition being moa

cled hore p represent. the probabihly of a toxagemc
Pseudo mizsciua Hoom B 1s a constart and & B

B, are the regrosion coefiients of 2z 2 Z respec

tinely The year round (annual) and seasonal (sprug
and fal! winter) models are as follows

Anpual model
LOGET{p) =8 703 1 700{in{>thaic amd)l + 1 132

fin{chl a}} - 0 800iemp) + 0 006fupwelling) {2}

Spring model
LOGIT(ps = 3 835 + 1 308lIn{chl a)] - 1 135 n{sadicac
acui}} — 8 540temp)

3
Fall-Winier model
LOGIT ) = 10832 - 5 026{In{Pasaro River}] 3893

{in{sthoye acud)] + & 972 in{chl o] + 0 692{nutrate] (4}

The regresvion carve for the spring model » presented
for visuahvabion of how the model solubion [LOGIT {p}}
tranclates mnto o bloom probabibiy {p} and through the

o
B 4

Probabi tv of a ticom {

o AT
7 5 K 1 1 3 - 14

fodet solution LOGIT ({1 p) 1]

kg 3 The spring model lomstic regression cunve Cases bying

above the opimized prediction pomt (probebiity — 0 275) are

predicted as blooms (@) cases lying bdlow the ophmmzed
p edichon pomt are j redicied as nen blooms (%)

mnplementation of a prediction pomd mio a bloom or
non bloom prediction (Fig 3)

The models demonstirated very good to excelleni
madel fil accuracy {Table 3] Other demonsirations of
model proflicency nclude the determination of g
model p value thuough calcalation and ¢ valuation of a
hkehnood ratio statistic and the deternunation of
adjusted R? statistes McFadden sp and Nagelkerke s
R? for which values >0 2 are mdicative of very good
model fit {(Hensher & Johnson 1981} (Table 3} Hach of
the models achieved o igh level of statisheal profi
aency with 4 or lewer predactive vanables

Tw ¢ predictive vaniables in{chl o) and In{siliic aad)
were meiuded in all models The set of predictive van
ables ased m the annual model and sprnng model were
most sumilar diffeung only m the mclusion of up
welling o the annual model The fall-winder mode 15
the most disparafe of the 3 models with the vanable sef
ImPajato Rivery nirate Infstheie acudl and Ingchld a) Of
particular note 15 the omussion of temp and vpwelling
from the fall winter model and the mclosion of anver
discharge vareble ImPajaro Ruver) and mitrate All
vaniables mcluded m the models demonstrated ex
trene to maxamum stabstical sigruficance

The annual model di 1 not emerge as an exphat sum
of the 2 -easonal models An annnal model with
In{Pajaro Rrver} and nilrate mcluded {(not shown)
achieves results very sunilar to those of the presentea
annual model but with shightly mmproved bloom and
won bloom predichon These vanables however were
non sigmbcant addittons and caused nflstion i the
standard errors ot the other (sigmiicant} vanable coef
hAcierts thes 15 a gencral nisk assumed when non siy
nificant predictors are included in any model {(Menard
1885} The mclusion of addibonal vanables in the
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annual model also resulted in unacceptable levels of
covanance {condition indices > 30). Dueling complex-
ity and covariance restrictions hikely promoted the use-
fulness of a ‘composite’ vanable, such as upwelling, as
a predictor within this, the most lemporally compre-
hensive of the models.

Analysis of model performance at the default predic-
tiop-point {0.500} 18 wseful, because it allows for an
even comparison of predictive success under equaliz-
ing but urwealistic assumptions that: (1) blooms are
evenly distributed throughout the year and (2] blooms
are expected (o ocour with as much Irequency as non-
bloom conditions. As shown in Table 4, the develop-
ment of seasonal models signuficantly enhanced pre-

Table 3. Model specications and dragnostics for the logsne regression

trodels prasented w this siudy. The bketihood - rato testis a tesl of

hypothesis that the predictor vadable coefficients are zero {le. have as
predictive value), and ran be cvaluated for significance as a deviate chi-

squared McFadden's pf is a ansforinabion of the likelihood-ratio

to mime an RY statistic; values between 0.20 and 0,40 are considered very
satisfactory {Hensher & Johnson 1861}, The Nagetkerke's R” 1 based on
Yotl log likebhood and sample size. ROC. recelve operating characteristic

dhctive ability: the rate at which blooms were success-
fully predicted was 16% (spring model} and 19% (fall -
winter model) greater than for the annual model. The
rates of lalse positive prediction were slightly im-
proved in the seasonal models, The rates of false nega-
tive prediclion were more unequal among the models,
and ranged most significantly belween the two sea-
sonal models.

Model performance at optunized prediction-points
1s summarized in Table 4; the fall-winter model
demonstrated the highest rates of case prediction, {ol-
lvwed by the anpud) and spring models, respectively
As with the default prediction-point, the rates of faise
negative prediction are most disparate amoong the
seasonal models. The rates of {alse positive
predicion arc lowest for the seasonal
models, but are increased overall with the
implementation of {he optimized predic-
non-points. The relatively high rates of
false posihive prediction result trom a
relatively low frequency of non-bloom pre-
dictions, which 15 an arufact of prediction-

the null

stahsic

point optimization,
Spring Fall-Winter Annual Al of the models were assessed for pro-
T - - T P dictive performance with unknown {future)
oredictor tshcic ecd) lafuiicle aid) - ntgiele 208) | cases by jackknife validation (Table 5). Al
varablies Temp in{Pajaro River) Terap the model-oplimized  prediction-points
Mitrate Upwelling {Table 5), the rates at which blooms are
N {iota] cases) 144 289 422 surcessfully predicted are more compara-
N (bloom cases) 40 27 64 ble between the spring and annual models,
ROC 0.848 0.943 0 860 and highaest in the fall-winter model, Each
Likelihood-ratio statisbc  45.885 96'859 102377 model signiticantly out-performed o null
‘;;Z;:{'fdm_s o ggf;g ggﬁg gggg model, improving bloom predictio‘n by as
Nagelkerke's R? ©.364 5616 4.376 much as 80%. This advantage does not
extend to the prediction of non-bloom

Table 4. Prediction success and {ailure rates {9} at the default predaction-

posnt of 0.5300 and a8t maudel-specific optimized prediction-points.

eled bloom probalnlity Ingher than the prediction-point resulls in a bleom
mrediction. ‘False negative’ is the rale of which non-bleom predichons
wore inconzect. ‘False positwve’ s the rate af which bloom conditvons were

predicied wheie none existed

cases. The discrepancy in bMoom versus
non-bloom prediclive umpovermnent is a
result of the model development, which
focused on prediction of blooms. The Pear-
son's chi-squared test statisbic for each
mordel indicates extreme significance in the
association of modeled predictions and the

A morl-

14

. ’ true outcomre of future cases.
Spring  Fall-Winter Annual )
The models were also assessed by jack-
Deiaull prediction-point knife cross-validation under conditions stm-
Pradiction-point ) 0 500 0.500 0 560 ulating the application of ‘user-adjusted’
Bloowns successfully predicted 60 63 44 prediction-powmts. in Table 5, the applica-
Non-higoms secressfully preduciod o4 99 98 R ot .
False negative 14 4 g tion of ‘low’ prediction-poinis set by lus-
False positive 20 19 24 torical priors provides a demonstration of
Mogel-opti d prediction-point model performance mn a period when
Prediction-point 0.275 0.510 0145 fature blooms occur with vnexpectedly
Blooms successtully predicted 75 89 7 high frequency. The apparently conserva-
fﬁ‘::ﬁzg{ﬁ::“ enfully predicted ';“;’ 8;3 ’58 tive response is m part an artitact of logs-
£ & . X e
False positie 46 55 &2 tic regression: logistic models generally
guard against the misclassification of cases
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Table 5. Jackkmie valwation results for the logistic regression models at the latter; the ability 1o modify the pre-
optimwzed predicuon-points, where overall predichion error is mmumized and at diction-points grants an opportunity to

prediction-points equal to the priors of ae mdependent California Department of
Public Health (CDPH) bloom monitoring dataset. buprovement in bloom
prediction is relative to the performence of a null model. Square brackets:

negative scores

consider and integrate local bloom
ecology, specifically frequency, within
the model design.

Statistical models should be devel-

Spnng  Fall-Winter Annual oped and implemented while remain-
—— ing mindful of the system under in-
Optimized prediction-points vestigation. In particular, the model
ged:ettowpo:;t ly predicted (%) 05;5 0';;0 0;};55 should be developed and imple-

QOIS SUCCRSSIVY pregicie o " N i .
MNon-blovms successfully predicied (%) 76 $8 7?7 mented with consideration of: (1) the
False negative (%) 11 1 5 general frequency sl which blooms
False positive (%)} 45 55 62 occur {the priors), {2} the prediction
Improvement in bleom prediction (%) 47 80 62 error rates that are inhereni to the
Improvement m non-bloom predicton (%} 4 {2} {8} 51 7 th o :
Pearson's chi-squared (¢?) 31.78 58,98 74 10 madel, anld @)L Pl CO‘:'L of lp re;i!ctmr;
x* p-value 0000 0.000 0.000 error Fo the model user. The first of
CDPH priors prediction-points Fhese‘ is taken mio éc@m)t by the des-
Prediction-point {pooss) 0.101 0.066 0.081 ignation of an optimized predichon-
Blooms successfully prodicted (95} 88 23 91 pomt. Conswleration of Ponts 2 and 3
Nen-Blooms successfully predicted (%) 42 82 &0 is left to the discretion of the model
Faise negative (% 2 ! 3 user, since it 15 only necessary when
False positive (%) 61 65 71 "I SIMCe 3L s oty sary whe
Improvement in bloom prediction (%} 70 84 76 the risk of a specitic type of predichive
Improvement w non-bloom predichon (%) |30} 9} {25} error, rather than overall predictive
Pearson's chusquared (2% 21.31 74.37 54.63 error, needs to be reduced.
>3

1° p-value 0.000 9000 0.060 Use of a shifted prediction-point,

bejonging io the uander-represented case group, a
quality that makes them especially atiractive for appli-
cation in high-nsk predictive contexts such as environ-
mental regulslion end chrral heabth {(Fan & Wang
1998]. The wuse of the CDPH priors is therefore an
appropriate but conservative approach, increasing the
probability of correctly ideatifying blooms (291 % for
all models), while reducing rates of false segalive pre-
diction {23 % for all madeds), but af 2 cost o noa-bloem
prediction.

DISCUSSION
Muodel application: prediction-point adjustment

We sought to develop and deliver robust predictive
models of toxigenic Pseudo-nitzschia blooms that were
strajghtforward in their application. Further, we hoped
to Jay a framework for future modeling studies and
independeni model apphcgtion, since this is the first
time logisiic regression has been apphed to Pseudo-
nitzschia bloom prediciion. Providing these models
with predetermined, optimized prediction-poyts satis-
fies the lormer; application of the models without end-
user adjustment provides a statstically sobust method
for bloom prediction. Optioning how, and when, the
optimized prediction-points can be adyusted satisfies

rather than the detault prediction-
point, should be implemented when-
ever the probabilities of the 2 oulcomes are signifi-
cantly unequal {Neter et al. 1989). At present, bleoms
of Pseudo-nitzscina are relatively rare occurrences
{Fig. 1), Because the probability of a bloom is generally
not near 50%, ¢ default prediction-point of 0.500 can-
nol provide optunmized predictive capahlity. By the
saine reasoning, if a systemn generally demonstrates
priors that are ovorwhelmingly different from owr
assumplions, the prediction-poini can bhe reduced
tmflated) to account for the more mirequent (frequent}
occurrence, and therefore likelihood, of blooms. Sims-
larly, if the cost of a certain type of incorrect prediction
{false posifive or false negative) is disproportionately
high, the prediction-point can be adusted to protect
from that exaggerated cost. Fig. 2 may be used as a
guide tor balancing the probability of these errors and
conirolling their relative costs.

Shifling a prediction-pownt affects the predictive be-
havior of the model, always forcing compromise: Fig. 4
Hlustrates the trade-off between mnimezing the sum-
ber of blooms that the model fails to predict and min-
raizing the number of non-blooms that are identified as
biooms. Reducing the prediction-pont minimizes over-
alt failure to predict a bloom by relaxing the criteria for
blvom prediction. Conversely, increasing the predic-
tion-pomt means that the criteria for bloom prediction
are more sirenuous, and blooms will be forecasted only
when they are extraordinarily likely to ocour.
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Probabiiity {%)

Fig 4 A schomatic d agram of a logishic regressior with preduction pomts oo 0 258 (A) 0500 (b} or 8 750 {€) Cases lying on
the 0 vertical axis are actual non bloom (ases caces Iving on the 1 vertical ax s are aclual bloom cases Filled symbols
are p dic d as gwoms open synibols are predicted g non hlooms Reduong Jo predichion pomt morease s the n nnber
s blooms overail -nawi nv ng the percemt of actual blooms thit are successfully predicted
Tt reduorg M sercert of actua 2on bleon s that are suecessflly pred cied {A) Increasing the predhchior point has he

oppos te e fect ()

of rases that are predsctid

Comparaiive model performance

in Table 6 we present the predichive per
formance of owr annual and seasanal models
compared to those of (1} a chl a anomaly
{2} lwrear hindeasting models developed for
Pseudo pitrschia blooms .0 the Santa Bar
bara Channel {Anderson ef al 2009 and
{31 logustc regre ssion models developed for
pDA from a corabmnation of field and expen
menial dela (Blum ¢t ol 2006}

Our logestic regression models were devel
oped from the largost dotaset to date and
demonstrate u refatively lagh level of predic
tve capacity Out models out perform the chl
a aromaly model throughout thoyearand on
a seasonal basis although the predichve ca
pacity of the chi 2 anomaly wmode was sur
posmgly comparable durng the sprng
model penod Tt terestingly the ¢bl g anomaly
model completely faled to predict bleoms
dunng the fali—winter model penod We sug
gest thel dincflagellote vlooms pariowlarly
comimon 5 Monterey Bay w the fall wmter
model penod wask blooms of Pseudo
aitzecina othervse wenhfied by the bl a
anomaly Converscly the chl a anomaly
works well nihe sprng model penod when
Pseuao nitzschia 1s more hikely to be the
domimant boom orgemsm [t <hould be noted
that the chl a anorialy motdel 1» advantageous
m that it 55 gunerally applhicable to all po
tential HABs parhcularly red tides (e g
Kudela et al 2008b Rvan et al 2008} and
may therefore be a better mudel choice when
not appl ed specifically for Pseudo nitzschia
bloom prediction

00 o wWesd
o OO o

Ta

Binary case facwal}

GO OO

Table 6 Performance comparsons (%) among the annual and seasonal
models developed m the present sti dy and n previous Pseudo mtzsciua
modeling publications Sensiivity 1s the rate at whach the binary value 1
cases {blooms or high toac ty, were successfully predited  Speatficity 15
the rate at which the binary velue 0 cases {non blooms or low toxiaity)
were surcessfully pred cted Improvement in bloom prediction 1s relatre

to the performance of a null mode! Syuaie brackets negative scoies

Dependent
vanabl.

Annual

Sens tivity
Specificity

[ alse ncgative
Falee pos ive
Improvement in
Idoom pred chice
N

Spring
Sersstivity
Specitity

False neqotive
baise posilive
improven entm
blooa predibon
N

Fall-Winter
Sensitn ity
Specificity

False negatise
False posabive
Improvement in
bicem predwton
N
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Fig. 5. Venn dragrams ilfustrating the shared and umque vauiables included in models of Psendo-nitzschia ecophysiology shown

within the present study, Anderson et al, {2009}, and Blum et al. {2006} (A} and mcluded i the annual, spring, and fall-winter

suodels (B). Nutrient abbrewviations for Bhum et al. (2008) are as follows—phos: phosphate; 9. sihicoie acid; nitr, nitrate. Vanable

abbraviations used in Anderson et al. (2000) are as tollows—ap{A): particulate absorphion [412-665 nm}; ag{h} CDOM absorption
1412665 nm}: RRS{O+A): remote~-sensing refloctance {412-665 mul. 'Sqrt’; square-root operation

Inter-study patlerning: recurrent predictor variabies

Fig. 5A illustrates the predicior variables that are
shared and not shared between the models developed
by Blum ot al. {2006}, Anderson et al. {in press), and in
the present study. Whnle the regions of interest and, in
some cases, the dependent vanable differ between
these studies, the similarities and differences shared
hetween the models can provide msight into universal
patterns of Pseudo-nitzschia ccophyswilegy and,
turn, wdicate which variables mey be fundamental o
future monitoring and modeling.

Seawaler temperatare was dentified as a sigoaficant
oredictor whenever it was included in a study for
evaluation, In all coses, a negative relationship was
demonstraied between lemperature and the depen-
dent variable. Cold surface temperalures are often
associated with upwelling, one of the processes previ-
ousty identihed as a causative factor of Pseuds-
mtzschin blooms, The direct assessment of the up-
welling index was unigue o the present study; where
1t emerged s a predictor variable, it had a weak posi-
tive association with Preude-nitzschis bloomancidence.

Sihicic acid (ln-transformed) and nitrate both emerged
as prediciors in models developed for Pseudo-miézschin
toxicity {Blum et al. 2006} aad wm the models developed
here. Tn both studies, the patterns agree: association
with the dependent vanable 15 pegative for silicic
acid and positive {or nitrate. While neither variable
emerged as an indwidual predictor in the models
developed by Anderson et al. (2009}, a negative rela-
tionship was demonstrated between the silicie acid to

nitrate ratio and blooms of Pseudo-nifzschia, indicating
a possibly confounded negative and positive relation-
ship between blooms and silicic acd and nitrate,
respectively.

Additional recurrent patterns are suggested by vari-
ables thal are related, but not explicily shared, be-
tween the studies. Anderson et al. {2009) chose not to
evaluate river discharge as a model variable, hut pre-
seried a Pseudo-nitzschia bloom model and a cellular
togicity model that included particle absorption and
absorpuion of chromophoric dissolved otganic matier
{CDOM), variables which are associaled with signifi-
cant recent river discharge evenls (Warrick et al. 2004,
2007). In both models, high particulate absorption was
vegatively associated with the dependent vanahle,
suggesting a direct negalive relationship between
high river discharge and Pseudo-nitzschia blooms. Our
fali-winter model, which addresses the time period in
which ‘Hrst fusty’ and ngh discharge evenis generally
ocrur, also demonsirates a divect negative relationship
between rver discharge and bloom modence. The
consideraiion of seasonality when mudeling river dis-
charge and blooms ond the patterning of blooms and
high discharge events through time reveal cornplexity
i1 thus relationshap, as discussed in the next subsection.

Infra-study {seasonal} patierning: ecological context
and implications

The predictor variables shared and not shared
between the anpual, spnng, and fall-winter models



Lane ctal Predichive mod hng of fox gumce Pseude nitzschia bloems

arc prascrbed m Fig 5B effectvely zoommngin onthe
made led relationships wath a lens of added dimension
ang ecological context The 2 most sinudar models are
the annual and <p.mg models this 1» not colirely sur
ptng given that Jie 1worty ol Pseudo mifzschia
blooms owcar 1 the sponghme {(Fig 1) Upwelling
tne ony predwctor uinque to the annudl model its
omission from the spunyg model may arse from a gen
eral predomnance of npwelling throughout the sprmg
mudel perod The mdependent varables m the spring
model ¢ xh bited particular propensity for covanabon
it 18 would € irdier suggest that Pseudo mudzichio bloom
dynaraics in Monferev Bay are largely dominated by a
specific envuoament i foromg 1 apy elhing ovorthe
spring meded portd

The feli~winter model mcludes oceanic perods that
are not by defoubon; general v douanated by up
w+Hing piocesses All of the models indcluding the
fall-winter model demonsirale thet condiions of low
st act and concurently lngh ohl a2 an assooeted
with blocms of lox yrme Pseudo mitzechia m Mond rey
Bay The fall wmier model however mclades 2

1 uque presdictor « anables nitrate {posilive coefhiciont)
anrl Pajaro Ruver discharge {regative cosfhoient) The
welusion of mitrate m the fall winter model suggests
that the macronutnent « ontrol obsen ed by Anderson
et al {2008} specfally the negabve relabionship be
fween Peudoe nreschia Blooas and the raho of siiow
acud to nirate may huve been underscored by con
founding v asonal relaionships Qur results ave there
fore wmlar o thost presented by Anderson et al
{2009 ot are erther more specitic duc to the exgphot
asscssment of seasonalilty or representauve of a sumlar

elatiorslup morc beavily mapacted oy eutrophication

Annual dissolved worgamc mitratc loadmg via teries
inal storm runoff 15 relabwely low o the region ad
dressed Uy Anderson el al {2009) howcover mirak
mput via storm runoff can be significant dunng winfer
1108 cvents {McPhoe Shaa et al 2007,

The assoumation of {8l winter blooms with conds
tions of lugh nnrate sugoests thal a mtrate outrophica
fion process 15 vquely sigmibicant during this peaod
Mutably the Pajare Raver in Mont rev Boy miroduces
dsprovorthionately hgh mirete lvads (COLEAN 2006
7007 on a stnctly scasonar basis In our autaset
blooms withon the fail winter nwodel penod orcurred
duning peneds of minimal freshwater disc harge whilc
piooms withan the ~pring model penod occurred dur
mg penocds of decressmg nver discharge following a
flush event {Fy 1) We also observed this paitern
withmn the broacrr fime serwes 1 which blooms are
genarally not assomated wubh peak discharge events
and occur ether with the decsunyg shouder of @ high
river discharge event or with n a penod marked by
mingmal discharge Fig 1 nute that & 4 yr period of

i8

relatively mgh discharge between 1994 and 1998
accompames an absence of data not necessanly an
absence ot blooms) As descnibed by the models nver
discharge througn concentrated low flow pe nods and
load cveils may provide a eutrophiac couice of mirate
conducive te seasonal bloom formation while allaying
immedrate bloom formahion durning penods of peak
discharge

Although not observed m the modeling dataset com
pelea here one indopendent study recently reported o
shufl i roxim proguoing species assoctated with an
overall resiructunng of the phytoplankion community
for Monterey Bav flester et al 2008} Jester et al
(2009} 1scd a simlar dataset Lo ours (Monterey Bay
2000 to 2006; the discrepancy m Pseudo nriz<clhuc
abuadance ohwervations between the dalasets may be
du¢ to differer~a m spabial coverage The Shuft
toxin produmiag speces  was defined by a shup
dechne 1n the cidence of toxigemc Pseudo mitzschia
i the summer of 2004 whach persssted onid the end
o the siudy m 20306 Tnis penod was marked by
anon alousts low upwelling condibons and anomalouosly

5
L
}

100

Upweliini anoma v m3 s (100 m woast! ng} 1)

Dscharge fim 5 %)

ETVE.

006 2 g2 P s

2006

2008

g 6 Monthly upwelling aro saly fo: 36 N 122 W (grey
bars} with a 12 mo Tov ng ave «ge frendhine {black Iinc} aod
Je nmthl mes dsthe yfo the P98 0 R e @ oo piol
art st owr for the pened fron 2000 fo 2008 An mdependen
»udy addrosang foageni Pset do wizsche abun lance m
NMonier.y Bay for the pe od from 2000 to 2006 identihed
the sumrmer 2004 penad 1s 8 Fa R spec es wh fing pownt
{fromr Pee ido utzschra to Alexandswan end hnophyas) and
~ho ved the summers 1 2004 through 2006 o be penods of
severely decreased Psewdo mitrschia abundance {greved
ared {lester e al 2000} This shuficd penod demonsirates
relabively ow up  ethrg and hieb nver discharge activ ty
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nagh perniods of mor discharge {(Fig 6} condations
wiuch our models denbfy as non conduave to toxi

geme Pseudo mitzschia blooms Both of these cond-
tions were alleviated 1 2007 marked by a sigruficant
loangene Pseudo nmitzsclua bloom event m Montorey
Bay (Jester et al 2009} a bloom of toxigeme Pseudo

mitzschia was also observed sn 2008 (data not shown)

According to the models and these observetions ch

matolorical conditions associaled wih low upwellmg
and high nvor discharge conrdiions riay be conducse
to suppressed tosigene Pseudo mitzsclua bloom achww

ity The forecest of these condilions may now ansiate
mto the anticpeion of large o ade shuhis such as the
shuftin toxin producing species desernibed by lester et
al {2009)

Bigom modeling versus toxin modehng

The monionmy of domoic ecid for pubhic health par
poses 15 carned out contnually by the CDPU and
foruses  quite appropnately on the peotochion of
fuman health from domow acid mioxwation This
monitonng effort 1 more accurdlely descnbed as the
mondormyg of don gic acd biceccumulabon m ~eninel
shelilish supples (Myflus califormepus; Modehng or
mondonng cflorts that are for used ou foxan load alone
whate usetul and approprate for roqulatory purposes
obvinusly do not allow for the esamabion or momionng
of Pseuds nitzscrie Blooras wheh can be hughly van-
able wn thew tomcny {Trawner ef al 2002 Maichetl et
al 2004 Anderson et al 2006) The vanahibty trang
fates i o weak relavonshnp betweon tonn soaccu
mulation and toxigenic Pseado ritzsriua abundance
avdenced here by CDPH/Cal PEeEMPT project data
compied from study sites m ponhern cenitral and
southern Calforna over @ 3 yr time penod (g 7)
Note that there were cases where extreme Dloom (on-
centrations of tougens Feeudo nitsschia wore assoa
ated with sub regulatory toun lesels <20 pgg 'y but
no observed cases woere sub bloom concentsabions of
toxigeme Pseudo nitzschia were assocated with toam
levels approaching the requlatory hmst 1o shelifish
Logsstue regressson models developed for toxigenic
Psendo-nitzschza blooms can therefore be used for
detection of both acute and sub acate toxc bloom
events while models developed for domoe acxd alonc
w i taul to address the myecton of toxin mto the system
via sub acutc bloom cvents Thas & o sigmiicant fadure
wherent to all toxm models swre «hrome or early hfe
stage erposere to sub lethal levels of domoe aad are
wi reasingly being wecogmzed as an emerging threat
o both human health and widahie (Rreuder et al 20605
Goldstemn et ol 2008 Grattan et al 008 Ramsdell
& Zabka 2008 M Miller pers comm } By pioviding

19

eshimations of all toagemic Pseude mitzschia bloom
events whether low or lgh wn loxicity Pseudo
nitzsclna bicom models have the umque ability to
address this amerging threat [deally future models
should be developed for both cell abundance (present
study} and for {omin production (Blum et al 2006
Anderson et al 2009 While the domoic aad deta asso
agted with the cases used heremn were insoffinient tor
melusion of a toxin compooent a 2 step model would
maxare both regulatory mowmtoring and our under
standing of she ecophysiological condiions assotiated
with toxin production

CONCLUSIONS

The models presented here demonshiate iosigenic
Pseudo mizschia bloom classfication rates of 275 4
These predichive success rales are comparable to or
improved over those reported for previous models of
toxicity and genenc Pseude mdzsciza blooms The
assessment of pur model alongside a bl 2 anomaly
model a aseful tool designed for the detection of HABs
more generally domonstrates the capacity for wm
proved predictive ability through more ngorous inoedel
development Although we have reporied the largedd
modeling dataset lo date consishing of 506 cases {rom
2002 1o 2008 the removal of approximately 75 4 of the
full datese. lghughis the need for more consistent
data (ollechion The parameters common lo the 3
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dgainst couris of ongenic Psevao antzschiz Data are from
i, aes it etk moeemtral cod sosirer Cabfuerua non
itored from 2005 1o 2007 by Cal PReEMPT 1 comjurcton
with the Caldnrnis Departmont of Public Health Do non and
never approached the requlatory i of 20 pg domore arud
g ' shellfish when toxnenuc Pseude mifzschia concentrations
were 8} sub-b ~om lowels 1@ <10000 celis 1 ! fuhaded arca)
and on’y began to epurvach the requlatory host at cell con
centrations that were sgmficantly hugher than <10000 cells
}? The da<hed tine shows the resulls of a Imear regression
for domor acwd toxu by versus cell abundaace
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regional models developed for the west coast of the
Unued States {Fig 54) provide direchion for the design
of ongowng and future MAB montormg We note that
several parameters waenbhied as bewg wnportant (e g

urea [lToward of al 2007 Kuwdela el al 2008z} hthoum
{Subba Rao et al 19981 ammonwum [Trawmer ot al
2007] won and copper [Rue & Bruland 2001 Maldon

ado et al 2002 Wellsetal 2005]) were not mcwded for
eval sabion and could potenhally further improve
modcl prediction All models inchaded macronuinent
varables as predictors of toxgenic Pseudo nrizscina
blooms wndwaling the infiucnce of upwelhng and pos

sibly culturel entrophucation on loaigewc Pseudo

mifzschia bloom prohferation The seasonal signifi

cance of aver discharge dunng penods associated with
weak upwelbing suggests tiat both natural {upwelling}
and cultirar  freshwatcr aschorge) eutrophucation
processes andd the tumng and seasonahty of these pro

cesses  are sigmficant factors influencing toxagemc
Pseudo mitzschia Moom dynemics Although our mod

2ls are specfic to Monteiey Bay we have s nabed
several factors comnon to &l 3 modehng efforis for
Pseudo nitzschia (vven appropr ate ahdation data
we suggest that some vanan! of ths reduced subset of
environmental varables could be applied to other
Tequons pdarircutariy ¢ milar coastal upwelling systems
where Pesvudo mifzschia s prevalent {e g the west
coast of the Lruted States and Baja hMexico the souln

orn Bengucla and the lbenan penmsoia Bates et al
1998 nudela et al 2005 Fawceft el ol 2007)

Ach.ow edgements We thank P L Mithr {Lraversiy of { ab
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cortabat 23 of *he BMLML datset Speval thanks to G W
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Abstract

Coastal regions within eastern boundary currents are generally considered to be
‘upwelling-dominated,” promoting the assumption that, relative to upwelling, river
contributions of nitrogen-nitrate (Nno3) to these systems are insignificant. We use 10
years of daily estimates to evaluate the relative contribution of river and upwelling
Nnos loads introduced to Monterey Bay, an open embayment along the ‘upwelling-
dominated’ California coastline. At low temporal resolutions upwelling does
dominate the region in terms of Nyo3 loads, but is inconsistent at higher-resolution
timescales of ecological relevance (days-to-weeks): river loading, compared to
upwelling loading, can predominate with significant frequency (28% of days per
year). We observe an onshore-offshore gradient in river influence even at low
(annual) temporal resolution. Based on the Nitrogen Indicator for Coastal
Eutrophication Potential (N-ICEP), river load trends indicate that eutrophication
potential may become more severe and should be monitored at multiple temporal

resolutions within a local and global context.

Keywords: eutrophication, rivers, coastal upwelling, nitrate, ICEP, California.
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Introduction

Historically, freshwater nitrogen delivery to Monterey Bay CA, has been
presumed to be negligible due to the much greater magnitude and spatial scale of
nitrate introduction by wind-driven upwelling (Kudela and Chavez 2004), and many
investigations of its hydrography either omit the consideration of fluvial impacts or
determine them to be minor (Bolin and Abbott 1963; Breaker and Broenkow 1994;
Olivieri and Chavez 2000; Pennington and Chavez 2000; Ramp et al. 2005;
Rosenfeld et al. 1994; Shulman et al. 2010). Regional blooms of the toxigenic diatom
Pseudo-nitzschia, however, have alternately been linked to river discharge and
upwelling processes, suggesting that river discharge may influence the ecology of this
region. A recently published model for toxigenic Pseudo-nitzschia blooms in
Monterey Bay, California (Lane et al. 2009) reconciles these viewpoints through the
consideration of seasonality: seasonal modeling identified Pajaro River discharge and
nitrate concentration as significant predictors when upwelling is seasonally low
(Bolin and Abbott 1963; Pennington and Chavez 2000). As described by the models,
river discharge may provide a source of nitrogen conducive to seasonal bloom
formation, while allaying immediate bloom formation during periods of peak
discharge. This empirically-derived description indicates a relationship between river
discharge events and bloom incidence that is biphasic: blooms are suppressed during
high-discharge (‘flush’) cvents, but subsequently promoted by the high
nitrate/declining discharge conditions which follow. The Pajaro River introduces

disproportionately large nitrate loads on a highly seasonal basis, and is frequently
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paired with nitrate in descriptions of changing regional water quality: nitrate
concentration in the Pajaro River has risen from <0.1 mM in the 1950’s to levels that
regularly exceed the drinking-water standard of 0.714 mM in more recent years
(Ruehl et al. 2007). As a result of this conditioning, the Pajaro and Salinas rivers and
their vicinities are now designated as impaired for nitrate by the Clean Water Act
{303 (d)]. The identification of river discharge as a seasonally significant factor in
Pseudo-nitzschia bloom formation, and the recognition of substantially elevated
nitrate concentrations in rivers such as the Pajaro and the Salinas, suggest that the
historical perspectives on the relative significance (or insignificance) of freshwater
nitrogen loading to the Monterey Bay system may be based on assumptions that no
longer apply. The present study is in part a reevaluation of the temporal and spatial
scales over which those assumptions may or may not be valid.

The previous empirical (statistical) model linking nitrate, wind-driven upwelling,
and river discharge clearly did not account for all possible sources of nitrogen to
Monterey Bay. We acknowledge the limitations introduced through our approach
[e.g. we do not address Nnos input from sources such as advection, atmospheric
deposition, internal tide flux, or nitrification (Mackey et al. 2010; Rosenfeld et al.
1994; Shea and Broenkow 1982; Wankel et al. 2007; Ward 2005)] but we emphasized
the utility of a simple first-order comparison. This contribution provides a first-order
assessment of whether the common approach that omits rivers as a component in
complex model building or nutrient budgeting is inviolate, and is intended to provide

a framework for evaluation. A comprehensive nutrient budget for Monterey Bay is
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beyond the scope of this study. Similarly, while we index the eutrophication risk of
Monterey Bay rivers according their potential to promote new production of non-
siliceous algae through nutrient delivery (a particularly relevant exercise in Monterey
Bay, where dinoflagellate blooms occur with regularity), the investigation of how this
potential may or may not be fulfilled is beyond the scope of this paper and is
addressed elsewhere (Armstrong et al. 2007; Kudela and Chavez 2004; Kudela et al.
2004; Kudela et al. 2008a; Kudela and Peterson 2009; Kudela et al. 2008b; Ryan et
al. 2008).

A comparison of annual nitrate loading by freshwater discharge versus upwelling
has previously been described for the Santa Barbara Channel (Warrick et al. 2005). In
that study, the authors recognized that “although [river nutrient] contributions are
significantly less than upwelling inputs to the channel, they are highly pulsed and
supply nutrients in significantly different proportions and at different times of the
year compared to upwelling”. At the northern extreme of the California Current
System (CCS), similar comparative studies of the Columbia River also describe river
nitrate contributions that are relatively small, but indicate that “despite the relatively
small contributions on a seasonal basis, the Columbia River can be important as a
local source during periods of downwelling or weak upwelling winds” (Hickey and
Banas 2008). While the significance of river nitrate supply and cultural eutrophication
in non-upwelling coastal systems is well-documented (Billen and Garnier 2007;
Bricker et al. 2007; Cloern 2001; Conley et al. 2009; Heisler et al. 2008; Howarth

2008; Howarth et al. 2000; Justic et al. 1995a; Justic et al. 1995b; Li et al. 2007,
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Ludwig et al. 2009; Spruill and Bratton 2008; Turner and Rabalais 1991; Turner and
Rabalais 1994), the Santa Barbara Channel and the Columbia River region provide
unique examples of river/upwelling nitrate input comparisons from an upwelling-
dominated system. These previous studies were constrained to river/upwelling load
assessments at coarse {annual or seasonal) temporal resolution; nonetheless, these
comparisons either suggest or demonstrate the significance of temporality as opposed
to load magnitude alone. Here we present the first comparative study of river nitrate
supply relative to that of upwelling at a temporal resolution greater than seasonal, and
the first comparative study from the central region of the CCS.

We compare annual, monthly and daily nitrate-nitrogen (Nyo3) loads introduced
to Monterey Bay by rivers and by wind-driven upwelling over a 10 y period (Jan
2000 — Aug 2009). We describe Nxo3 input to Monterey Bay by wind-driven
upwelling using two methods to calculate the upwelling index (UD): (1) the Pacific
Fisheries Environmental Laboratory (PFEL) UI for 36N 122W, based on the offshore
component of Ekman transport (Bakun 1973), and (2) Ul from wind velocities
observed at the Monterey Bay Aquarium Research Institute (MBARI) M1 mooring,
also using the offshore component of Ekman transport. We describe Nuos input to
Monterey Bay by rivers according to load models developed for seven Central
California Ambient Monitoring Program (CCAMP) Coastal Confluences monitoring
sites within Monterey Bay (Figure 1), and compare our annual Nyos load estimates to
those developed through a simpler modeling approach used by the Central Coast

Long-term Environmental Assessment Network (CCLEAN). Upwelling Nno;3 loading
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and river Nno3 loading are compared through time to identify trends in loads across
the 10 y period for which data are available. To understand and recognize the
influence of river Nos loading and upwelling Nnos loading across the marine
receiving waters of Monterey Bay, we describe the general patterns of river and
upwelling Nnos loading through a hydrological year (i.e. as annual climatologies),
and compare them to analogous patterns of surface nitrate concentration at the Santa
Cruz Municipal Wharf (SCMW), and at moorings M0 (8 km offshore), M1 (18 km
offshore), and M2 (56 km offshore).

We further analyze two independent data sets to characterize nutrient source
waters and nutrient receiving waters according to their nutrient stoichiometry.
Nitrogen species omitted in our analysis include urea-nitrogen (Nurga) and
ammonium-nitrogen (Nwmg). While the contribution of nitrogen as Nygrea and Nnms
loading s generally less than the contribution of nitrogen as Nwos, the introduction of
Nuyrea and Nnms may have a disproportionate influence on harmful algal bloom
(HAB) dynamics: recent studies indicate that Pseudo-nitzschia growth dynamics and
toxicity vary according to N-substrate supplied for growth (Armstrong et al. 2007;
Radan 2008). In recognition of their potentially differential impact, the
stoichiometries for Nygrga and Nypgs relative to Nyos are provided.

Lastly, Monterey Bay rivers are further characterized using the Nitrogen Indicator
of Coastal Eutrophication Potential (N-ICEP) index, which summarizes in a single

figure the relevant information provided both by the absolute and relative values of
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the nitrogen and silica fluxes delivered by large river systems to identify systems

susceptible to or impacted by eutrophication (Billen and Garnier 2007).

Materials and Methods

Estimation of daily Nyo3 loads: upwelling—Upwelling nitrate load was
calculated by taking the product of an upwelling index (UI; vertical mass transport of
upwelling source water per day) and the nitrate concentration of upwelling source
water (estimated from daily average water temperature, described below). Both
components of this approach [(1) the load calculation as a product of mass transport
and nitrate concentration, and (2) the estimation of nitrate concentration from
temperature] allow for derivation of upwelling nitrate supply or surface nitrate
concentration, often for the approximation of new production (Chavez and
Toggweiler 1995; Dugdale et al. 1989; Garside and Garside 1995; Kamykowski
1987; Kamykowski and Zentara 1986; Kudela and Chavez 2000; Kudela and Dugdale
1996; Messie et al. 2009; Olivieri 1996; Olivieri and Chavez 2000; Pennington et al.
2010; Toggweiler and Carson 1995). We use two independent time series of Ul
estimates to generate two (local and regional) estimates of Nno3 upwelling loading to
Monterey Bay. The first series of Ul estimates were obtained from the National
Oceanographic and Atmospheric Administration Pacific Fisheries Environmental
Laboratory (PFEL; www.pfel.noaa.gov). The PFEL derives Ul for 26 positions along
the Eastern Pacific coast; the PFEL UI for 36N 122W (Figure 1) is readily available

and represents variations in coastal upwelling for the Monterey Bay region. The
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second series of Ul estimates was calculated from wind vector data (using a
MATLAB [Mathworks Inc.] script originally developed by L. Breaker) using daily
averaged wind velocities at mooring M1 (http://dods.mbari.org/lasOASIS). As with
the PFEL UI estimates, Ul at M1 is an estimate of vertical mass transport derived
from Ekman’s theory of mass transport due to wind stress (Smith 1995). The
derivations of PFEL UI and M1 Ul differ, however, according to: (1) the location at
which the UT is derived (PFEL UI is for an offshore region centered south of
Monterey Bay while M1 is centrally located within Monterey Bay; Figure 1), and (2)
the source of the wind stress data/estimates used for the calculation of Ekman
transport (the PFEL Ul is calculated from geostrophic wind stresses derived from
surface atmospheric pressure ficlds provided by the U.S. Navy Fleet Numerical
Meteorological and Oceanographic Center, while the M1 Ul is calculated from
observed winds at mooring M1).

The UI describes the quantity (mass) of source water being upwelled from
depth; the delivery of nitrate load through this transport process is calculated by
taking the product of Ul (vertical mass transport) and the nitrate concentration of
upwelling source water. This requires, then: (1) a definition of upwelling source (i.e.
depth) in Monterey Bay, and (2) estimation of the nitrate concentration of the
upwelling source water. In Monterey Bay and for the California Current System, the
depth of upwelling source water has been described and validated elsewhere as 60 m
(Kudela and Chavez 2000; Messie et al. 2009; Olivieri 1996). We use this

approximation to satisfy the two requirements specified above, as follows: (1) the
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characteristics of upwelling source water are those of water at 60 m depth, and (2) the
nitrate concentration of upwelling source water ({NOs}) can be estimated according to
the 60 m temperature record from MBARI mooring M1
(http://dods.mbari.org/lasOASIS) and the following temperature-nitrate relationship,

established previously from 6 y of M1 mooring data (Olivieri and Chavez 2000):

[NOs]= 0.6075(T)* — 19.078(T) + 149.436

The product of a concentration (daily average nitrate in upwelling source
water, estimated from source-water temperature measurements and an established
temperature-nitrate relationship) and a flux (daily average vertical mass transport: Uls
by PFEL and from observed wind stress at M1) is a load — here, daily average nitrate
load according to regional and local upwelling indices.

Estimation of daily Nyoz loads: rivers—All major stream and river discharges
to the ocean from southern San Mateo County to Santa Barbara County have been
montitered monthly since 2001 through CCAMP coastal confluences monitoring,
characterizing the primary sources of freshwater discharge to the ocean in this area.
Daily Nnos loads (and Si loads, where available for the purpose of N-ICEP
calculations) were calculated by application of a CCAMP stream flow model to
macronutrient concentrations at daily resolution for the following streams and rivers:

San Lorenzo River, Soquel Creek, Aptos Creek, Pajaro River, Salinas River, Carmel


http://dods.mbari.org/lasOASIS

River, and Big Sur River (Figure 1). Salinas River Nyo3 load estimates include those
introduced to Monterey Bay through the Moss Landing Harbor entrance.

The CCAMP stream flow model was developed to enhance stream flow
information presented within the National Hydrography Dataset Plus (NHD+)
geospatial framework (U.S. Environmental Protection Agency and the U.S.
Geological Survey 2005) The CCAMP model uses Unit Runoff Model (UROM)
estimates provided in the NHD+ geospatial framework to develop more spatially and
temporally explicit estimates of flow (i.e. it describes flow at CCAMP Coastal
Confluence monitoring sites at daily resolution). Unmodified, the NHD+ UROM
model can provide annual average daily flows for each medium resolution
hydrographic stream reach. The underlying NHD+ approach uses five United States
Geological Survey (USGS) stream gages from the Hydro-Climatic Data Network
(HCDN) within a 322 km (200 mile) radius as calibration gages to produce an
estimation of average daily flows for each stream reach, accounting for upstream
watershed area and other climatic and hydrologic features. The CCAMP stream flow
model reconciles the following issues inherent in the NHD+ UROM model: (1) a
spatial scale of 322 km is insufficient to resolve California hydrologic climate
regimes, (2) anthropogenic influences on stream and river flows are beyond the scope
of the NHD+ effort, (3) USGS gage network measurements provide high temporal
data density and low spatial data density, while (4) stream transect method
measurements provide low temporal data density, high accuracy and improved spatial

density.
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CCAMP enhancements to the NHD+ UROM model include selection of one
to three USGS gages that more directly represent localized flow conditions at the site
of interest. In some cases the gage may reside on the same stream system. Ratios are
developed between gaged daily flow measurements and the UROM mean daily flow
at each gage location, and if more than one gage is used these ratios are averaged.
Mean daily flow ratios are then multiplied by the NHD+-derived annual mean daily
flow at the discharge location of interest to estimate flow at that location and point in
time. Gage choice is optimized by evaluating performance against CCAMP measured
stream flows collected monthly along a ten-point cross section using a Marsh-
McBimey conductive probe flow meter and setting rod. Modeled and observed flow
estimates match closely (data not shown) and linear correlation of modeled and
observed flow demonstrate an excellent model representation of observed flow
variability (R? > 0.94 for the seven Coastal Confluence sites addressed in this study).

Monthly macronutrient data were collected by CCAMP in accordance with
California State Board’s Surface Water Ambient Monitoring Program Quality
Assurance Program Plan (www.waterboards.ca.gov/water_issues/programs/swamp/).
Depth-integrated samples are collected into 1 L plastic bottles from the center of the
stream flow or thalweg and immediately placed in cold ice chests (4 °C) for transport
to the analyzing laboratory (BC Laboratories, Inc.). Macronutrient concentration
estimates were derived to daily resolution by linear interpolation of monthly

measurements.
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Error associated with linear interpolation of monthly macronutrient
measurements was examined in more detail as part of the CCAMP monitoring
program using high frequency nitrate concentration data from an in-situ ultraviolet
spectrophotometer sensor, deployed by Monterey Bay Aquarium Research Institute
through its Land Ocean Biogeochemical Observatory (LOBO) network. The L0O3
sensor is located at the lower end of the Old Salinas River in Moss Landing Harbor.
This instrument collects nitrate readings continuously at an hourly interval and has
been in operation since 1994. Its location in a tidal area presents additional sources of
variability that would not be encountered were the sensor located in a non-tidal
riverine environment. We adapted this data for use by selecting daily measurements
collected at salinity low points. We extracted monthly interval measurements from
this dataset and used the subset to create a daily linear interpolation of nitrate
concentrations. Linear regression between the measured and interpolated daily
concentrations produced a significant relationship (p < 0.001, R* =0.53). When
averaged daily interpolated concentrations were compared to averaged measured
concentrations for the period of record, the interpolated values underestimated
average concentrations by 3%. An additional round of validation was performed for
the CCAMP Nnos daily load estimates using an independent data set (P3 Project,
described below). This exercise allowed for validation of the CCAMP-modeled Nyos
daily loads with Nyos3 loads calcnlated from direct measurement of macronutrients
(UCSC) and discharge rates (USGS) and demonstrated high precision of CCAMP

Nnos3 load estimation (RMSD = 10.7%, N = 100).
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Non-CCAMP confluence monitoring and coastal sampling—River and creek
samples were collected by volunteers and staff at the California Department of Fish
and Game (CDFG) as part of the Pathogens Pollution Project (P3 Project). Sampling
was conducted monthly (May 2007 — Sept 2008) at six CCAMP Coastal Confluences
monitoring locations described previously (all except Aptos Creek), and from 2
additional sites (Waddell Creek and Scott Creek; Figure 1). Macronutrient grab
samples were collected into acid-washed polyethylene terephthalate (PTEG) bottles
and fransported to the analyzing laboratory (UCSC) in a cooler with blue ice. The
grab samples were filtered upon arrival either by syringe-filtration (Whatman® 0.2
um GD/X) or canister-filtration (Poretics® 0.6 wm polycarbonate membrane;
<100mm Hg). Filtrates for ammonium and urea analyses were collected into 50 mL
polypropylene (PP) centrifuge tubes (Corning®); previous tests have confirmed that
these tubes are contaminant free for both urea and ammonium. Filtrates for
macronutrient analysis [nitrate plus nitrite, silicic acid, and ortho-phosphate (hereafter
referred to as phosphate)} were collected in 20 mL low-density polyethylene (LDPE)
vials and stored frozen at -20 °C until analysis. Macronutrients were analyzed with a
Lachat Quick Chem 8000 Flow Injection Analysis system using standard colorimetric
techniques (Knepel and Bogren 2001; Smith and Bogren 2001a; Smith and Bogren
2001b). Ammonium samples were manually analyzed using a fluorescence method
(Holmes et al. 1999). Urea samples were manually analyzed using the

diacetylmonoxime thiosemicarbazide technique (Price and Harrison 1987) modified
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to account for a longer time period and lower digestion temperature (Goeyens et al.
1998).

Shore-based macronutrient sampling was conducted weekly at SCMW (Figure
1) as part of the California Program for Regional Enhanced Monitoring for
PhycoToxins (Cal-PReEMPT) project. Samples were collected from the surface with
a PVC bucket (Jan — Aug 2006) or were mixtures of water samples collected from
three discrete depths (0, 1.5 and 3 m) with a FieldMaster 1.75 L basic water bottle
(Aug 2006 — Nov 2009). Offshore macronutrient sampling was conducted
approximately monthly June 2002 — November 2007 at eleven stations throughout
Monterey Bay as part of the Center for Integrated Marine Technology (CIMT)
program. Ten-liter PVC Niskin bottles (refitted with silicone rubber band strings)
mounted on an instrumented rosette were used to collect water from 0, 5, 10 and 25 m
depth. At two of the stations surface (0 m) samples were collected using a PVC
bucket. All Cal-PReEMPT and CIMT grab samples were processed and analyzed for
macronutrients at UCSC as described for P3 Project macronutrient samples. For the
development of nitrate-salinity mixing curves, CIMT cruises were categorized a
priori according to concurrent Pajaro River discharge (USGS 11159000) as either (a)
‘high river flow” (> 80 CFS), or (b) ‘ambient’.

Data used for the development of monthly climatologies of nearshore/offshore
nitrate at three MBARI moorings (M0, M1, M2; Figure 1) were obtained from the
LOBOViz 3.0 LOBO Network Data Visualization website, which is managed and

maintained as a public data source by MBARI (www.mbari.org/lobo/loboviz).
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Surface nitrate data were obtained at hourly resolution for the timeframes over which
they were available [MO (Aug 2004 — Jul 2009), M1 (Oct 2009 — Jun 2010), M2 (Jul
2002 — Jun 2010)].

River basin characterization per the Indicator for Coastal Eutrophication
Potential (ICEP) index—In addition to nutrient stoichiometries, we characterize the
Pajaro and Salinas rivers according to their ICEP indices for nitrogen export. The

ICEP index for nitrogen export (hereafter referred to as N-ICEP) is defined as

N-ICEP = [NFlx / (14 x 16) — SiFlx / (28 x 20)] 106 x 12 (1)

where NF1Ix and SiFlx are the mean specific fluxes of total nitrogen and dissolved
silica (Si1), respectively, delivered at the outlet of the river basin, expressed in kg N
km™ d" and kg Si km™ d ™. The N-ICEP index is expressed in kg C km™ d''; the
scaling of the index according to watershed arca allows unbiased comparisons
between large river systems (Billen and Garnier 2007). Si daily loads were available
in the CCAMP data as a partial record (November 2007 — July 2009). The daily
average Nnos and Si loads were used for the calculation of monthly average N-ICEP.
Annual N-ICEP for the Pajaro and Salinas Rivers are provided for hydrological years
(July — June) 2004 and 2005 based on annual loads previously reported by CCLEAN
(CCLEAN 2006; CCLEAN 2007) and from CCAMP load data for hydrological year

2008 (July 2008 — June 2009).
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Results

Nnosfrom rivers and upwelling: load comparison —Nyo; loading into
Monterey Bay by rivers and by wind-driven upwelling is shown in Figure 2 at annual
(Figure 2A), monthly (Figure 2B), and daily (Figure 2C) resolution; Nno3 loading
statistics are presented in Table 1. River Nyos input from rivers is 2 orders-of-
magnitude lower than Nyos3 input by wind-driven upwelling at lower (annual and
monthly) temporal resolutions, timescales over which previous comparative analyses
have been conducted (e.g. Warrick et al. 2005). The 2 orders-of-magnitude difference
between river and upwelling Nyos input is not consistently observed at higher (daily
and weekly) resolution (Figure 3), where Nnos input from rivers is maintained while
Nnos input by wind-driven upwelling is relatively lower or zero during some winter
months. These 2-4 week periods of comparatively higher river Nnos input coincide
with periods of southerly winds and/or wind relaxation, when river flows and river
Nnos input remain positive (river loading is switched ‘on’) while daily mean
upwelling is essentially zero (loading by upwelling is switched ‘off”). The day-to-day
recurrence of this circumstance throughout our 10 y time series is 28%; this statistic
generally reflects the proportion of days for which daily mean upwelling was zero (or
negative, in instances of downwelling). River input is generally not significant
compared to upwelling N-loading when the analysis is constrained to days where
upwelling wind stress is positive, and when only load magnitude (but not temporality)

is considered (Table 1).
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In addition to their constancy as a source of Nyos, rivers differ from upwelling
in their annual loading character; the greater proportion of river Nyos load is
introduced over relatively short periods during the rainy season, and the
transformation of river Nno3 loading into cumulative sum profiles across hydrological
years demonstrates the ‘stepped’ character of river loading (Figure 4). Upwelling
contributes most significantly towards its cumulative load total in the early and late
periods of the hydrological year, when the percent contribution from rivers is
relatively small. Conversely, plateaus in the upwelling annual cumulative load
profiles coincide with periods of the year when rivers are contributing the bulk of
their annual Nyoz load, generally across the mid-point of the hydrological year (i.e.
winter). The characteristics described for the cumulative sum Nyos loading profiles
arc consistent across years: the profiles in Figure 4B (cumulative sum, in percentage
units) are similar for all years, even those which precede and follow years of
relatively high absolute loading, e.g. 2004 and 2005 (Figure 4A).

Linear salinity-nitrate mixing curves developed for CIMT cruises categorized
a priori according to concurrent river discharge as either (a) ‘high flow’ or (b)
‘ambient’ showed a reversal in the salinity-nitrate relationship according to river
state, although linear correlations were not statistically significant. Under conditions
of high river flow, the relationship between nitrate and salinity was inverse (a0 = -
0.3047), while during ‘ambient’ conditions the relationship was positive (o = 1.130).
Based on the ‘high-flow’ mixing curve developed from the regional cruise data, we
would expect the freshwater endmember to Monterey Bay (i.e. the freshwater source
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of nitrate) to have a nitrate concentration of 13.58 uM. This estimate agrees well with
average nitrate concentrations of ‘typical’ Monterey Bay rivers (e.g. San Lorenzo:
16.45 uM, Scotts Creek: 7.16 uM) but is 1-2 orders of magnitude lower than the
nitrate concentrations described by P3 Project data for the significant freshwater
sources to Monterey Bay (i.e. the Pajaro and Salinas rivers), suggesting: (1) a
conservative regression, and/or (2) under-representation of extreme-event conditions
in the P3 dataset. Evaluation of the endmember concentration estimate should be
performed with sensitivity to high-flow conditions, which were potentially missed by
monthly P3 Project sampling but accounted for in the CCAMP flow models. The
peak Nnos load from the Pajaro River, calculated according to the USGS annual peak
streamflow (5,110 cfs; 05 April 2006) and our ‘high-flow’ fres‘hwater endmember
nitrate concentration estimate (13.58 uM) is lower but within an order-of-magnitude
of the CCAMP load estimate (2,378 versus 13,749 kg Nnos). Both P3 and CCAMP
data support the high-flow mixing curve regression, but suggest that the endmember
concentration may be slightly underestimated (e.g. by rainwater dilution, spatial
distribution of cruise sampling, etc.).

A significant correlation exists at the two moorings located furthest offshore
(M1 and M2; Figure 5C-D) for monthly climatological surface nitrate concentrations
and Nyo3 loading by upwelling; the correlations weaken and become statistically
insignificant at the more inshore stations M0 and SCMW (Figure SA-B). The

correlation between river Nnos loading and surface nitrate is strongest at the most
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inshore location, SCMW, and maintains statistical significance at the next most
inshore station (M0), but is not significant at the offshore moorings (Figure SE-H).

Nyos from rivers and upwelling: trend comparison —Mann-Kendall trend
analysis of Nyo3 loading by rivers and by wind-driven upwelling revealed a difference
in trends for the 10 y loading record used in this study. River Nnos loading exhibited
a positive (slope of 0.012) trend; upwelling loading trend was non-negative, but its
slope was zero (Table 2). Trend results for upwelling Nnos load estimates were the
same whether the load estimates were based on Ul at Monterey Bay mooring M1 (Ul
according to locally observed winds) or PFEL estimates for 36N 122W (Ul according
to wind stress derived from mean surface atmospheric pressure fields). The absence
of a trend in upwelling No3 loading over the time-period addressed in our study
(2001-2009) is consistent with observations of intra-annual oceanographic and
climatic variability in Monterey Bay (e.g. phase changes, regime shifts) which would
preclude monotonic trends, including (1) increased nitrate at 60 m from 1998-2005,
with (2) increased water column stratification after 2003 and a concomitant reduction
in near-surface nitrate (Chavez et al. 2006).

‘While our trend analysis for upwelling is an accounting of changes in its
strength and potential (i.e. wind-stress, thermocline depth, etc.), our use of a static
temperature-nitrate relationship, albeit with precedent, would prevent the
identification of a trend caused by changes in source water mass (and its properties)
for upwelling. Since our focus is riverine Nnos loading (positive trend), failure would

result in missing a (positive) trend in the upwelling Nyos3 loading. According to two
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parameters which are representative of the temperature-nitrate relationship, the
Nitrate Depletion Temperature (NDT; (Kamykowski and Zentara 2003; Kamykowski
et al. 2002) and the coefficient of the linear nitrate-temperature regression (o),
calculated for each year from 2000 - 2010 from daily averages of temperature and
nitrate at MBARI mooring M1 (Figure 1), there is a significant trend in the nitrate-
temperature relationship across this period {p < 0.05), but one which would translate
to decreasing Nno; loading (and a progressive over-estimation of upwelling Nyos
loads) across the decade. According to our trend analysis and this preliminary
evaluation of inter-annual variability in the temperature-nitrate relationship at M1, we
find no evidence of a positive trend in upwelling Nnos loading. A negative trend,
potentially masked by our use of a single nitrate-temperature across years, may in fact
exist. Thus we conservatively identify a positive trend in river Nyo3 loading and no
trend in upwelling loading. Given the relatively short (10 y) data set we do not
discount the possibility that other trends would be evident in longer time series.

Differential loading: nutrient source stoichiometry—The Redfield-Brzezinski
nutrient ratio, where C:N:Si:P = 106:16:15:1 (Brzezinski 1985; Redficld 1934), is
commonly used for marine waters; in comparison, six of the eight fluvial sources
would be enriched according to Si >> P > N (Table 3). The remaining 2 rivers, the
Pajaro and Salinas, would be enriched according to N > Si > P with the Salinas
demonstrating extreme nitrogen enrichment (N >> Si > P). All rivers are enriched
with Si relative to P; this is especially pronounced in the 2 southernmost rivers

(Carmel and Big Sur). The Salinas and the Pajaro Rivers have their outfalls in the
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mid-Bay region, making them distinct from the other rivers in terms of both nutrient
stoichiometry (as relatively nitrogen-enriched) and outfall locale (Figure 1). The
prevalence of additional nitrogen species (Nyrea and Nuua, collectively referred to as
Nx) was also evaluated; for all rivers, Nnos is the most prevalent of the 3 nitrogen
species that were quantified (Nnos, Nursa, Nnma)-

The nutrient stoichiometry of Monterey Bay waters from shipboard sampling
(0, 5, 10 and 25 m) shows relatively low surface Nyoswith values approaching the
Redfield-Brzezinski ratio with increased depth (Table 3). Ratios of Nyo3:Nx in
surface waters measured throughout Monterey Bay are low compared to Nno3:Nx
ratios of the major rivers (Pajaro and Salinas), and equivalent to Nxo3:Nx ratios for
the northernmost rivers (e.g. Waddell Creek). Nutrient stoichiometry in integrated
water (0, 1.5, 3 m) from SCMW resembled that of Monterey Bay surface waters, but
with relatively lower Nnos for all ratios. Unlike rivers and offshore Monterey Bay,
Nnos was not the predominant nitrogen species at SCMW: Nyrga was generally 3-
fold higher than Nyo3, while Nnos:Nnuas approached 1:1 (Table 3).

Eutrophication risk assessment—Monthly N-ICEP values for the Pajaro and
Salinas rivers are shown in Figure 6. While there is clear variability in monthly N-
ICEP, the Pajaro River was characterized by positive N-ICEP values from early- to
mid-year (Jan — Aug 2008, Mar — Jul 2009) while N-ICEP for the Salinas River was
significantly positive only for 2 months in early 2009 (February and March). Annual
N-ICEP indices for the hydrological years 2004 and 2005 were positive for the

Salinas River (0.15 kg C km? d” in both years). These annual N-ICEP figures,
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determined from annual loads reported by CCLEAN, are in agreement with the
annual N-ICEP determined from CCAMP data for the hydrological year 2008 (0.12
kg C km* d"). Annual N-ICEP indices for the Pajaro River were consistently
negative in the hydrological years 2004 and 2005, as determined from CCLEAN load
data (-2.08 and -1.07, respectively), and in the hydrological year 2008, as determined

from CCAMP load data (-0.05 kg C km™ d™).

Discussion

Riverine Nyos3 loading along an ‘upwelling-dominated’ coastline—While a
comprehensive nutrient budget for Monterey Bay is beyond the scope of this study,
we provide here a first-order comparison to assess whether the common approach that
omits rivers as a compenent in complex model building or nutrient budgeting is
inviolate. This study elucidates a competitive capacity; the significance of this within
the context of a comprehensive regional nutrient budget is that said capacity has been
proven against the nutrient source classically identified as dominant (i.e. wind-driven
coastal upwelling).

Nnos load comparisons are available for the Columbia and Santa Clara rivers,
near the northern and southern termini of the California Current System, respectively
(Hickey and Banas 2008; Hickey et al. 2010; Warrick et al. 2005). These studies
provide reference points from opposite ends of the California Current System in
which Monterey Bay is centrally located, and from regions which differ significantly

in hydrological setting and climate. The Columbia River is a significant source of
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freshwater discharge, contributing 77% of the drainage along the west coast of the
United States of America north of San Francisco (Barnes et al. 1972). Nitrate input by
the Columbia River is an order-of-magnitude lower than nitrate input by coastal
upwelling in the outfall region, but has been shown to maintain the ecosystem during
periods when upwelling is depressed (Hickey and Banas 2008; Hickey et al. 2010;
Kudela et al. 2010). To the south, the Santa Clara River drains a much smaller and
drier watershed, but one which is heavily influenced by patterns of land-use
(agricultural and urban). For this relatively dry system in the southern CCS, river
nitrate input is 2-3 orders of magnitude lower than nitrate input by upwelling, but
nutrient contributions from the river are regarded as significant due to differences in
nutrient quality (i.e. SiN:P for upwelled waters was 16:5:1; the same ratio for rivers
was 13:10:1), and input timing.

QOur evaluation of Nyo3 loading to Monterey Bay by rivers and by wind-driven
upwelling confirms the significance of river Nnos3 load timing and indicates that
temporality, and not simply magnitude, must be taken into consideration — even in a
region identified as one that is dominated by coastal upwelling. Our comparison of
river and upwelling Nyo3 loads on annual and monthly timescales affirms the
classification of Monterey Bay as an upwelling-dominated region (the minimum
differences between nitrate input from rivers and from upwelling were 2 orders of
magnitude for annual and monthly timescales), but also affirms this classification as a
generality. Most water quality monitoring programs cannot describe river nitrate

loading on a daily basis, and the present study is the first to compare river and
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upwelling nitrate inputs at sub-seasonal resolution. As such, this study is the first to
descrAcxcibe nitrate inputs within a region of the CCS at the temporal resolution at
which regional discharge and upwelling events are often defined (e.g. wind-relaxation
events, ‘first flush’ discharge events) and relevance to phytoplankton response has
been described by others (Malej et al. 1995; Small and Menzies 1981; Walsh et al.
1977). We note that only when our order-of-magnitude load comparison was
conducted at this ecologically relevant temporal resolution (Beman et al. 2005) did
the rate at which rivers exceed wind-driven upwelling as a nitrate source become
apparent (28%; Figure 3). Similarly, the refined development of salinity-nitrate
mixing curves from regional cruise data according to river flow status (“high flow’
versus ‘ambient’) demonstrates: (1) regional riverine influence sufficient to cause a
reversal in the salinity-nitrate mixing curve, i.c. a negative correlation betwceen nitrate
and salinity in Bay waters when river flow is high, and (2) further evidence for
regional riverine Nno3 source importance under high flow conditions, indicated by the
similarity between average nitrate concentrations in ‘typical’ Monterey Bay rivers
with the freshwater Nnos endmember concentration predicted by the “high flow’
salinity-nitrate mixing curve.

Onshore-to-offshore gradient in Nyo3 source climatology correlations—Our
comparison of upwelling and river Nno3 loading was designed to address Nnos
loading for Monterey Bay. In our comparison, the refinement of temporal scale
(annual to monthly to weekly/daily) identified periods when Nyo3 loads from rivers

surpassed those introduced by upwelling across an entire region, while the
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climatological comparisons from nearshore to offshore (Figure 5) provide some
indication of the cross-shelf gradient. The development of surface nitrate
climatologies at discrete locations spanning the onshore-to-offshore distance
encompassed by Monterey Bay (SCMW, M0, M1, M2; Figure 1) indicates the
predominance of river Nnos loading even on a broad temporal scale at discrete
nearshore (but still ‘oceanographic’) observational locations. While there is strong
correlation between the climatology of surface nitrate and the climatology of Nnos
loading by upwelling at the offshore stations M1 and M2, the correlation becomes
insignificant further inshore. Conversely, the correlation between the climatologies
for surface nitrate and Nnos loading by rivers is strongest at the most inshore station
{SCMW), and weakens with increasing distance offshore. These onshore/offshore
correlation gradients for river Nnos loading and for Nnos loading by upwelling
suggest that the relative significance of Nnos river loading cannot be ignored, even
without regard to temporality, at inshore locations such as SCMW and MO. The
relative importance of this loading suggests an enhanced capacity to influence algal
growth and harmful algal bloom dynamics within the onshore coastal zone, nearest to
coastal communities and economics {Anderson et al. 2008; Anderson et al. 2002;
Glibert et al. 2005a; Glibert et al. 2005b; Howarth 2008; Kudela et al. 2006; Kudela
et al. 2008a).

The southward advection of upwelling waters from an upwelling center
immediately to the north of Monterey Bay has been observed during upwelling events

(Ramp et al. 2009; Ramp et al. 2005; Rosenfeld et al. 1994), but this delivery requires
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sustained winds of 10 m s on the order of a week (Ramp et al. 2005). A recent
publication synthesizing the results of two Autonomous Ocean Sampling Network
(AOSN) field experiments described in one case (August 2006) a failure to simulate
salinity and temperature fields (demonstrated successfully for August 2003) using a
nested, data assimilating model supported by focused, high-resolution sampling of the
upwelling center (Shulman et al. 2010). The model simulations in August 2006
overestimated surface and sub-surface salinity fields and were not improved through
assimilation of glider data from the upwelling center to the north of the Bay. New
consideration of minor, but evidently important, Nivos sources to Montercy Bay
(Mackey et al. 2010; Wankel et al. 2007), have also demonstrated circumstances
when these processes exert significant influence within an ‘upwelling dominated’
regime. Our correlation of surface Nyoj3 climatologies to river and upwelling Nnos
loading climatologies (Figure 5) indicates the predominance of river Nnos loading on
a broad temporal scale at nearshore locations. Under circumstances of high river
flow, we identify evidence of this predominance on a broad spatial scale: the
development of salinity-nitrate mixing curves from regional cruise data according to
river flow condition (‘high-flow’ versus ‘ambient’) demonstrates a sign reversal in
the salinity-nitrate relationship (i.e. an inverse relationship between nitrate and
salinity) during periods of high river flow.

Implications for water quality monitoring programs—While there are several
ongoing water quality monitoring programs in the Monterey Bay region, the CCAMP

dataset was used for this study because (1) it afforded estimates of river nitrate loads

50



at daily resolution, and (2) it had been generated from continual monitoring over the
longest timespan (2000 — 2009). In these two respects, the CCAMP dataset is unique
in its capacity to identify long-term trends in water quality, to estimate total river
loads of pollutants to the ocean, and to provide benchmark data for flow model
validation. Related but simpler modeling efforts utilizing CCAMP data have been
employed in previous studies, including epidemiological evaluations of spatial risk to
marine mammals (or their food items) of vartous land-based pathological diseases,
based on animal location relative to freshwater outflows and other pollution sources
(Miller et al. 2002; Miller et al. 2006; Miller et al. 2005; Stoddard et al. 2008). While
a long-term, high resolution dataset was necessary for the primary purpose of this
study (upwelling/river Nnos load comparison), it is useful to consider whether the
higher precision modeling required to generate daily river load estimates is necessary
for annual estimates of riverine Nyos loads. For the hydrological years 2004 and
2005, annual load estimates from six monitoring locations are available for
comparison from CCAMP and CCLEAN [Aptos Creek (2005 only), San Lorenzo
River, Soquel Creek, Pajaro River, Carmel River, Big Sur River (2004 only); Figure
1]. Across these sites, annual Nnos load estimates agreed in both years to within an
order-of-magnitude. The largest discrepancies between the annual load estimates
occurred for the rivers with relatively small drainage areas (Carmel River and Big Sur
River in 2004; Aptos Creek and Soquel Creek in 2005); for all other rivers, the factor
difference between CCLEAN and CCAMP annual load estimates ranged from < 1 to

3. In both 2004 and 2005, the CCLEAN estimates of total Nyos river load to
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Monterey Bay were lower than the estimates from CCAMP, and this difference is not
wholly unexpected: annual loads generated by CCLEAN were presumed to be
underestimates since CCLEAN calculated daily loads from each monthly grab sample
(from measured Nyo3 and NHD+ modeled discharge), averaged the daily loads across
the hydrological year, and multiplied the average by the number of days in the
hydrological year (365). While the approach taken by CCLEAN is simple and less
time-intensive, the resulting annual load calculations were reported as “estimates,
based on individual grab samples, (which) may underestimate actual loads because
high loads associated with episodic storm events are not consistently sampled”
(CCLEAN 2007). Since CCAMP annual load estimates are annual sums of daily
loads, they have the potential to more precisely resolve Nnos loads introduced during
episodic high-flow (“flush’) events. Our comparison of CCAMP annual load
estimates with those generated by CCLEAN suggests that the simpler approach
(CCLEAN) is adequate for large-scale (Bay-wide, annual) estimates. Where higher
precision is required, large-scale estimates generated by programs such as CCLEAN
could be augmented with data provided by programs designed to characterize river
contributions during episodic events (e.g. ‘First Flush’ monitoring, with the addition
of flow measurement or estimation). The significance of local water quality data may
be more effectively extended to the coastal environment if, either individually or in
concert, water quality programs include the parameters required for calculation of N-
ICEP (and the analogous index for phosphate, P-ICEP) on daily, weekly, monthly,

and annual timescales.
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Differential loading among Monterey Bay rivers—In most years, the annual
Nnos loads introduced by the Pajaro and the Salinas rivers comprise >95% of total
annual river Nno3 load to Monterey Bay (Figure 7). While the relative contributions
from the Pajaro and Salinas are cqnsistently large, the relative contributions from
each of the two rivers are variable. Within the 2001 — 20609 timeframe, 2005 and 2006
stand out as years of relatively high freshwater discharge: mean annual discharge
from the Salinas River was an order-of-magnitude higher in 2005 — 2006 than across
the other years (16.7 versus 1.7 m’ ). In these high discharge years, the Salinas
River dominated (Figure 7). Conversely, in years of low to moderate discharge, the
Pajaro River tends to dominate. The unusually high contribution of Nos from the Big
Sur River in 2009 is unexplained, but presumed to be an artifact of severe wildfires
that affected the region in the summer of 2008, and the drainage of burned landscape
over the 2009 rainy season.

While we can illustrate disproportionate Nyos loading by the Pajaro and
Salinas Rivers by comparing annual Nnos load contributions (Figure 7) and nutrient
ratios (Table 3), the N-ICEP index provides added insight into the character of the
Salinas and Pajaro River basins. The N-ICEP refers to the potential for new primary
production (non-siliceous algae only) based upon the nutrient fluxes delivered by a
river system. The N-ICEP represents the relevant information contained in both
absolute and relative values of nitrogen and silica fluxes delivered by large river
systems (Billen and Garnier 2007). The damming of rivers and reservoir construction

(increased retention of biogenic silica), urbanization (increased discharge of low Si:N
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wastewater) and agriculture (increased nitrogen, thereby decreasing Si:N) all promote
positive N-ICEP values, while rivers draining pristine watersheds are rich in silica
and low in nitrogen (Billen and Garnier 2007; Table 3, this study), resulting in
negative N-ICEP values. Our analysis of N-ICEP is constrained to the Salinas and
Pajaro rivers since (1) the ICEP is designed for relatively large-scale river systems,
and (2) Nnos loading by the Pajaro and Salinas regularly contributes >95% of total
river Nnos loading on a consistent basis (Figure 7). Although the N-ICEP indices of
the 5 additional rivers included in the CCAMP dataset are unavoidably inflated in
terms of absolute value (an artifact of inserting a small drainage area into the N-ICEP
calculation), they trend strongly negative in the winter months and frend to less
negative values through the remainder of the year. As expected, the most consistent
and extreme negative N-ICEP indices are observed in rivers that drain relatively
pristine watersheds (e.g. Big Sur River; data not shown).

The monthly N-ICEP figures reveal extended periods during which the Pajaro
River is characterized by positive N-ICEP (e.g. Jan — Aug 2008, Figure 6) while on
an annual basis (e.g. for the 2008 hydrological year) the Pajaro River was
characterized by negative N-ICEP. As with our comparisons between Nyos loading
from upwelling and from river discharge, considerable information is gained by
comparing annual and monthly patterns. Billen and Garnier (2007) recommended
calculation of the N-ICEP on varying timescales (daily, monthly, yearly) according to
the surface area of the impacted coastal marine zone and the residence time of

freshwater masses within it. Our monthly comparison of the Pajaro River and Salinas
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River N-ICEP indexes is informative but necessarily limited, and the monitoring of Si
and N should be adjusted (or implemented) within water quality assessment programs
to afford the regular determination of N-ICEP at sub-annual resolution. A thorough
evaluation of N-ICEP for Monterey Bay rivers requires more extensive collection of
high-resolution Si and No3 loading data than were available for this study, and future
assessments should be undertaken across various temporal resolutions selected
according to the question and conditions under consideration.

Broad implications—OQOur preliminary assessment of N-ICEP for Monterey
Bay rivers identifies it as a useful index for the characterization of large rivers within
the Monterey Bay region, one which allows comparison of Monterey Bay rivers to
rivers from different climatic regions of the world now and into the future. A recent
collection of N-ICEP values based upon measured (versus modeled) load data
demonstrates a general association of positive N-ICEP for river basins draining to the
Mediterranean Sea, Black Sea, Baltic Sea and the North Atlantic and negative N-
ICEP for rivers draining to the North and South Pacific, South Atlantic, the Arctic,
and the Indian Ocean (Garmier et al. 2010). Our identification of the Salinas River as
consistently positive N-ICEP highlights the Salinas River as an exception to these
general patterns. Worldwide, N-ICEP generally increases with population density,
and shifts to a positive value in river basins with >30% agricultural land (Garnier et
al. 2010). The Pajaro River N-ICEP appears to be shifting towards a positive value (-
2.08, -1.07, and -0.05 kg C k™ d”' in 2004, 2005 and 2008, respectively), in

agreement with previous observations of increasing agricultural activity and water
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quality impairment within the watershed (Los Huertos et al. 2001; Ruehl et al. 2007).
As the longest continual monitoring program addressing nutrient loading to central
California coastal waters, the 10 y of CCAMP Nnoj3 load data used for this study
provided a unique opportunity to assess the presence of intra-decadal load trending.
The positive trend identified in Monterey Bay river Nnos loads (CCAMP; 2000 —
2009), and the increasing N-ICEP values in the Pajaro River both suggest that N-
ICEP values will continue trending positive in the absence of intervention.
Industrialized countries in Europe and the United States have seen N-ICEP values
stabilize or decreasc as a result of nitrogen removal in wastewater treatment and
increases in the efficiency of agricultural nitrogen use; positive trends for Monterey
Bay river N-ICEP values suggest a trajectory more similar to areas such as the
Japanese and Chinese Seas, Indian and South African coasts, where rapidly
increasing agricultural production and fast urbanization have led to increased N-ICEP
across a 30 year period (1970 — 2000; Garnier et al. 2010).

There is increasing scientific consensus that eutrophication plays a role in the
development, persistence, and expansion of HABs in the United States and
worldwide (Anderson et al. 2008; Heisler et al. 2008; Kudela et al. 2008a). More
generally, regions that are not strongly influenced by riverine nutrient sources may
exhibit strong responses by the phytoplankton community to relatively small changes
in loading and stoichiometry; for example, the Washington and Oregon coast appear
to be poised to shift from N-limitation to P or Si-limitation with very moderate

increases in N-loading to the Columbia River (Kudela and Peterson 2009). This
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susceptibility can be introduced or augmented by climatological events such as El
Nifio, when river outflows provide significant macronutrient loads to nutrient-deplete
surface coastal waters (Castro et al. 2002; Wilkerson et al. 2002); these conditions
can induce a significant phytoplankton response (Friederich et al. 2002; Kudela and
Chavez 2004) and have been implicated in HAB conditions leading to mass wildlife
mortality (Scholin et al. 2000). While toxigenic blooms of Pseudo-nitzschia in
Monterey Bay are predominantly associated with upwelling conditions on an annual
basis, the influence of river discharge becomes apparent on a scasonal basis (Lane et
al. 2009). Our demonstration here of the predominance of river Nyosz loading on short
timescales (~28% of the time), the onshore-offshore gradient of its influence, and its
upward temporal trend, indicate that rivers are exerting significant (and increasing)
influence within a coastal upwelling system. Based on previous descriptions of the
linkage between HABs and eutrophication (Anderson et al. 2008; Heisler et al. 2008;
Kudela et al. 2008a; Lane et al. 2009), this influence, and its strengthening, should be
expected to enhance the development, persistence and expansion of phytoplankton

blooms, including HABSs, in coastal waters of the present day and of the future.
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Table 1. Comparative statistics for nitrogen as nitrate (Nno3) loading by rivers
monitored as part of the Central Coast Ambient Monitoring Program (CCAMP;
Coastal Confluences) and by wind-driven upwelling according to observed daily
mean winds at Monterey Bay mooring M1 (36.75N 122.03W) and according to daily
mean upwelling index (UI) estimates issued by the Pacific Fisheries Environmental
Laboratory (PFEL) for 36N 122W.

Rivers (CCAMP) Upwelling (M1 / PFEL)

Average Nyos load (x10° kg y™) 0.001 03/0.7
Days of positive Nnos load 100% 73% / 87%
Days (river load > Ul load) 28% -] -

Days (river load > Ul lead); U1 >0 1% -
Mean relative contribution (% y™') 0.4 (range: 0.1-1.3) >99 / --
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Table 2. Sen’s slope estimates from Mann-Kendall trend analysis of 10 y (01 Jan
2000 through 06 Aug 2009) of daily nitrogen loadings (nitrogen as nitrate; kg) to
Monterey Bay by rivers monitored as part of the Central Coast Ambient Monitoring
Program (CCAMP; Coastal Confluences), and by wind-driven upwelling according to
observed daily mean winds at Monterey Bay mooring M1 (36.75N 122.03W) and
according to daily mean upwelling index (UI) estimates issued by the Pacific
Fisheries Environmental Laboratory (PFEL) for 36N 122W.

Rivers (CCAMP) Upwelling (M1 and PFEL)
Upward 0.012 (p=0.000) 0.000 (p=0.000)
Downward p>0.05 p>0.05
n 3506 3503
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Table 3. Nutrient ratios, expressed in phosphate (P), silica (S1), and nitrogen [urea-
nitrogen (Nyrea) nitrate-nitrogen (Nwos3); ammonium-nitrogen (Nnns)]. Ratios were
determined from river and creck grab samples collected monthly (May 2007 — Sept
2008) from rivers and creeks throughout Monterey Bay as part of the Pathogens
Pollution Project. Stoichiometries for onshore/offshore receiving waters are provided
from cruise samples collected monthly at stations throughout Monterey Bay (Center
for Integrated Marine Technology; 2002 — 2007); stoichiometries for inshore
recetving waters are from integrated-depth (0, 1.5, 3 m) samples collected weekly at
the Santa Cruz Municipal Wharf (SCMW; 2005 — 2009). For comparison, nutrient
ratios for the Mississippi River, Santa Clara River, and upwelled water in the Santa
Barbara {SB) Channel are included (Justic et al. 1995a; Warrick et al. 2005).

Si:P Si:Nno3. Nnos:P Nno3:Nurea Nnos:Nnwg

Waddell Creek 291 50 3 4 5
Scott Creek 213 56 5 4 2
San Lorenzo River 108 24 5 8 5
Soquel Creek 175 133 2 6 7
Pajaro River 290 04 356 100 34
Salinas River 228 0.1 3277 424 884
Carmel River 443 55 7 18 29
Big Sur River 673 128 3 9 28
Mississippi River 14 0.9 15 n/a n/a
Santa Clara River 16 3 5 n/a n/a
Monterey Bay (0 m) 23 2 9 5 5
Montercy Bay (5 m) 20 2 9 4 7
Monterey Bay (10 m) 14 1 10 38 11
Monterey Bay (25 m) 13 1 12 54 28
SB Channel upwelling i3 1 10 n/a n/a
SCMW 30 6 5 0.3 0.8
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Figure 1. Map of the Monterey Bay region, annotated with Coastal Confluences
Ambient Monitoring Project (CCAMP) river and creek coastal confluences (San
Lorenzo River, Soquel Creek, Aptos Creek, Pajaro River, Salinas River, Carmel
Ruver, Big Sur River) which contributed to estimates of daily river nitrate-nitrogen
(Nnos3) loading to Monterey Bay, the coastal confluences sampled through the
Pathogens Pollution Project for their characterization according to nutrient
stoichiometry (same as CCAMP coastal confluence sites, omitting Aptos Creek and
including Waddell Creek), the Monterey Bay Aquarium Research Institute (MBARI)
offshore moorings (M0, M1, M2), the location of 36N 122W for which daily
upwelling index (UI) is generated by the Pacific and Fisheries Environmental
Laboratory (PFEL), and the location of the Santa Cruz Municipal Wharf (SCMW).
Filled symbols denote river monitoring sites (versus sites used for coastal
monitoring).
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Figure 2. Nitrate-nitrogen (Nno3) loads introduced to Monterey Bay by rivers (grey
bars) and by wind-driven upwelling estimated from observed winds at the Monterey
Bay Aquarium Research Institute (MBARI) mooring M1 (filled circles) and from an
upwelling index (UI) provided by the Pactfic and Fisheries Environmental Laboratory
(PFEL) for 36N 122W (open diamonds). The same Nno;3 load data are presented in
each panel but at increasing temporal resolution, as follows: annual (A), monthly (B),
and daily (C; daily Nyo3 loads are from M1 winds only). Note the unit difference
between upwelling loads (plotted on the left vertical axis) and river loads (plotted on
the right vertical axis).
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Figure 3. Daily nitrate-nitrogen (Nno3) loads introduced to Monterey Bay by rivers
(grey bars) and by wind-driven upwelling estimated from observed winds at the
Monterey Bay Aquarium Research Institute (MBARI) mooring M1 (black bars)
across periods for which Nyos loads introduced by rivers were consistently higher
than Nnos3 loads introduced by upwelling (i.e. upwelling winds were effectively
turned ‘off”, while river loading remained switched ‘on’). This figurc illustrates the
relativity of river Nno3 loading for only 3 select timeframes across which river loads
are particularly competitive; across the entire study period (2000 — 2009), daily loads
of Nos from rivers exceed daily loads of Nnos from upwelling at a rate of 28%.
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Figure 4. Nitrate-nitrogen (Nno3) loading by rivers (grey fill) and by wind-driven
upwelling estimated from observed winds at the Monterey Bay Aquarium Research
Institute (MBARI) mooring M1 (black line), as expressed in absolute cumulative sum
(A), and percent cumulative sum (B). The cumulative sums are calculated and
displayed according to hydrological year (July — June). Note in (A) the unit difference
between upwelling loads (plotted on the left vertical axis) and river loads (plotted on
the right vertical axis).

70



Y K TEYI
~ S M f(u/ N Oy
]
P ! won o 3 ue

5
roO1g o 0wl w99 r 095

- H
e : i % . L @uam;
: Lt | P .- 2
R D AT S N I - - <
bo{ng LD ]
¢ wa W MC i N
co i I oo
Ll }
1 ° M
. %
' é s T 1 i g é é . § . . & w e t
~ FR i \au.uvf
) o0 rotn
{
; t i .
* * ' f 4 é + él — R
El
[ ~ A i N PN
086 [
i
! L S ?
R LTt ey —_— o7

Figure 5. The surface nitrate climatology for Santa Cruz Municipal Wharf (SCMW;
A and E), mooring MO (B and F), mooring M1 (C and G), and mooring M2 (D and
H) are shown; the climatologies are arranged top-to-bottom according to offshore
distance (i.e. SCMW is a pier-based monitoring location; the M0, M1, and M2
moorings are located 8, 18, and 56 km offshore, respectively). The climatology of
Nnos loading to Monterey Bay by upwelling is repeated through panels A-D for its
comparison with the onshore (top panel) to offshore (bottom panel) series of surface
nitrate climatology. The climatology for Nnos loading to Monterey Bay by rivers is
repeated through panels E-H for its comparison with the onshore (top panel) to
offshore (bottom panel) series of surface nitrate climatology. The correlation
coefficient (r) for each pair of climatologies 1s shown. Light grey bars (surface nitrate
climatology), black lines (upwelling load climatology) and dark grey lines (river load
climatology) denote standard deviation for each month’s climatological average.
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Figure 6. Monthly values of the Indicator for Coastal Eutrophication Potential with
respect to nitrogen (N-ICEP) for the Pajaro and Salinas Rivers. The N-ICEP refers to
the potential for new primary production (non-siliceous algae only) based upon the
nutrient fluxes delivered by a river system. Designed as a summary characterization
index, the N-ICEP encompasses and represents the relevant information contained in
both absolute and relative values of nifrogen and silica fluxes delivered by large river
systems (Billen and Garnier 2007). A negative value of the N-ICEP indicates silica
delivery in excess over nifrogen delivery and the prevalence of relatively pristine
conditions (i.e. the absence of eutrophication problems). A positive value of the N-
ICEP indicates the reverse circumstance (mitrogen delivery in excess of silica
delivery); positive values are generally indicative of eutrophication problems exerting
their influence within the river basin.
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Figure 7. Relative percent nitrate-nitrogen (Nno3) load contribution (bars) from each
of the rivers and creeks monitored by the Central Coast Ambient Monitoring Program
(CCAMP). The total (absolute) Nnos load introduced to Monterey Bay in each year is
shown (white circles) to illustrate the differential between the Pajaro and Salinas load
contributions across years of moderate Nyo3; loading (corresponding to years of dry
to normal hydrology) and years when Nnos loading was enhanced (i.e. the relatively
wet years of 2005 and 2006).
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Application of Solid Phase Adsorption Toxin Tracking (SPATT) for
field detection of the hydrophilic phycotoxins domelic acld and

saxitoxin in coastal California

fenry Q tone'*, { Meding Roddom’, Greqg W ianglors®, and Rapheel M Kudelo?
Department of Orean Suences Uminersity of California 1156 High Sreet Sants Crar CA 95064
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Abstract

Recent publications have wentified the analysys of phycotowns m sentined shelifish as a problematic toot for
envizonmental monuonng purposes Domaic atnd (D), ¢ neurotoxn produced by some species of the diatom
Pseudo-nitzscig an remain undetected n sentinel shelltish stocks durmg toase biooms and subsequent marnne
bied and manw mal niass Mmortelny eveaty Yohid Phase Wdsorprnon Toxin Tradkang (SPAT) has previously been
described for momtonag of spophnlic toxins, whireas resin based sampling methods are routineh employed
for many other environmental contammnants Here, we evaluate the apphcabisty of SPATT for momtonng the
 drophehic phiveotoan DA and demonstreie that the same Peld samphng mcthods can be used for the detec
won of sandoinn We prasent 1boatony based adsorpoing profides cnarattensng the performance of SPATT
with four renn types (1) HP20 (2) SP700 (3 5P207, and (4 SP20755 We preseatiesults from 17 mo of approx

mately weebly SPATT deplovments in Vortaey Bay Laliforma (USA) this penrod induded two sigmbticant tox
wgemvee Pyeudo iy firg Dloom evonts as well as low level sasdonmy events SPATT segnaled the presence of DA 3
and s weeks before the recogmuon of bloom conditions by wradittonal mon tornmg technigues 7 and 8 weeks
before shelifich toxicityl Unoe ambent (non bloon} conditions ail resins detecisd DA when tfs prescnce was
not apparent from tradiona monrtormg highlighting the whiquaty of Tow level or transient 10X evenis st
the environment 1his study 5 the first o evaluate SPATT deplovments 1 L § waters, and the first to demon

strate the appiabinty of SPALT toward detecton of hydropialic phycotoxins m the field

The contamnation of shelifish wah phvcotoxns 15 a pub-
be health nish encountered worldwide In many countnes
shielifish product safety 15 assured thiough iotoxm montfor
g Programs in revent aterature, no nab sis of shellish for
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motoans has been described as difficult, expensne problem
atn tsme consonung techmeally demanding and  not weal
as a tool for monuumg the progress of tongemc Blooms’
Fux el al 2009, Mackenwae et al 1993 Madchenae et al 2004
Matherae 2010, Rundleger et ol 2007 Although drece
moratormas of shelifish for brotoxams has abvious benefits and
umique sgificance disadvantages mdude (1Y an analvtical
process ngirded as nme-consaming  expensne, techmcally
domanding and fabo mntensine (2) analy tical intesferonces
resultmyg from uolognel matmx effects (3} heterogenerty
nherent 10 the Laplovrant of « ilogical matnk, (4) xn
mo-transformaton and toxm depuration, both of which con
found toxn deteenon and quantification anu {5) mabiln o
control stock supply vears of low shelifish recruitment can
wanskste to a lack of shelltish stocks tiom or axatabile for
trannfer 10 sentnet obwnaton sites Phviopleniton mom
tosine often mstated in conpunchon with shelliish monitor
10y, offers valusbde rmmght into the ecology and development
of rewc blooms but 1s § puted m s abisty t0 sgify iotoxsc
wy i the Finet organnms beoeuse (1) phytoplankion samples
canr ondy desasibe & sndpshat of the phytoplankton avem
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blage at « single point m space and tume, (2) observation of a
phytoplankton assemblage can provide only crcumstantial
cwndence for the posstbilitv of toun accumulation and (3)
postrve idenufication to the speties leved 15 difficult for some
toxsgentc algae such «s the genus Paisdo-milzs ua, 3 monnor
ing agency nsks either increased ncdence of talse alarm or
must further mvest i, or develop, speushized tools required
tor spectes fevid wdentification or these groups (Mackenae et
al 2004; Machenge 2Ui0, Malier znd Stholin 1996, 1998,
2000 Rundberget et al ZO0%

The use of a passive samphing method tor determnation of
dissohved otowun Iosels m seawater Sohd Phase Adsorption
Toxin lradang SPATIY was first proposed 1 2004 45 2 means
by winch the Jdisadvantages assouiated with shelifish could be
crcumvented Mackense et al 2004) SPATT extended the
wvanied hst of analytes and medvsms woward whach passive
sampless had been applied {see revwws i Corecki and
Namessph 2002 Kot wanh et al 20N0F  Seethapathy ct of
2008, Wiana et al 2005) As Grst desersbed SPATT o the field
deplovmert of adsorbent reun seated witlun a polyester sresh
bag SPATT bags of thas design weze tested by Mackenze ¢t al
{2004) for a suite ot Lpophi uns, nduding the pecteno
toxins (PTA 2 PTX Z2SA PTA 11 PIX 113, the okadasc acid
complex toxins (WA, OA-cster), cinophyss toxin 3 (D1X 1),
and vessotonan {YTX) Studies subsequent to Mackenae et &
(2004) focused on the development of ahwemative sampler
designs with DU AO™NY HE20, the reun wlentified 45 the most
etficient for Iipophihic toxin trackang, refatively tewer studies
drscussed the potental of alternative resins {Tuble 13 Ty ail
published studics to date SPATT has targeted hipophihic toxums
exclusvely for quantfication  Thes sntady » the fust 1o evalu
ate sep-gnanutain e we of SPATT for freld monuoring of the
by dropfubi 16 wotoam domoc acd {2 Y, Fig 1) avwell as sax
itor iy (ST and refated hydropnubo paralyuc sho'lfish tovns
feollecively roferred to as P31, produced by species of the
digton genus Psedoqinitzndie and the diavflageliate genus
Adoxartirnn, wespestn ely

SPATT for field detection of domoc acud

DA toxicosis manifests as Amaesic Shellfish Porsoning
(ASP) 1y humans and ss also referred to as Domoic Aad Pou
soung (DAP, particularly for wildhife intoxication) to distin
guish berween shelifisn and other vectors (Scholin et al 2000)
The first reportled outbreak of ASP occurted in 1987 when 3
people died and over 100 were hospitalived tollowing the con
sumption of contaminated shellfish from Punce kdward
Island, Canadda (Bates and Tramer 2000) The Califormua
Department of Pubhe THealth (CDPH; Marnne Biotoxim Momt
tonng Program included DA in therr routine momitoring pro
gram 1 1991, followrog dentification of DA along the Cah
forma coasthne (bniz et al 1992) “unce 1987, no human
deaths have been attributed to ASP in Califormia, DA poison
g has, hownever been wlentsfied as the causal factor in mass
mortahly events mvolving marine mammal and bird popula
nons (Schretzer et al 2007 Shohn et al 2000) While the
moadence of DA and s lio-accumulation o the food webis a
bl health concern fiest and foremost, the sudden or unan

O =
_pK, =475
ponceea \\‘\A‘( - KZ
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Fig. 1. The molecudar structure of domen acd, 25 protonated i veawa-
ter inset a 3 <oh dham of the datom Prewdo prisciig

Tabte 1. fubirhes studes on the employment of Sold Phate Adsorption Toxin Tracking (SPATT) Phycotoun abbrewations are as fol
lows dmophysstoxs (1X), okadae aad (OA), pectenctoon (PTX ), yessotexin, (YTX), gymnodimine (GD), szaspiracd (AZA), spirolide
{5PX), comor. atud {DA), sexsoxy, and stiated parabyt shailfnb twoum (PST) Bad text mdirates the resw identsfied 25 oplumat for the

foans andressed o the study

Sty TFoxin group analyte Resins Region Made of deployment
Sactenae et ab {2004} DIX, OA, BYX YTX HP20, SP207 HPIMAG Mew Featand Sewn bags
Tahahashe ot af <2007 CD 04, FIR HP2G Australn Sewm bags
Tusdberget ef 2 (2007} DX, 04, FiX HP2OG Nonway Spawt Packed colurans
Turredt et o (2007) QA PTR, YIX, AZA HP20, SPFO0 frevand Zipted mesh bags
furres et 2l (PEZy LOWHT ) DA P20, SPTO0 tgdan of Zg-ted mesh bags
Pzarmo et at {2008a 7DG8L} BTX, U, PIX HP2G Spam PVC frame

fux et b {2008 DT, GA HPZY, SPRS0, SPR25L, XADS, 1493 reland Sewn pags, Embrosdery disc
Fux et 3t (2009 DYL 08, PTX YTH, AZA, SPX HP20 reland embrowdery disc
Rurvddperget et al (2009 G, FTX YTX, AZA SPX HP20 Norway Ernbroidery disc

Thus study DA, TST P20, SPFO0, 9207 SPZLTSS USA (Calforma) Heat sealed bags
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tiipated o wet of a DA posoning event within wildlife popu
lations ¢ prove dety menta through secondary ympacts
afflicisng avea, unielared to hurman heaith Ly ecologre wo-
nomic aestheticy

Here as1a preceding studhes STATT 13 presenbed and «val
urted as a morutonng technology for tune-mtegrative deley
ton of dissotved toun (Machenaie of al 2004 Madkenzie
2010 Przarro et ¢ 2008a 20038 Rundbergetetal 2009 Taka
hasry et ai 2007 furrell ec i 29073 and 15 assessed (0o 385
potential to provide rehable sositne tume mitegrated sam
phng to mennor the occurrence of tovic algal bioom events”
(Mackenze 2030} We evaluate the apphicsbilitv of SPATT for
the detechion of DA n seaw vter 1n both controlkd condiuon
laborstors trials ana coastal stie ht 1 deproymrants W on
prire SPATT to both particulate DA and sentine! shellfish data
whers 35 YPAT T onls dets Cbs o2xms M the dissobed phase pre
048 pubbications have discussed the prevalence of dissob ed
veruy paciculate or bic-ace imulated toxas funng barsrfu
aigal bloom evints{e g Mabanacetal 2004} and we donot
further address thus point herom We speaf  four caradate
SPATT reans and describe then DA adsorption efficenaes
w der controfied (ondiions W present aa adapred exrrac
ton protocol that provides sap d reconery of DA from SPATT
bags deployed in the itefd and desube extraction efficienu §
oblayrd under controlicd wondiions We preent a thew
s thad of SPXT T passr e sampler construction that rilrunnds
tabe ind slafl reguramonis white o lowing fo the manufac

SPATT for fiekd detoction of doneor aid

ture of a phable sampling device In the field tnal componant
of our stu Iy SPATT samplers of this new desigp were deployed
approxnnately weebly over a 17 mo penod in Monterev Bav
Califormia (USA) 1 compuniction with weekly monito ing of
DA in sentmnetl shellfish stocks particutate DA (pDA) chloro
phait g phytoplanktor abundance and local ocewnographic
condrions We p esent resunts from these fleld deployments
which encompassed two sigr fficant bioom evints of toxigenc
Pucade mtzsciny mospring and fall 2008 As a secondary ettort
& subset of oxtracts from the HP2O rosn SPATY doployments
were sclectively aralyzed for  dentifuation of $TY and closely
rclated compounds demonstrahing the ability to successfully
detect mudtiple analytes from a single peld deployed SPATT
device These dota e presented m conjumchion with mea
sarements of Paralytic Sheltfish Tovins ¢ 576} tn sentindd shelt
hish as reportod by the California Departryent of T ublc L astt
{{ DPH) and el concentrations of AL vandrm catenclla the
presw 1ed causative agent or ST m Calformm coastal vaters

Matenigls and procedures

Al macroporous restns (DIAION® HPZ0 and SEPABEADS®
SEAG0 SP207  and SP207YS) were purchased from Sorbont
Technologies UBA The proporites of these re s are summa
red mr Jable 2 Water (fohuer W71 actomtrite (fisher
AYE5) and mathanol (meUH  Hisher Ada6) wed w hqud
wromadtography mass spectrontetry  (LC M5) analyss were
purchased as Of tirna LC MS grade from Tisher Saientific USA

Table Z, The physical characterstics of the resms evaluated for SPATT m the present study

Resin HP2G SP7OG
Strucawe Pulyshy rene-dremylben:ene (P5-0VE}
i
| |
N
! ]
Food
l s
Water content (Ce; 5563 &0 70
Partcle size (pm) >250
Pore volume (mb g ) i3 23
Surfwe area (m g } 600 1200
Po-e drarneter (A) 520 180
Spacdu gravety {g mt ) 101 101
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sp207 SPZ0755
Wod€ed PS DVE
f}a e
[ w ]
|
e 1 e
43 53
>250 75150
13
630
210
118
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Ammoninm acetate (= 97%, MP Biomedicals 193848) {formuc
acid (= 99% Acros Qrganics AL 27048 0010)  ssopropanot
(Fisher 44044, ethvlenedianunetetreacetn aud disodiuiu salt
dibydrate (EDITA Acres Ohganiy AC32720-10008 and MeOlt
(HPLC grade, Tistrer A452) used 1 SPATT extractions were pur-
chased from fsher Suentific US4

DA anaiysis was condutted wsng an Agllent 6130 LC-MS
system with ar Agafent Zotbay Rapid Resolution columit using
an b-pomnt dilution serrey of { R DA 1 domone aced standards
for cahibration The LC MY was operated with a gradient elu
tion of eticdified water {0 U3 forone audy and acidified e
tontnde (O 1% formc aady o came corphed DA standard,
obtamed from the Navonat Research Counal (Canada) was
asedd 1w I MS cabbrations and ncebahion madwum fortifica
oy (NRC CRM DA Standands used the same exwrdcion
mansx 48 the samples (53005 MeUR or ~0% MeOH wrh 1 M
antmonien ackiate) A was sdentibaed Iy Whe proene of a
312 amiy peah 1 positive SCanmiieng for Mode SV wathocon
centration derermined by signal mitsgrelion of the poak arca
rond bachcalonlations baved on the standard cunse Ous it
of dutectie v as equal to or better than 34 pg DA e columun
A modified solid phas. exaachon (PF) dean up procedure
(Wang et af 2007) was applred to fortified seawater samphos
cottectod tor adsorpon prottlimg In taboratoty trials, the per
rent A adsorbed and prrcent DA roanemnd were deteramned
vy mass balame, singe no 1oss o DA was obsened 1 the
expenmental conirol wncubatons, the duss of DA from the
treatment ol sons was attubuted o the adsorption of DA
by the vpermmental frestment (SPATH)

For a subset of saraples, SPATT extracss were analvzed for
the presence of S§ X and selated compownds umnyg Abravis Sax
itoxin FLISA ks (PN N2225B) usmg 2 modification of tu
menufactwer’s direchiony Brotl; SPATT astracts un 50%
M nere atlier dlaed o busfer solupon or plaed
durectly  Although the kit are oot devigned for analyss of
MLOH extzacis sonbcabion usng Abraxs ST standesnds wiih
SO MeUrt extubited nn matnet s widfa a0t ~howrg
Abraxp reports 100% (ross meatiiviy for ST wuth varymy
WSy -0 2% to 2996 for Nemasfdiian gonyentoRilis
(GTY) and denvatives

1o geterpune resr salufeuon valaes fon 1%, known guan
titees of restn (HP20 andd unactitake @ SPTOD) were exposed to
xcess DA wialle () for 45 &, and ol adsorption was deter
mnned Dy wies balemw e W be 73 v g and (PR np g,
espectn eiv 4 seeond (non seturating) tial was performed
with known geantiws of woun {on-achvated SPPOG, aon
sated SP2177, and actn el DF20755 & - 3 for each treatment)
ewposad for 8 d o DA m arufical seawatey 10 o trer sevyinfe
fiehg deploy ments, pronding values of BOR3 WOV 20%;;, 8541
LV — 1%y, ard (9644 1LV = ralng g resmn, respectively
Py seturatwon 1atuds were not detotmaned & part of the
stady Lninng a consenvatne value of 7300 ng g * for riPZy and
assigmng 3 g SPATT deploymonty we would cxpedt saturation
to mcur at ~23,960 oy, Iy, th egnest ru orded value ftom
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our time series was 182 ng g ! (546 ng DAY While 3 g deploy
inents were determuned sufficient for our field puiposes we
sote that dunng extreme bwoont events, 1t 15 posable the var
s 1esins can saturdte during a 7-d deployment and users
a3y wisht to adjust the amoust of resin or the duration of
deplosment of thas 1s a concemn

Sarpler desigre wnd winliticon— A nevs method of SPATY
Lag construction was developed aud apphed Unlike prev:
custy described construction methods (Table 1) the new
method aftorded quich manufacture of sealed phable SPATI
bags without ans requusement for spedsalized skalls or equup
meit not generally found aniong occancgraphic cruse sup
phes As such these bags coulid be quichlv manufactured for
deploy ment «Cross o vanety of wonfigurations fe g, narrow
nech fashs i lbomatony inals chpped mto an embrodeny
hoop for field doploymentt SPATT bugs wae constructed
from 100 g Natex bolung cloth (Waldinfe Supply Company,
Proda2t Ne 24 (31 $35/vd) The onlluag Joth was sealed on
theee uides using 2 plast ¢ bag sealer (lamco” irupulse Sealer
“odel 210 128 to toum an open bag of 5% aua wedth The bag
wan Liled with 3 g {dey wosght) resunn and the fourth side scaled
with the bag sealer to tomm a froished SPATT bag of 53 x 5%
i dimenson lor subivation, SPAIT bags were <oaked in
130% MeOH for 48 h, then ninsed thuroughly mn de wnised
aater (M3 and transferred o a fresh volume of Mith
jor removal of MeOH residues by sorucation using a probe
s micator (Bisher Saienuific® donw Dismembrator, MWMudel 1003
e Lags were stored w Mifh Q at 4-6°C prior to use

Adapted extraction protocol ¢ VO feli protecol l-—An wnpub-
fished edrattion protocol tor wse with SP700 held deployed
SPALT psn was provided by the Fohencs Roscanth Servias
{FRS) Warme Labovatory (Abesdeern, 1K) and adapted for ds
Fppiicaien twnard the extraction of feld bags recoverad by the
Unnersuy of Labforma Sante Cruz {UI0SC) Por the adapied
protoel (hereafter teferrad to as the "UCSC Had protocal) the
SPATT bhag s nmsed vath 3x 200 mb Mol and mserten
whaole mic a 1 % x 12 wm pory propylene Swomatography ol
urn with o porous 30 gm polyethvivne bed (Bio Rad, Cat Mo
732 340, and 10 a0 o 59 ReGH (VA added The ol
w18 vortexed for 1 mur, pleved on & vacuum mdnsold, and
the extract 15 ehned ito 2 glass scintillaton viel The exirac
Hon sequene s repeated with 10 ml ammonwm aetalc
S0 AeOH 1 ) The otraction sequence 1s reprated a final
toe it 10wl arr o um acetare i 3090 MeOl (1 VD The
olumn and bay are nmsed weh 10 ml ammonisn acttate in
50% MeOH {14y and this anse 1s otk cted 98 pact of ihe hnal
extiacon fad lachon 1§ wolfetted separately and sndyecd,
wnty the first exract GO MeQH was axvd tur our determuna
non of 5TA and refated PSTs due to concerns about mitedfercnce
{eor the smonnem acotate w1 subsequent extracts We dad
5ot woncentrate the suract befose wnalyss by L0 VS due o
«neerss aboul DA stabedity e g Wang et af 7007} but mddu-
sion of an evaporaiive step would mcrease the mymmum deted
sp0n ot QR})O{HOHF}?;)? 1 the concentiation
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Evatuetion of adsorption and extraction effidency—The adsorp-
tion profile tor SPATT bags of each resin type were determined
by labotatocy teial, SPATT tesin bags were incubated, in tripli-
cate, in aliquots of DA-fortified {tltered seawater {or Milli-QQ,
where specified) in 125 mb glass flasks with rubber stoppers.
The incubations were maintained at a controlled temperature
{15°C) with constan agitation (70 rpoy) with 12:12 iliumina-
tion using “cool white” lamps at approximately 123 pmot pho-
tons m~* 577, The sample water was yegularly assayed for DA o
monitor adsorption by the resin. The SPATT bags used for the
determinadon of adsorption efficiencies were subsequently
extracted according to the UCSC field protocol.

While DA could be extracted readily from P20 > 99%
extraction efficicncy when accounting for DA foss to Milli-Q
rinses, extraction nefficiencies demonstrated for the other
resing {29 to 11% exwraciion) prompied a secondary nvest-
gation inte cur edraction capadity with application of mote
extensive extraction rechuiques. A batch 3.200 2) of non-ach-
vated SP700 was soaked in Da-fortified Milli-Q (60 mg mL*
CRM DA wotit DA i1 the incnbation medium was below
detection by LC-MS. The resin was then spiit into 4 barches
{1,145, 1.192, 1.006, and 5.572 g, respectively). Rewn batches
1, 2, and 3 were extracted with 50% MeQOH, 509 MeOH with
EDTA {10 mM), and amunonium acetate n 508 MeOH (M,
respectivedy, as follows: (1) 7 o soak, then clution/analysis, and
{2) addition of fresh solvent, with gution/analysis on day 18,
The solvents for resin batches | and 2 were reserved and used
to  extend the soak/ewtraction period; additional
elution/analyses were pesformed 2 29 dand 41 . Resin bach
4 was packed into a Restek stainjess steel cotumn (250 x 4.6
mm), installed as an HPLC oolunun, and mun at 2 o, msin !t
with the following serles of selvents: aaditied water (0.1%
formic ackh 40 mby, 50% MeQb (22 m), 90% MeOH (18:al),
Isopropanet (30 mly, 508 MeOH (10 ml), 508 MeOH with
ammomium acetate {16; 20 mi), and 50% AeOH 20 mi)
The fortified Mil-0) was kept under the same storage condi-
tiors (room temperature, low light) and anatyzed at each time
point to check for degradation of the DA (none was observed).

fhe conwstency of adsorption and extraction pegfosmance
in {ieldd bags was investigated theough the ficld-deployment of
repiicate SPATT bags and thelr extraction per the UCST fieid
protocol. SPATT bags of HP20, now-actvated SP700 and SP2G7
were teld-deployed jsee “Field deployment at Sama Crwe
Muommcipal Wha (SCMI),™ next secdon] in triplicate for 104
{1828 Nov 2009). The bags wers prowessed a8 {ield bags
Ginsed in MilleQ, stored at -80°C) and extracied per the
UCSC fietd protecol on O Dec 2009,

Eiptd deployrment ot Semte Cruz Nudcipal Whatf (SCMW) —
The resins HP20 and SP?00 were evaluated in weekly fefa
deplos ments at SCRW (36" 57 48, 1227 LOZ'W) from 13 jui
20US-01 Dec 2009; for 7 of these rotations, the deployment
period exceeded 7 d. Deployment of P75 as 2 nonacrivated
resin Degan on 29 Apr 2009, and the resin SP207 (nop-acti-
vated} was added 1o the figdd rotations on 20 May 2009, For
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deployment, SPATT bags were clamped into plastic embroi-
dery hoops (Susan Bates® HOOP-La, 7.6 cm dia), and secured
to a weighted rope with a plastic zip-tie at approximately 2.5
m depth. For SPATT bag retrieval and transport, the bag was
unclamped from the embroidery hoop, immediately rinsed in
~200 ml Milli-Q, and transported to the lab in a glass con-
tainer on ice. Upon arrival, the bag was rinsed twice more in
Mili-Q (2 % 200 mL), then placed in a 20 mL glass scintillation
vial and stored ar -80°C. All archuved bags were thawed
entirely prior to extraction. Toxin values are reported normal-
ized 10 1 g resin and length of deployment (e.g., ng DA per
gram resin per day) and were not corrected for estimated
extraction efficiency.

SPATT bags were depioyed at the same depth as bags of sen-
tinel mussels (~2.5 m) maintained and sampled as part of the
LDPH Marme Blotoxin Monitoring Program. Net-tow {5 x 10
1t vertical effort, 20 wm mesh with net dimensions 25 »x 100
om (leading diameter x leagth) and a § x 20 o cod-end {inter-
nat diameter x lengtl}] and whole-water samples were col-
lected near the deployment site for gquatitative evaluation of
the phytoplankion assembiage (presencefabsence and est-
mate of relative abundanve to the genus Tevel) and for the
gquantification of toxigenic Pseudo-nitzschia species (I australis
and P mdtiserres) and Alexandriven catencila. Relative abun-
dances of ghytoplankton were derermined with a Leiva
MI125 stereomucroscope within 1 h of sample collection.
Whole water was collected by integration of water samples
taken from 3 discrete depths (0, 1 5, and 3 m) with a Field-
saster 1.75 L basic warer bottle. Pseudoadiachis and Alexan-
driseni species identification and enumeration used species-spe-
cific targe subunit rRNA-targeted probes following standard
protocets (Miller and Scholin 1998). Samples were enumer-
ated with a Zeiss Mandard 18 compound microscope equipped
with a tluorescence (Huminator 100 (Zeissy. Duplicate ulters
were prepared for each species, and the entire surface area of
each Pfter was considered in counting.

Assessmeet

Adsorption proflies—The DA adsvrption profiles of the can-
didaie resins It SPATT bags are chasacterized in Table 3 and are
presented In Fig. 2. The profiles are two-phase exponential
decay carves fit to Hme-potnt observations of DA concentra-
tion in the incubation mediom {normalized to initial DA con-
centration) egcept for the adsorpton peofile of HIZ0 in sea-
water, which is best fit by Jinear regression (Fig. 28). The
estirmnated adsorption curves wuere pootest for HP20 in both
Mil-Q and n seawarer RY = (L82 and (.55, respectively). The
adsorption urves of the SP700, SP207, and SP20Q7LS resins it
tne data well (R? > 0.90; Table 3). Adsorption profiies ate pre-
sented for both activated and non-activated SP700 SPATT bags
{Fig. 2B, since both were emploved as part of ous field deploy-
went program. Through 192 h (8 d), there is no difference
between the adsorption behavior of activated and nou-acti-
vated SP7O0 (2-way ANOVA; P = (1.1 1); the difference beconies
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Table 3 Adsorpuon charactenstics for the SPATT resins evahuated in the present study In all cases described here, domorc acid (DA)
adsorption was from DA fortfied 0 2 pm filtered seawater Comparable resuits (not tabulated) were obtaned for DA fortified Mith Q
water {e g, Fig 24)

HP20 SP700 (non-actvated) SP700 (activated) $p207 5P20753
Adsorptive character Stow/weak Moderate/moderate Moderates strofi Fast stromn Fast/strony
O g 9 ]
Adsorptien s 7 d (%) 12 64 70 97 93
Time 1o fulf ac.orpuon (d) 36 22 17 13 10
Peofih, fit (% } 055 093 099 094 091
A B C
1080 % % JI: o] 3 3 & e o] 0 3 o
3 ~
9 E
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Fig 2 Adsorptien profiles for SPATT bags of the candidate resins assessed for applicaton toward domoic aad (DA) (A) HP20 and SP700 v DA fort
fiad Mulb-Q, (B) HP2D and SP700 in DAfortdhed seawater () SP207 and SP2075S in DA fortified seawater All adsorption profiles are presented as two-
phase exponentizl decay turves except for the bnear fit p 4 for HP20 m ver {B) Al exponential decay curves were signficant (B2 - 09 P
005 see Table 35

sgmiwant when the sdsorption curve is extended o 360 toward 3 DA Joaded batch of free non actuvated SP700 resin

boars {55 davs B 002 demonstrated the Cypauty to recovy DA from these resins
Extratum offiencies—Instamnees of meomplete adsorpion exinbitng strong binding charactenstics but at higher malyt
from the mediom (e g HP20 P 2) worfounded e wvalua 1 id annd material cost and with substantially ionger e mter

pon of extrachion efhaenues 1Cross renn tvpes hegardliess vals between deployment and finsl analyss Sudk eatrachon
HP2u cuuid b distinguohed as a retatively  fedky” rewn m ol the SP700 resun 1 50% MAOH and 50% MeOh win bDTA
prejuriniary tialy «ur hunding of 1P20 baygs per the onginal {10 mM) yilded 4/% and $2% ncovery «nday 7 cumulative
{FRS) extraction muinod mdicated the urendended extraction recot v mncreased with prolonged sosking (619610 629 68
dossy ¢ DA “com the bags into pre-extraction Ml Q rnses 0 6996 and 71% to 72% on day 18 29 and 11 respectnely)
While the leaky <aracter of HE20 preciudes a conose descrip- Soar-extraction m 50% MeOH with ammoniam acetate (I1M)
tion of Is extrachion eliouney tosses of DA from HP20 held  demonstrated Iower cumulatsve recoverv (3™ to 10 4 on day
depioy mends o the pre estractoon Mih-O nnses presenbed . 7 34% on day 185 Paclung DA loaded {(non activated) SP700
oy othe LOM field protorol (ould be (1) ecuousded tur mio an PPLC wolumn for pressunred (atraction yielded
th cagh the rodesignation oF the Wb O £ oses a5 ‘et 15 4% 78 6% aud 82% cumulative recovery with the first 3
nons  whuch are then rocived desncd on an P glumn selverts used rof cotumn ehist on {acdihed water 50Y MeOH
and patvzed o {2} wacounitred 45 @ consstent inss ferm S0% MeOH) with no additional recovens of DA by sobvent el

arossy HP20 field deplovemonds whath are bandled and nons therealter nor wath removal of the resn from the it

extracted according 1o the same nnwd protocol Compared  umin and ol MeOH sudk ror an additional 10 g Suice we
withh *he HP2 reswy, he Hree alternatno rosms SPIOG estinale roovcry bawd on mass balance we wannol deter
SP207 4P207YS) were relatnelv aggressn e o thewt retention of e whether the remaning DA (18% to 2924 was lost from
DA and our 84 recnary ddfiencies from the experanental the 2700 resia duning processeng was still adsorbed or was
{n o BP0 SPATT bags were comparativewy 'ow (2% to 11%) degraded In Oyomderation of 1oss to degradation we note the
fhe appikation of more exhausine ¢urachon twdhnieues >9%-4a reion ety from HP20 3 simelar resin (Table 2) this recon
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erv efficiency suggests that DA s not mherently unstable
when exposed 1o resin Although we dud not extensnely test
storage effects as part of ths study, our od hoc results indicate
that the resi and extracty (509 MeOH) are stable for at teast
several mronths with ne loss or transformaton of DAL Other
extzacuon solvents and protocols were evaluated mdcluding
jonger chaw aicoholy {(ethanol ssopropanci} of verying
strength, pH adpustea nethanohc sohitions (hoth acdee and
basicy somcation, heaung, and wam (30°C) bath sorucation
{data not shown), with 1o wmprovement mn extrachion etf
cency

Whyle adsorption profiles and eatraction efhcrencies can be
estmated and descnbed i the expennmential selting, these
deta canno! he Guectly exirapolated 1o the Beld sotting and
presumed to hold constant i1 an uncongrolied environment
We therefore ditertly gvaluated the varability mhbetent 1o our
SPALT bay fiek! deplovment/exiratton method threugh a
deplovment rotabion of nphoate bags w the feld the walf-
crenvts of vanabon LV worg {4 99, for HPZY, 36 9% for SP700
cod 15 8% for SU207 The relatuvely bagh LV for SP700 was
caused by an ouder wathin the SP700 bag extracions For
COMPATISON, an andogous assessment of vanabiily among
medividual sentinel mussels {1 - 12) determmed CVs of 46 6%
and 4 6% for anadysis Iy OIS and Biosense ELISA, reypec-
wviely, tolowing standard exiractsen protocols and analysis sn
our laboratory

Fiwhi depiovimeni— The results of SPATT bag held deplov
ment at SCMW are prosented wath Pseadoantzsdng sclative
abundance {mdexed by wisual mupccion of the samphe and
evaluatson of the phvitoplankion assemblage al the genus
tevel, Big. 34}, DA 1 shelinsh (Fig 385, cell counes speafic o
toxigensc speees of Psendo-rtachins thig 30), and paticulate
DA (fag. 31y Wiade the tomgerac speaes P oaustrans and P
suliseres have been essoasated with tovc bloom events
observed in Monterey Bay, therr recogrution 3 jotalh toxe
gem speaes does not ehnsinace the poteniial tor DA produc
ton by speuies other thau P australts and P nmdtsenes, for thas
reason, we present the SPATT sosult mitn both discrete cell
connts of dwse weageine species and the wdex of relative
abuandance at the gepus lov el Wink we convider SPAIT o be
sem-Guantitain e because we can’t durectly relate reun wn
Ipads o guanbidine oxin cyncenbations (1 the Favion
ment, field deployments used rdentical procedures, 2nd are
therefere mizenally comparable Ge, lowshgh oalees for 2
given resin fype are assumed o mdicate Jownflugh valoes m
the environments Of the threz reuns wed 10 Held testing
HP2ZG was the waly sevn deploved consistently {ehvays ach-
vated) throaghout the 17 months deployment penod The
HP2Y depioyments sutoesfully signaled the presence of DA
peadcatly throughout the yean & ugmfcant cpsode of
SPATT D4 egnaling by HPZ0 beyan o late Februarv (deply
ment perod 2§ teb - 03 Mar 2009 and nad surpassed all pre-
vious signal magnsudes by mud-March  fowugerue Psouds
nsschine andd pDA were detecred on 21 Apr 2009, 6 weeks afty
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the first weeh-rotation of SPAT1I-DA signaling  Toxigenuc
Pseudp-rtzoch were wdentified at ‘bloom level’ concentra
uons (>10.000 cells T Y on 05 May 2009, and shellfish toxic-
1ty was detected on 11 May 2009 7 and 8 weeks respectively,
after the frst wotation of elevated SPATT-DA signaling Non
actn ated deployments of SI'700 began on 29 Apr 2000 (near
10 the observed bloom-peak in pDA comentration), and
SP207 deployments began on 20 May 2009 (near to the end of
the bloom peaod) The DA signaly from SP70 were imttatly
fugh, and then SPAIT DA signaling from all thiee resms
dedlined in wonjuncuon with, or m shight advance of, mdica-
tors attorded through trachtional monsoring (e, cell counts
and particulate toan monstoring)

Al theee SPATT resins dropped (o tow and/or zero deteczon
for three weekly rotaftous following the spring 2009 bloom
everst Smnmer 2009 was 3 period of mtermittent SPATT-DA
signabang and disjounted signaling by tradivonal montonng
tecdnrques fe g, pDA detection wethout celi detection and
vice v orsa sanght weeh detection mcidenisy  fhe SP700 and
SP20O7 SPATT resns signated DA across two acehly rotations in
late Junefearls July 2009 (HP20 signaled across only the latter
of tne two rotattons;, This sigrabing event may be revogized
i the pba record as a single detecuon mudent 23 ng L' on
23 Jun 20093 Partcuiate DA (and toxigenl Pseudo-nitoschia
cell counts) remained below detection for the romamnder of
the suminer, thioughout a second summrer penod of sustamed
SPATT D4 signaling (13 Jul-18 Aug 2009) SPATT DA signals
then fell to 7er0 0v or 3 two-week pertod of low Pssudo-nitzscua
relatn e abundance and low (<1000 cells [ B tovgens, Psedo-
sirtocug species abundance both tradstiona! measures of toxin
srrdence {(phA and DA m sheltfish), indscated this as a penod
of non-toxiaty {ne detedion of DA in the particulate fraction
or 1 shellfsh. SPATT D4 bogan a consntent signal-response
1o the unpending f41 bioom on 02 Sept 2009, 3 weeks prior to
the detection of “Poom’ condinons G100 WS LY and 7
weehs prior o the detechon of shellfish tonaity  The tonsis-
wocy of the signal sesporse by SPATT s umsgue among the
monitonng data, tox.gemc Peudo mtrsting el counts and
Legudo-ndadhin relative abundance buth dropped 1o zero on
24 bept and 12 Qat 2009, and pDA mdicated dechming toxn
ievels on those dates, the collection of a discrete sample
whnch induated an absenwe of Povado nsteschte {toxigemc
species o otherwise) and dechining towan fevels on 12 Our s
especially sigraticant suwe the sentinel shelifish “wear toan
the following weeh, umping from sero to above the regula-
oy tox hont wathun & matter of das s non-detect on 14 Ot
2003, 29 pg g on 21 Oct 2009)

While ous cerord for BST 1 imncormplete (e g, no SPATT-PST
data are avadabie for the (l detectzon incrdent in Nov 2009),
the detecnon of PST an HP20 field extzacts extubited pattems
sumular to those demonstrated for DA Concentrations of PST
1 HP2O field extrach reflected both the preserce of Alexan-
driuin catenclia dbd the toxdn levels measured by COPH in
wssel sampiles (g 4
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Fig. 3 Hesulls from feld deplovment of SPATT bags ot the Santa Cne Muoretupe: Woarf trom 15 ful 2008 31 Dec 2002 The SPATT held results arc
ovestnd wath total Pieudo nitzweow refabve atundace (0 - aone 1 =are, 2

£,

tmel sholifish, & reported by thes Dep
#alis) (O parpailate domoc ard (D2} correntration (D)

Discussion

Licployrment sfategy @ind oond - Botoan monitormg {or the
proteceon of human health requires o rehable resource that
can bi sampled consistently for me ntonng puposes in Cah
fornea, partapants i the TOPH Manne Bwotoun Monmtonng,
Program colect samples of sentinel o wid sherifish for dehv
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present, 3 = conmon, 4 - abundant) {A) domoic aad m adacent ser

w of Publ © Heastth (CDPH) (B) cell abundarwe of toxgenic Pseudp-ritzschuo {8 multseaes + P aus

ery, {0 the state bab tor analyib 10 most years the mayonty of
bantoxm sarmples analyzed by (DPH are mussels (e g 60% 1n
2008; Specel sigmiancl S guen (o MOonuonng achviues
along the ouatir coast, where toun detcction mught afford
advance wartng to hanesters in more protected areas The
apundance of musseds along the ourer coast of Cahforma s
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Fig 4 Resuits frum the analysss of HO20 SPAT field bag extiaci: for sactoxs and related paralylic shelifish toxin (PST) Al extracts were obtaned
Srom HP20 field deployments at the Santa Crez Murimipal Whatt ard sssaged by Abraxis® ELISA Ao shown are PST n adjacent sentivel shelifish a
reperted by the Califorva Depariment of Pubbc Health: (CDPH) w d ol concentrations of Alexordnum coterelic a knowwn source of PST i the manne
emuonrent Folarged open arcdes denote PST measurements by CDPH that were above the it of detechion nonentarged open crcies denote PST
detection through & rapd screening techmigue wath nnndetection by analytical imeans (value hown s the upper bounds or detection hre £) or PST non

detection

tatelle howeve bodv between .egmons e e them and
southern Californe ) and berween stes wethur a regron Sovth
2005, Mussdd abuindange o sabject 0 thenge etunmding to
vanous fa.tors including mesowale ocarogriphu cond:
ons biotic end oot factoss attmg on jocal and broed
scales (o g predation ntdal petiunsy and lacval sapply and
recriement (o f Smuth et al 20097 Wubun the Mooterey Bay
repon  (constant mussel abundance has confounded mom
tonng ectiiies  focal momfoung agencaes hae reoundy
rep sited fow munsel recrugment to supply sites that had buen
generally reliabie and have expressed defficulty in sustagqung
and lorating adult mussed stock [ Peters (Cou i, of Yama
Cror ~anoninental Health and Safity) pers comm ;| While
sentrnel shelifish avedebibity > mnconsstest the supply of
SPATT s controfled onlt by the wusking capauty and prefer
ence of the muointoriog agency W has ¢ su cewfinly deploved
SPAYT as 3 pessne sa apler i a froshinater lake  desalmation
53510011 feedwater tek, and my a flow through vumfae water
sampang steeam aboard o "escanh vessel (Jata not s 9y
Gaten thn flewinhity we aniopaty that the prmay aupeds
wren o wadespread use of SPATT are primianiv ¢ oI tTu Ion
and analyss o5t wnd scrondardy vuer cabibranon <t mus-
se s or othur >hiedifish

A comparatin g vt anady s fr sheithid and SPATT s »up-
phed m Tahie 4 Shelifish Lovts nerr estimated aciording to
the exiracuon prowdure and matenaly descobed i estab
wshed protocols (Hess et s 2605 Quidfoam et 3t 199 Qugd
harn e al 1908 Myinte the overbiead Losts estamated for Poth
MDRAOT g, CIOEFRIS are oomparabe § $200 15Dy the jro-
grems iffer w1 pue vampler cost Relat ve 1o shedfish a2 SPATY
1%, 48 Touer i Lost by S fold (1120} 7 &told (5F700) anu
25 {03 (SPRO7) Fhe SPIO7SS s v he opny ask bor which
the (ost of S7PATT b heghar than for snedfish <1 7 {old, One
5t aat rey cesented i Tablc 4 dus to diffsculty of quantf
Lationy 1 the cost of e and labor required (o generate and
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matam ¢ supply 3F SPAT I bags ur santmae shellfsh Theoon
struction of 60 SPAIT bags suffictent 01 over a year of weekly
< tations would he corypleted withie 6 1 by a student volon
teer To mamtaimn o sufficient supply of sheditish for deploy
aent 1 SOMW shenbfish collecion and oag@iug events oucur
2 3 umes per year by partics of 2 5§ volunteers While we pres
ent this comparison on a hae iem basis for pus poses of dar
ity we do not >uggest SPATT as a (lews expensive) alternative to
sentweed shelihsh monitonng, With addwimal imer calibra
twon and vahdagen studies SPATT wall me ¥ anmediately be
used to aigment ongong saellish mondtonng pracuces
(Maukenzie 2000} I wo teassess tr e potenua’ of SPATT o a
cost savings baws o shelltish and SPYT T are both sampled
wehly Dut the shaiifish sae ple o entract @ oy when DA s
detected m the SPATT exnad) ttus sceerir g approach within
our held tadl would Pave afforded 2% and 26% cost salms
from HP20 and SP700 respectndy This 15 an miternid Lost
sav ks €5 unate ncanplementation of SPATE o screen for
shiehifsh fOXICHy W a semy guanigwive (apaaty within the
cancart CDPH momtornyg design ould afford significant cost
sasings by redusing both anabvucal and shipping costs the
fager of which 15 substant al component of the CDPH
brogosn morutonng budger

it should be noted that the analy sl and labor Losts asso
crated with shelffsh & ctoxin avabyss prosed prohsbstne for
alf samples recerved by CDTH wspeually whan it becam, clear
that magkieple tovins were of comem (PAT and DA versusg P51
alope) Phytopiaskion montenng 3a. imnleguted nto the
CUPH Meane Botowin Momtonng Trogram sn 1993 so that
sheltfish ampics «ould be analy zed on the bass of sk proba
i as suchy onky a nacticy of the shalfish samyples recened
by CUPH are actuglly wnahy zed e g 26910 20068y Fy'raction
of 3 ficdd SPATT samnple 3 comparatos oy Jower x time and
fabor requirements ine SPATT extraction described here
uniuaes & tree-step serles of ohamm elunons that wn be
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Table 4. Comparative cost analysis of the supphes and equipment required for domoic acid monitoring by sentinel sheltfish and by
SPATT. Matenals (supplies and equipment) required for sentinel shellfish ave according to established protocols (Hess et al. 2005; Quit-
farm et ab, 1995; Quitham at at, 1998). Al costs are in 2010 USD (%), Costs ncluded in “Construction & extraction” are for nonre-
coverable supphes and expenses pro-rated for weekly samphnag (e.g., weekly shellfish sampling includes $41.20 for the collection per-
mit distributed over 52 weeks, plus the weekly cost of an aulovial filter and SPE column). in this study, SPATT and shellfish were both
analyzed for DA by LC-MS; the analytical cost for the two menitoring methods was therefore equivalent. Reagents are listed but
excluled from the cost estinate duc to cost variabildy, whereas personnel costs are not ncluded and assumed to be equivalent for

the two methods

compieted wirhin J0-30 min, yielding extracts that are avail-
able for immediate analysis of a single toon or ot multiple
ronins, a5 demonsuated {e.g, DA or DA plus PST), We note
that other have already demonstrated the ability to use HP20
for a suite of marine xS (Fux et ad 2008, 2009; Mackende
et al. 2004; Pizarro et al. 20084, 2008b, Rundberget ot al. 2007,
2009, Takahashi et al. 20071, The cesin and exXtract are reason-
ably stable when stored at -80°C, provuding the ability to
archive samples for furthec anafysis at g Iater tme. An evalua-
tion of vaii«bility among individuat SPATT bags and indind-
ual sentinel mussels further demonstrates the advantage of

Sentinel shelifish SPATT
HP20 (3 )
Sorbent, HP20-01 1oo
w700 G3e | .
Q&0
% Sorbent, SP700-05L
SP207 (3 @) 250
) Field colfections of shelifish, Califorrua Department Sorbent, $P207-01
Sampler construction . 4120 e A
: of tish & Game annual sport fishing bcense SP207SS (3 g 11.90
Sorbent, SP20755-01 )
Nitex (100 pm, per bag) 030
Wildco, 24-C34
Nitex (53 pm, per bag) 040
Wildco, 24-C27
Entraction suppiies Autovial flter, Whatman Inc, AVI2SUNAQ i 290 —_— —
{norr-regenerative) SPE colurm, Supeldean LC-SAX, 57017 340 — —
HP20 130
Construction & extraction 710 SP700 0.90
{cost per sample) $P207 2.86
SP2OTSS 12.30
[ e A‘ﬂr Bagﬂsea!er 87, N
1
| Clamico, 210-21E 11000
Specatzed equipment Commercal blender, Waring, 7011-G 21150 | rusmetiviiusiraiperell sl
| Polypropylene columns (50), 104 50
Bio-rad, 732-1010
Overread (total cost) 211.50 21450
Shipping (UCSC to CHPHY FedEx Priority Oversight 33.54 FedEx 20ay 16.39
Processing time {(per sample} Shuck, homogenize, extract & SAX-prep 3ih i Rinse & extract 85h
Reagents B Meﬁia;&, H,0, Acetorntrite, Citric edid buffer, Tormic anid ! Methanol, H,0, Ammonum acetate

SPATT as an arhiticaal sampling device: extractions of replicate
fleld-deployed SPATT bags demonstrated significantly less
variability than exractions of individual sexntinel mussels that
had peent collected from the same deployment bag (14.9-
36,9 versus H0.6%:,

For some applications, such as ecological monitoring of
wonin fevels separate from shellfish, or fos ecophysiclogical
studites of harmfig algae, direct comparison between shellfish
and SPATT may not be necessary, For regulstory monitonng
purposes, however, SPATT alone would not be acceplable since
it does not conform 0 AOAC guidelines (AOQAC International
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2000; ACAC Intemational 2006) SPATT may sull be useful as
an augmentadon to reguatory monitoring of shellfish, similar
fo the phvioplankion cbservalions, in that it can indicate the
petentiaf presence of wotovins in the environment without of
in addition 10 analysis ot shelifish Further inter-calibration,
potentially on a site-by-site basis, would hkely be required
before SPATT could be fully integrated into existing monitor-
ing prograrns (Mackenzie 2016}, This present study supports
the inchusion of hydeophslic toxing in future inter-cahbration
studres and provides evidence of their potential 1o augment
regulatory pracidces worldwide, incudmg within the Ussited
States.

Detection aind early wariing of a DA toxin event—QObserva-
tions from a provinus DA event atong the Californiz coastline
established that the monitonng of shelifish alone is not
alwavs sufficient for adequate warning of focd web contams-
nation 4t levels that are thretening to maring mammal or
hunan populations (Schokw et al. Z000). This previcus DA
event, triggered by a bloom of Psewdo-nitzschiig austrails m May
and june 1998, resuited in the death of over 460 sea hons;
although DA was detected in phytoplankion, notthem
anchovy (Eagrauls mondux), and California sea bon (Zaloping
wiliformianys) samples, concurrent sampley of blue musseh
(AMytitus eduhis) contalned iittie to nu D34 Scholin et al 2000L
The converse can also occur. DA-pvent observations ot B
edulis populabions in Cardigan 8ay, Canada, reached toxin {ov-
efs higher thas could be explained by a single<ompartment
uptake-clcatance maodel of DA dux (> 300 ppm). suggesting
that biclogical factors (increased gradng o the suppresson of
metabolic efficiency, or both, undey bloem conditions) com-
phcate the relationship betwecn the amount of DA avallable
in partdordate form in the water column and the amount hat
aourouiates 1 musseds Galvert and Kao 1992). Both socrenon
and depuiing vary according 1o seawater temnperatare and
massel wze, with Kinetics doven largely by the digestive gland
{Blanco et al. 2006; Wovaczel et al. 1991 The efficwency at
which 74 n accemuylated in A edufh is 1% w0 5%
{Wohlgeschafien 1931); the rate of depuraton, orfigmally estk
mated at 17% &7, hay bern recently worrected to 87% o
{hrogstad et al. 2009

Syrthetic passive sampling devices can be represented by a
one-companment sampling modet {v.g., Fig. 1 o Stwerlaw-
adsen 20053, with aptake scoonding to chemical potential gra-
dients. These chemical potontial gradiens can be atfected by
ens ironmental conditions (flow, teoperature, bisfouling,
eny, and permeability reference compounds have been rec
ommended & & teans w Guantify and correct for these fac-
iors {Booi & al, 1998, Huckins o al. 1995, Stuer-Lawrilsen
20683 Yeah the exception of semi-permeable membrane
devices applied in conjunclion with calilmated reference com-
pourds, passive samphng devicss are assessed semi-quantita-
thely, e g., for the early-warning detecuon of tovin incidence
o increase {Stuer-Lauridsen 2008}

O field Jdeployments of HPZ0 SPATT sicessfully signaled
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two shellfish toxicity events 3 and 7 weeks prior to bloom
onset (toxigenic Pseudo-nitzschia > 10,000 celis L ), and 7 and
8 weeks prior to the detecuon of shellfish toxicity; untike tra-
ditional metrics, enhanced DA-dignahng by SPATT consis-
tently ndicated the development of toxigenic blooms and
impending incdents of shellfish intoxication (i.e., in the fall
bloom, toxigenic Pszuwdo-nitzschia cell counts and Psewdo-
stitzschug relative abundance both fel) to zero the week prior to
bloom onset and pDA declined the week pror 10 DA detection
m shelifisli). Sentinel shellfish samples collected and analyzed
as part of the CDPH Maxine Biotoxm Monitoring Program
during the spring bloom period never exceeded 9.2 pg ¢! tis
sue (the regulatory closure limit is 20 pg g7, and were not
toxic above the CDPH detection limut untd 8 weeks after DA
detection with SPATT (Fig. $). Unlike the spring bloom, mus-
sel toxicity did exceed the regulatory ciosure Jimt during the
wxdgenc bloom event of fall 2009, This exceedance forced a
regulatory reaction from CDPH: the annual mussel guanan-
tise, lifted by CDOPH accordmg to schedule on 31 Oct 2008,
had to be reinstated 2 weeks later through an emergency
statewide press retease {13 Nov 2009} Mussel toxicity was
mcasured at ¥ highest level on 20 Nov 2009 (39 ug g7,
SPATT-DA sgnaling was unprecedented ¢(high) from the
deployment rotation immedigtely preceding thai med-
surement (e g., SP700, 60 ng DA g d ). Mopitoning by SPATT
successfully signated the impending toxigenic blooms of
spring and fall 2009, and tracked the unexpectedly sustalned
toxigenic bloom conditdons of fall 2009 This demonstration
ol SPATT DA-signaling relative to shellfish toxicity and CDPH
regulatory bobavior indicates its potental to facilitate a more
antivipatory, less (eactiouary, management perspective.
Detectios of DA wyfer ‘non event” circumstances— Acute, fatal,
ar chronic sublethal exposure to DA s mncreasingly recognized
as an emerging threat to both human and wildhfe heaith
{Goeddstein ot al. 2008; Gratten et al. 2007, Kseuder et al. 2005;
Ramsdedt and Zabka 2008). Data from long-term divease sur-
veillance suggess that DA exposure may be one factor con-
tnbuting to monalty and fatlwe of populabion recovery of
wyEtherT: ved otters, a federalty listed threatened species (M. 4.
Mifler JCIHG], pors. comm). Logstic regression maodels devel-
oped for toxigenic Fseudo-nitzschio blooms in Monterey Bay
have been used to indivate the extent of potential exposure by
signaling the wncidence of toxigenic bicom events (Lanc et al.
2008), but cannot directly address toxin inadence since 1ox1-
genic blooms can vary widely in toxicity {(Anderson et al.
20036, 2009; Blum ot al. 2006; Lane et al. 200%; Marschety et al.
2004; Trainer et al. 2002). Irrespective of bloum prevalence o
toxiciy, SPATT atfords the divect detection of D, PST Godud-
g 8TXR), and oiher phycotoxine in the waiter column and, as
an iotegrative sampling tool, SPATT has the potential to signal
the incidence of ioxin between discrete sampling events.
Observational data from SPATT deployments, applied in con-
jrction with toxigenic Mao-nitzschim bloom models or tra-
drtional sampling methody (phiytoplankton identification,
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low rate of accwmuliion (194 over 7 dj and a 1e avely
fughe gate of desorpuion Of the reans e aluated here the
nonspecthicity and weak adsorption bohas wor 0f the HP20 sug
ey 1 at it would most accurately imstate the adsorption and
deput ation ruspense of a sentinel muassel while affc rding the
constinly oF a no inclogical passn e sampler The use of HP?0
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reous detection of butb hydrophifie and hpophilic cxms
(lable 1)
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Fig 5 A graph of t ypothetscal domor aad (DA) recovery from SPATT bags of resn types ovaluated i ths study The figure ublizes the expenmentally
determmed adsorphon and exiracton off ienoes converted to the theoretical amount of DA recovered from SPATT bags of each resin type as a func
tion of the duration of deployment We assumed a dlosed system {1000 O with an amibyent dissolved DA concentration of 0 01 nM

were able to observe DA signaling from our held deploved
SPATT bag and the DA sgnahing from the var ous resin fy pes
appeated to augment (rather than congradicl) discrete obser
vatony of pOA rewgeon and Prendpmizngrt abunging
Alevridman catencils abundance and measuremients of PST
and DA a1 i lifh

The adsorption behavor of watn restn was Tepresentative of
its relative extractabingy c e faster adsorphion traastates to
reduced {or more drifu olly extraction As such the relatne
exthaction efficency of cach resin must be considerad an con
junction wath 1 adsorpuon profie for proper ileptdn tbon
of a vesin that .5 ophmas for any specific apphcation Figure S
depicts trie combingtion of adsorption and extraction off
aeney for each reswt o Jeme nsirate the amount of Da tha
would be recovored teomn SPATT bags asing ous extractior pro
towols presented 25 & funcuon of the hvpothencal deploy
mietst pesod Winde these resully #re theoretual accordmg to
Tig 5 deplovwent penods of 1 werk would revelt o DA sig
rateag wom aff Whree reva VPRS ot ot gy the saine niagn
tude shight moredses 41 the DA sgnar magmindes om SE7O0
and SPZ0” may e ou o to thew greatir capaday 1o adsord Ba
dunng tran.ent exposure B un Tig > aiso ughhighs the
relatne gebamsgls of highly responsne euns »uch as \P207
s oy e 13 Pos dwotgh oF Lapnag cppiie dions gnd
the bened 15 of wang, HE 70 for prodonged deployments despiic
15 fcaky characterHics

Much ghter recoveries werd wbtaned iIn ncBenivated
SP7( nboratory triabs wihen wsang edher an HPC column
(B29%) o1 sucoessive rovm temperatwre spakftransfurs asth
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MeOH {69% to 72%;) while extraction of HP2() exceeded 999
when 1¢un was removed from the SPATT bag and the Milh Q
nnses weie included in the analisis Mills Q rinses did not
evtract DY fron the othor fmun HP2O) vesins While ot o
wnpotant 1o demonstrate hat maomal extraction efhaen
ces «an be obtamcd 1ae tme eftort and wost requared fos
acluevement of wose levels of efficiency detract from the util
sty Of SPATT as a quak effiuent and mespensive new mont
toriny technology ~ without providmg benefit beyond what
larger resin bag deployments would provide 1e > 3 g dre
werght resua) However sioce the toxins appear to be stable
when dhe zesin 1$ stoted at -80°C the end user always has the
option of usng our quich xtraction protocol followed by
more eatensive ¢ omplott) extraction at a latct tme

Conmuments and recommenduations

4 prumary dullonge n tas metnod development was the
wdentthation of 4 ressonable and satisfactory extachon pro
rrot Just as we adapred an omggnal extrachion protoco? for
our purpuses we ennouragt further adaptation of car protocol
yor the otgin ] protoco’y for tae improvement of extraction
efficency the mnumzeuen of sotvent volumes and/or addt
nonal convenwnc The reuns oirformed adequated for the
purpse of our SPATT DA field momitoumng thes study thede
fute represents the succuseful crpansion of SPATT techuology
{1y o U walen and {2) toward deteuion of DA 4
hyvdrophiue phycotonan {and ir the wase of HP20 simuitane
ous Jetection of STN and related PSisj Whereas this 15 a
demonstration of SOcCess 1* 18 aiso 4 detnonstraton of broader
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potential, The promise demonstrated here for SPATT technul-
ogy warrants the future development and tmprovement of
protocols affowng for expansion into 2 more diverse range of
agplications.

Whide not atternpted as pert of this study, we would partie-
ufarly encourage investigation indo the potential vegenetation
of SPATT resin tor re-use. dymthetic adsorptive resins are refa-
tively robust in structure and materal, and are routinely
regenerated as part of therr application in an exceptionally
wide vanety of contests. The development of a regenerative
capacity would require. (1) the development of an extraction
protocol that consstently provides 10% extracton effi-
ciency, {2) a cleaning protocof to eliminate biofouling, and (3}
a controtted assessment of rean resilience and performame
through ssocessive regeneration oydes. This would fucther
refduce the expense and tims assocmted with SPATT momitor-
ing and would duminish the waswe resin prodaced a8 o veseit of
1ts applivation; these advantages would need to be balgoced
against the production of additional waste solvents gunerated
as pasrt of the recycling process as well as anv tnss of perform-
ance in the recycled rewn.

We Hustrate that passive samvpling Dy SPATY is a powerfud
sems-quantitative tool that can afford new and unigue insight
wito the dustnbution and prevalence of the hydrophilic bottx-
ins domroi acid and saxifozin in the manne environmment.
Singe the use of HP20 and SP?00 with lipophilic toxins has been
established, this work broadens thew potential applicabilvy
toward the tull range of phycatnding cureently monioed in
sengingd sheltfish As such, SPATT 13 & technology that miay sup-
port & more holistic regulatory approach, since s televancy
encompasses both fipophific mxin vyposare (8.5, neuwoxic
shelltish puisorung, diarrhete shellfish posoning and the
hydrophihe toxins addrossed in thus study ramnesic shetifish
poisoruny, paralytic shelifish porsoning). Farther, signaling by
SPATT-DA In asdvandce of shellfish toxscity may allow agtncics to
assume & more proactive tless reactive) regulatogy stance. As an
anif.cal vampling device, SPATT lacks the bwoloygical verfability
and analydoal complicaiions inheront to sentinet shelifish, and
can be deployed in envagonmens not condudive 0 Sntawd
organism monitormg Since hpophitic and hydrophali towins
are gncountered and addiessed by regalators agencies and
rescarch instiutes wosrldwide and within 8 range of envison-
ments, SPATT mav afford more efticlent angd ffective regulasory
action, <ost-saviig, and enhanced touin detecton acrosn an
equally broad range of comexss. While #is potential b apparen,
SPATT should be consideral complimentary 10 quantiative
observationat methodologies unit properly sandardized to
meet the reportmg needs of regdatony agencies.
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Abstract

Recent publications have identified the analysis of phycotoxins m sentinel shellfish as a problematic tool for
environmental monitoring purposes. Domeic acid (DA), a neurotoxin produced by some species of the
diatom Pseudo-nitfzschia, can remain undetected in sentinel shellfish stocks during toxic blooms and
subsequent marine bird and mammal mass rnortality events. Solid Phase Adsorption Toxin Tracking
(SPATT) has previously been described as a new tool useful for monitoring of lipophilic toxins; a
methodology extending ite applicability towards the hydrophilic phycotoxins {DA and paralytic shellfish
toxin {PST}] has been recently described. The original method development included 18 months of weekly
SPATT deployments in Monterey Bay, California (U.S.A). Here, we update the original results with new
field data from 2010 (January ~ November), presenting DA-signaling from SPATT deployments in
conjunction with data from concurrent, traditional monitoring practices. The sensitivity of SPATT to the
onset of a toxic Pseudo-nitzschia bloom (spring 2010) is presented for comparison to the sensitivity
described in the original method development publication. Unlike in years for which SPATT-DA signaling
has been described, toxigenic Pseudo-nitzschia abundance remained elevated throughout 2010, allowing for
aunique and new evaluation of SPATT-DA performance during an exceptionally sustained toxic event.

Tatroduction

Solid Phase Adsorption Toxin Tracking (SPATT)
is a passive sampling technology designed to
monitor and detect lipophilic phycotoxins as a
‘man-made’ sentinel mussel, enabling the
detection and meonitoring of Lipophilic toxins in
coastal waters without the cost and complications
of sentinel shellfish analysis (MacKenzie e al
2004, Fux et al. 2009, Rundberget ef al. 2009,
MacKenzie 2010). The SPATT technology has
most recently been extended for the detection of
the hydrophilic phycotoxin domoic acid (DA), a
neurotoxin produced by toxigenic species of the
diatom genus Pseudo-nitzschia (Lane et ai. 2010).
The method development of SPATT for its
application with DA included I8 months (July
2007 — December 2009) of weekly-rotation field
deployments at Santa Cruz Municipal Wharf
{SCMW) in northern Monterey Bay, California.
As described, 3 adsorptive synthetic resins
identified as SPATT-DA candidate resins (HP20,
SP700, SP2067) were sealed separately into Nitex
mesh using a plastic bag sealer. The SPATT
‘bags’ were secured to a weighted rope and

suspended in the water column alongside sentinel
mussels sampled weekly as part of the California
Department of Public Health (CDPH) Marine
Biotoxin Monitoring Program. After one week the
bags were recovered (and replaced with new
bags), transported to University of California
Santa Cruz (UCSC) on blue ice, and extracied; the
extract was then analyzed for DA (and additional
phycotoxins; see Lane ef af. 2010). Concurrent
traditional sampling techniques included (a) the
collection of integrated-depth whole water (0, 1
and 3 m) for cell counts of toxigenic Pseudo-
nitzschia species (P. australis and P. mmiltiseries)
and the analysis of DA (particulate and
dissolved), and (b) the coliection of a net tow |5 x
16 £t (50 fi) vertical tow effort] for the assessment
of Pseudo-nitzschia (genus) relative abundance
within the phytoplankton community by light
microscopy. Tweo significant toxic events
eccurred during the 18-month peried; in both, DA
detection by SPATT preceded shellfish toxicity
by 7-8 weeks and afforded umique advance
warning of the toxic bloom events.

Here we update the initial performance report
described as part of the development of SPATT
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for application with DA. The timeseries described
in Lane et al. 2010 is updated for Jan — Nov 2010
with data from continued field deployments of
SPATT at SCMW and concurrent sampling of
Pseudo-nitzschia  (genus) relative abundance,
toxigenic Pseudo-nitzschia cell counts, particulate
DA, and sentinel mussels. We describe two
refinements instituted since description of the
original extraction protocel: (1) the extraction of
SPATT as free resin, and (2) same-day
preparation of an ammoniumn acetate reagent for
use in SPATT extractions.

Methods

Continsed weekly field deployments of SPATT
and concurrent sampling of Pseudo-nitzschia
relative abundance, toxigenic Psendo-nitzschia
cell counts, particulate DA and sentinel mussels
were conducted as described in Lane er ol 2010.
High resolution (daily) sampling of particulate
DA was carried out 06-21 Oct across 2 week-long
SPATT rotations, allowing for a comparison
between the two sampling approaches (discrete
daily grab sampling of particulate toxin versus
weeck-integrative SPATT  deployment). The
treatment of SPATT resins recovered from the
field was consistent with Lane ef al. 2010 until 08
Feb 2010; from that rotation forward all SPATT
resins were extracted in-colummn ag free resins.
The extraction of SPATT as free resin is made
possible with adjustment of the original extraction
protocol, as follows: the SPATT bags are
recovered from the seawater, immediately rinsed
with Milli-Q (2 x ~200 mL) and transported from
the field te the analytical lab on blue ice. One side
of the bag is cut open and the resin is Milli-Q-
rinsed out of the bag and into an extraction
column. During this process the extraction column
spigot is in the ‘closed” position, so that the
volume of Milli-Q used in resin transfer can be
held constant from week to week (~10 mL). The
resin is then extracted as described in Lane et al.
2010, with the specification that the IM
ammonivm acetate in 50% MeOH reagent is
prepared the same day it is used for extraction.

Results and Discussion

DA detection data from week-integrative SPATT
deployments at SCMW are shown in Figare 1,
with concurrent (weckly) data for Pseudo-
nitzschia (genus) relative abundance, toxigenic
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Pseudo-nitzschia cell abundance, particulate DA,
and DA in mussels. Pseudo-nitzschia (genus) and
toxigenic species of Pseudo-nitzschia were
observed every week from 31 Mar onward, with
few exceptions. Particulate DA tracked closely
with toxigenic cell counts, although the detection
of particulate DA was sporadic in the weeks prior
to (and zero the week of) the initial observation of
toxigenic Pseudo-nitzschia on 14 Apr. Shellfish
data from UCSC indicate low-level DA in sentinel
mussels for all samples collected in 2010, and
clevated DA (>! ppm) in sentinel mussels
collected during the height of the bioom event (05
May — 08 Sept) with enly a single exception (28
Jul; 0.679 ppm).
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Figure 1. Domoic acid (DA) detection by week-integrative
deployments of SPATT (HP20, SP700, SP207) at the Santa
Cruz Municipal Wharf, with the following weekly data from
discrete sample collections: Pseudo-nitzschia (genus) relative
abundance within the phytoplankton community [0, 1=1% or
less, 2=1-9%, 3=10-49%, 4=50% or more} (A), toxigenic
Pseudo-nitzschia species cell abundance (P. australis + P.
muldtiseries) (B), particulate DA (C), and DA in mussels (D).



DA was detected mn the first SPATT deployments
of the year, from 29 Dec 2009 - 12 Jan 2010
(Figure 1). SPATT and sentinel mussel
monttoring was disrupted from 13 Jan — 09 Feb
due to loss of the wharf deployment platform in a
winter storm. DA was detected by SPATT upon
the resumption of weekly deployments on 10 Feb,
and was detected in every deployment rotation
thereafter until 08 Sept, with a single exception
{rotation 31 Mar — 06 Apr) which coincided with
two weekly samples in which particulate DA was
not detected (6.00 ng L”; 07 and 14 Apr). The
continual detection of DA by SPATT began on 07
Apr; this signal preceded the observation of
toxigenic Pseudo-nitzschia by 1 week, the
detection of particulate DA and Pseudo-nitzschia
(genus) at relative abundance >1% by 2 weeks,
the recognition of blcom onset (toxigenic Pseudo-
nitzschia abundance >10,000 cells L") and
impending shellfish toxicity (>1 ppm) by 4
weeks, and the detection of shellfish toxicity by
the regulatory agency (CDPH) by 6 weeks.

SPATT DA with daily-sampled particulate DA
and weekly-sampled DA in sentinel mussels are
presented for 06-21 Oct (Figure 2). Particulate
DA was vanable from day-to-day, ranging from
zero to 1935 ng L. In the most exceptional
example of this variability, particulate DA fell to
322 ng L7 on 07 Oct after its highest
measurement the day before (1935 ng L'). DA
detection by SPATT was moderate for the first
two week-long deployment rotations {06-13 Oct
and 13-20 Oct), then became relatively weak
[(0.78 ng ") & by SP700]. Weekly samples of
DA in sentinel mussels indicated low and
decreasing shellfish toxicity during this period (3
ppm on 86 Oct; <1 ppm on 13 & 20 Oct). These
data iflustrate the utility of SPATT, which, as an
integrative passive sampling technology, can
provide a monitoring perspective that is less
susceptible fo the vanability introduced through
discrete sample collections (i.e. SPATT data
inform the collector of toxin encounters across the

J?“f” Lo s Q: 5’:
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Figure 2. Domoic acid (DA) detection by week-mtegrative
deployments of SPATT (HP20, SP700, SP207) at the Santa
Cruz Municipal Wharf, with DA in mussels (sampled
weekly).

deployment period, while discrete-sample data
inform the collector of conditions in the water
parcel that was collected). However, since SPATT
is not approved for regulatory decisions, it
remains complementary to tracditional sampling.
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DISSERTATION CONCLUSION

In the first chapter of this dissertation, I developed statistical models to
identify the chemical and physical oceanographic conditions associated with the
incidence of toxigenic Pseudo-nitzschia, blooms in Monterey Bay, California. The
statistical models are logistic regressions that identify and use predictor variables
(chlorophyll, silicic acid, nitrate, water temperature, an upwelling index, and river
discharge) to generate bloom probabilities (a 0-100% ‘chance-of-bloom’ estimate,
analogous to a weather model ‘chance-of-rain’ prediction). The models that T
developed demonstrate excellent (>75%) predictive ability with unknown (future)
blooms events of toxigenic Pseudo-nitzschia. Prior to this contribution, the
development of robust Pseudo-nitzschia bloom models had been hindered by a
general lack of long-term and consistent monitoring efforts. Thus, in both scope and
functionality, my modeling effort was unprecedented: it was the first to (1) produce
Pseudo-nitzschia models from long-term (>1.5y) monitoring efforts, and (2) address
blooms of toxigenic Pseudo-nitzschia. Although the seasonality of blooms is widely
recognized, my study was the first to incorporate seasonality in model development.
As such, the study revealed important seasonal patterns in the factors contributing to
bloom proliferation; nitrate and river discharge emerged as significant bloom
predictors during the summer/fall/winter period, while temperature and upwelling

emerged as significant factors for springtime bloom events.
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The identification of seasonal (and year-round) predictor variables represented
an important step towards understanding Pseudo-nitzschia bloom dynamics and
establishing guidelines for comprehensive monitoring and preventative regulatory
measures. This advancement is of widespread and immediate public and scientific
interest: the recent implication of cultural eutrophication as a factor in HAB
proliferation is an alarming and unresolved subject requiring analysis of specific and,
most helpfully, seasonal contributing factors. My development of toxigenic Pseudo-
nitzschia bloom models, in lieu of direct toxin models, ensured their applicability to a
an emerging ecosystem threat, namely the exposure of humans and marine mammals
to ‘background’ levels of DA introduced by low to mildly toxigenic Pseudo-nitzschia
blooms. The power of the models to predict toxigenic Pseudo-nitzschia blooms offers
pathologists, public health regulators, shellfisheries, and others a new tool for
hindcast and future prediction of bloom dynamics.

The first chapter of this dissertation represents the first rigorous consideration
and synthesis of the environmental factors significant to proliferation of toxigenic
Pseudo-nitzschia and provides the research and regulatory communities with a
powerful new tool for toxigenic Pseudo-nitzschia bloom prediction. The modeling
study also contributes to a collection of literature in which two eutrophication
processes had been alternately suggested as promotional of Pseudo-nitzschia blooms
in Monterey Bay: (1) ocean upwelling, the vertical flux of deep, nutrient-rich water
into surface waters, and (2) river flow, which has been otherwise regarded as a non-

competitive influence along upwelling-dominated coastlines (Breaker and Broenkow
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1994; Rosenfeld et al. 1994; Olivieri and Chavez 2000; Ramp et al. 2005; Shulman et
al. 2010). Ultimately, the modeling exercise identified both of these processes as
significant according to their seasonality, reconciling their previous regard as
alternative hypotheses, rather than co-conspirators. To understand this duality further,
the second chapter of this dissertation was developed as an explicit examination of
those environmental processes (river discharge and upwelling) within the context of a
third seasonally predictive ‘fertilizer’ component (nitrate).

In the second chapter of this dissertation, I evaluate the timing and magnitude
of nitrate loading by rivers to Monterey Bay, i.e. freshwater nitrate loading within the
context of a coastal upwelling regime. As an open embayment on the “‘upwelling-
dominated’ central coast of California, it is typically assumed that fluvial nitrate
inputs to Monterey Bay are insignificant compared to coastal upwelling. Recent
publications describing eutrophic river discharge as a significant contributor of
nutrients promotional of HAB development along the California, Oregon and
Washington coastlines (Warrick et al. 2005; Hickey and Banas 2008; Lane et al.
2009; Hickey et al. 2010), and increasing nitrate concentrations in rivers draining to
Monterey Bay (Ruehl et al. 2007), indicate that this assumption may be inaccurate.
The test of that assumption and long standing paradigm required the identification
and use of a water quality dataset that was unprecedented as a high-resolution, long-
term record (daily, across 10 years: 2000-2009), matched with an equally rigorous
and high-resolution record of upwelling nitrate load estimates. The comparison

between river and upwelling nitrate loading across the 10 years shows that while

97



upwelling loads ‘dominate’ at low temporal resolution (monthly, annual), rivers
exceed upwelling as a source of nitrate on short timescales (daily, weekly) at a
significant rate (28% of days in a given year). The study also provided evidence of a
clear onshore-offshore gradient in fluvial load influence: the correlation between
annual climatologies of nitrate concentration measured in Monterey Bay waters and
fluvial nitrate input to Monterey Bay is highest at a pier-based monitoring site and
weakens with distance offshore (the reverse general spatial pattern is identified for
upwelling load influence). The 10-year record of river nitrate loads enabled
identification of a significant upward trend across the decade (i.e. river nitrate loads
increasing in size), while no similar trend was identified in upwelling loads. The load
record also allowed for novel characterization of the eutrophic conditioning of the
largest rivers in Monterey Bay (the Salinas and Pajaro rivers) according to the
Indicator for Coastal Eutrophication Potential for nitrogen (N-ICEP), which permitted
their comparison to rivers worldwide. Within this global context, the patterns
identified for the Pajaro and Salinas rivers align with patterns described for rivers of
non-industrialized countries, where rapidly increasing agricultural production and
urbanization have led to worsening eutrophic conditions. The characterization of the
Pajaro and Salinas rivers according to the N-ICEP suggests that the eutrophic
conditioning of these central coast rivers will persist (or worsen) and may be expected
to contribute to the incidence of HABs at present and into the future.

The second chapter of this dissertation represents the first comparative

synthesis of river and upwelling nitrate inputs at temporal scales which are (1)
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ecologically relevant, and (2) appropriate for resolution of fluvial loading, which is
highly episodic. Further, and perhaps most significantly, it provides the research and
regulatory communities with insight into when, and why, historical assumptions
about water quality require re-evaluation. The value of executing a éomparison
between riverine and upwelling nitrate loading to Monterey Bay, an embayment
centrally located along an ‘upwelling-dominated’ coastline, was initially an open
question. While nitrate loading by large rivers to non-upwelling regimes is widely
regarded as an environmental threat (e.g. regional anoxia in the Gulf of Mexico
resulting from nitrogen loading by the Mississippi River), classical oceanography
dictates that eutrophication by upwelling processes along the California coastline
occurs on spatial and temporal scales so large as to render riverine inputs negligible.
The eutrophic state of our rivers has changed dramatically, however, even over the
career spans of present day water quality specialists, and warrants new consideration
by coastal ocean researchers. Even to the more arid south, the Santa Clara River has
been identified as a significant source of nutrients to the coastal waters of the Santa
Barbara Channel according to both its timing (loading primarily occurs during
episodic, high-flow/ flush” events) and its nutrient load stoichiometry [upwelling
injects silicic acid (Si), nitrate (N) and ortho-phosphate (P) into the surface waters at
ratios of 13:10:1 (Si:N:P) while the Santa Clara River does the same but at ratios of
16:5:1 (Warrick et al. 2005)].

The third and final and chapter of this dissertation is my development of a

new monitoring technology, Solid Phase Adsorption Toxin Tracking (SPATT), for

99



use with hydrophilic algal toxins (DA and saxitoxin) in the coastal environment.
SPATT is the deployment of synthetic resin for time-integrated, semi-quantitative
tracking purposes: the toxin of interest is passively adsorbed from seawater onto the
resin, the resin is recovered and extracted, and the extract is analyzed. First described
by MacKenzie et al. (2004), the development and application of SPATT has remained
limited to lipophilic toxin tracking within its region of origin (New Zealand) and
across Europe (MacKenzie et al. 2004; Rundberget et al. 2007; Takahashi et al. 2007;
Turrell et al. 2007; Fux et al. 2008; Pizarro et al. 2008a; Pizarro et al. 2008b; Fux et
al. 2009; Rundberget et al. 2009; MacKenzie 2010; Rodriguez et al. in press). My
method development work with SPATT is unprecedented in two central aspects: (1) it
is the novel development of SPATT for use with hydrophilic toxins, and (2) it is the
first to describe and evaluate the application of SPATT in the United States.

The method development of SPATT for DA included the identification of four
potential SPATT resins for hydrophilic biotoxin monitoring and their evaluation in
laboratory-based trials (adsorption efficiencies, saturation thresholds, extraction
efficiencies) and as part of a field biotoxin monitoring effort. I describe a new
deployment strategy that allows for quick manufacture of pliable, resin-filled SPATT
bags without specialized skills or equipment, and an extraction protocol appropriate
for use with these bags upon their retrieval from the field. I identify three (of the four)
resins as cost-effective SPATT candidates for toxin monitoring, and evaluate their
performance based on 17 months of field deployment at the Santa Cruz Municipal

Wharf (SCMW) alongside weekly California Department of Public Health (CDPH)
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sentinel shellfish monitoring. Observations of the phytoplankton assemblage,
oceanographic conditions, and particulate DA concentrations were also performed
concurrently. Two significant toxigenic Pseudo-nitzschia blooms were observed
during the deployment period: SPATT successfully signaled these blooms events 3
and 7 weeks prior to the recognition of bloom conditions by traditional monitoring
techniques (7 and 8 weeks prior to the detection of shellfish toxicity). Following their
analysis for DA, a selection of extracts recovered from field-deployed HP20 (one of
the four resins) was analyzed for saxitoxin; HP20 was targeted since it was originally
identified for simultanecous monitoring of multiple lipophilic toxins. Our detection of
both DA and saxitoxin in HP20 field-extracts signifies its potential with an array of
biotoxins that is broader than previously recognized.

SPATT was developed as a synthetic alternative to biotoxin monitoring with
sentinel shellfish; while we recognize the employment of sentinel shellfish as a
uniquely valuable practice, the use of a biological matrix introduces analytical costs
and challenges. Gregg Langlois, Senior Research Scientist at CDPH and co-author on
the publication that comprises the third chapter of this thesis, oversees the statewide
Marine Biotoxin Monitoring Program and is charged with balancing these costs and
challenges with the provision of public health protection. His participation as part of
this study allowed us to develop this new hydrophilic-SPATT method while
maintaining (and providing) a unique and valuable ‘real-world’ perspective on
method efficiency, relevance, utility, and potential. Our discussion and assessment of

SPATT application for DA includes the consideration of cost (material, time, effort,
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shipping, etc.), character (e.g. which resin might best mimic a sentinel shellfish) and
contribution (what new information SPATT provides, and the significance and value
of that information). In the case of the latter, the development of this method has
allowed us to reconsider the prevalence of biotoxins n local waters; the SPATT
deployments at SCMW indicate that DA is present at times when it is otherwise not
detected by traditional monitoring techniques. 1 therefore provide a method that
delivers useful, efficient, and cost-effective information, and can provide unique
insight into coastal biotoxin prevalence and dynamics.

Included as an addendum to the third chapter of this dissertation is a
manuscript prepared for submission to the 14™ International Conference on Harmful
Algae (ICHA 14) Conference Proceedings. The manuscript provides two refinements
to the SPATT methodology and provides an overview of SPATT monitoring

performance during the 2010 SCMW field season.
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