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Abstract

Plasma cholinesterase activity as a biomarker dantjfying exposure of green sturgeon
(Acipenser medirostr)go carbaryl following applications to control lbowing shrimp in
Washington State

Alexandra T. Troiano

Chair of the Supervisory Committee:
Christian E. Grue, Associate Professor
School of Aquatic and Fishery Sciences

Willapa Bay, located in Southwestern WashingtorieStdSA), is one of the rare
intertidal locations where large-scale pesticidgliaptions occur. Since the 1960s, carbaryl has
been applied to mudflats in Willapa Bay to conpropulations of burrowing shrimNgotrypaea
californiensisandUpogebia pugettensishat decrease oysteCrassostrea gigggproductivity.
Green sturgeonAcipensemedirostrig are present in Willapa Bay, and population dedin
(Southern Distinct Population Segment) have reguiteheir listing under the Endangered
Species Act (ESA). White sturgeofacfpenser transmontanpuare also found in Willapa Bay,
are closely related to green sturgeon, but ar&B8dt listed. To determine potential impacts of
carbaryl on cholinesterases in sturgeon brain #amshpa, seawater-acclimated and laboratory
maintained white sturgeon (average wt = 1.1 kgevexposed to each of six concentrations of
carbaryl (0, 30, 100, 300, 1,000 and 3,000 jtgrL= 5 per treatment) for 6 h and brain

acetylcholinesterase (AChE) and plasma butyrylciestierase (BChE) activities were measured.
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Enzyme recovery was measured in additional colforts4 sturgeon per time point, average wt
= 1.8 kg) exposed to 1,000 pd ktarbaryl for 6 h with brain AChE and plasma BClufivity
measured at 0, 24, 48 and 72 h post-exposuren B@NE activity was statistically (p 0.05)
reduced at all concentrations except 30 g Compared to controls, brain AChE was inhibited
15% in sturgeon exposed to 30 p{ and 27%, 32%, 35% and 42% respectively at thieenig
concentrations. In the enzyme recovery trial,lbRChE was inhibited (g 0.05) after the 6-h
exposure to carbaryl, followed by recovery oveh72Compared to controls, brain AChE was
inhibited 36%, 23%, 28% and 13% at 0, 24, 48 ant f&overy post-exposure. Plasma BChE
activities in the dose-response and recovery fistewot statistically different from controls,
with activities indicative of elevation of the emag as opposed to inhibition. Another cohort of
sturgeon (n = 16, average wt = 0.5 kg) was expts&dr 3,000 pg t carbaryl for 6 h to

clarify the results. Compared to controls, bra@h& was inhibited 29% in treatment sturgeon
while plasma BChE was elevated by 30%, with botfedinces in enzyme activity statistically
significant (p< 0.05). Plasma samples were also collected froitevgturgeon in the Columbia
River and green sturgeon in Willapa Bay prior tplagation of carbaryl in 2012, and from green
sturgeon in Willapa Bay 4-5 d after the last aggdlmn. On average, white sturgeon plasma
BChE activity (0.326 units/ml plasma) was statetic greater than that of green sturgeon (0.151
units/ml plasma; g 0.05). Plasma BChE activity from green sturgealiected post-carbaryl
application was statistically lower (37%) than theg-application, indicative of carbaryl
exposure. lggs were calculated for captive white sturgeon bA@hE (8.7 uM) and plasma
BChE (15.8 uM) and suggest brain AChE is slightlyrensensitive than plasma BChE.
Comparable values for plasma BChE from wild wh#@.8 M) and green (18.5 puM) sturgeon

were similar and suggest white sturgeon are a gaaogate for green sturgeon. At the lowest



carbaryl concentration to which white sturgeon wetposed in the laboratory (30 pg)L.both
brain AChE and plasma BChE activities were inhihité\t the higher doses (L00 pg L),

brain AChE activity was further inhibited, whilegsima BChE activity was elevated. This
suggests a concentration threshold (e.g., < 100 )@bove which white sturgeon livers appear
to release stored BChE into the plasma and/oraser&ChE synthesis (induction) and secretion.
The laboratory results suggest that no signifitemain AChE inhibition would be expected at
lower concentrations, indicative of little risk sturgeon. If, however, the release of BChE from
white sturgeon liver is masking plasma BChE inlniif it is possible that the magnitude of
brain AChE and plasma BChE inhibition mirror eathen, and plasma BChE inhibition in
Willapa Bay green sturgeon is indicative of simiaain AChE inhibition, which would indicate
greater risk to the fish. Plasma BChE activityegug to be a conservative biomarker of
exposure of sturgeon to carbaryl when inhibitiodesected, as in the case of green sturgeon in
Willapa Bay following carbaryl applications to cositburrowing shrimp. Although it is

unlikely that the level of BChE inhibition detectedwild green sturgeon is life-threatening, the
relationship between plasma BChE inhibition andrbAChE activity is unclear. Further
studies are needed to better understand the mdgranud effects of carbamate exposure on
threatened and non-threatened sturgeon in Willagpa &1d other Western US surface waters,

including green sturgeon spawning grounds.



Introduction

As the economic and nutritional importance of agltace rises, so too do the concerns
about effects of practices of the aquaculture itrghue the surrounding environment and native
species. To date, aquaculture is a fast-growinmgarfood producing sector, with just under
half of all fish consumed globally originating froaguaculture (Waite et al. 2014). By 2050, the
world population is projected to reach 9.6 billiginited Nations 2012), and if global per capita
fish consumption is to rise without putting furth@essure on already stressed wild fish stocks,
aquaculture production would need to more than o{Waite et al. 2014). This expansion may
be constrained by availability of land, water, fegal energy — limited resources that have
significant environmental impacts (Waite et al. 2D1Moreover, the use of pesticides in
aquaculture is of growing concern (Bergqvist anchi@ursson 2013). Just as pests present a
problem to terrestrial agriculture, they also daemagd decrease productivity of aquaculture
crops. A common way to address these pests steal agriculture is to treat the affected area
with pesticides. This practice introduces chensicaio the environment that may potentially
impact non-target species. When applying pesticidexn aquatic environment, it is easier for
the chemical to spread to areas other than thesedad for treatment compared to terrestrial
ecosystems. In intertidal areas, dispersion ofreb@s may be facilitated by currents, wind,
tidal fluctuations, and movement of contaminateddtand non-target species. Because of the
difficulty in controlling the pesticide impact zongesticides are rarely applied to intertidal
habitats in the USA (Labenia et al. 2007).

Willapa Bay, in southwestern Washington, is onéheffew locations where pesticides
are directly applied on a large-scale in an indettsetting (Fig. 1). Willapa Bay is the second

largest estuary on the Pacific Coast, coveringktiBof water surface, and is considered one of
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Figure 1 Willapa Bay, WA. Dotted regns indicate intertidal habita(geldman et al. 200(
emapsworld.com).
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the most pristine estuaries in the United Statés Figh and Wildlife Service 2012). Located
between the Columbia River to the south, Grays étaidthe north and Long Beach Peninsula

to the west, over 85 percent of this shallow estnaver reaches a depth greater than 7 m. Tides
are semidiurnal, with fluctuations of up to 4 mt Idw tide, over half of the surface area is
exposed. The tidal flats drain into intertidaleks that subsequently drain into deeper subtidal
channels (Feldman et al. 2000). Eelgrass beds¢ndbstera marinand exoticZostera

japonicg are common in Willapa Bay, providing food andl&drefor many benthic

invertebrates, fishes, and waterfow! (Wyllie-Echeieet al. 1994). Of particular interest are

the bare mudflats, which can be dominated by burrgwhrimp.

In some areas, burrow densities can reach up td6@8 n (Armstrong et al. 1992).
These shrimp pose a threat to the economically itapbPacific oysterGrassostrea giggs
aquaculture industry in the Bay by destabilizing $ediments onto which the young oysters are
seeded. When the shrimp burrow, they create extesabterranean tunnels up to 90 cm in
depth (Swinbanks and Luternauer 1987). As a resedliment compaction decreases to the
point that young oysters seeded on the tide fidt sito the unconsolidated mud, where they
suffocate, thus threatening the productivity of tbenmercial oyster operations (Feldman et al.
2000). In order to control indigenous populatiohdurrowing ghost shrimpg\eotrypaea
californiensig and mud shrimpypogebia pugettensisthe carbamate pesticide carbaryl (1-
napthyl n-methyl carbamate) has been applied 868 by the Willapa - Grays Harbor Oyster
Growers Association (WGHOGA).

Overall, Washington State produces approxim&s®p of the country’s oysters
(Dumbauld and Harlan 2009), and over 60% of theeSt@roduction comes from Willapa Bay

and Grays Harbor (Hoines 1996). Originating aagture fishery for the native Olympia oyster



(Ostrea luridg in the mid to late 1800s, the stock quickly beeamerexploited by the early
1900s. In 1928, the Pacific oyster was introducech Japan, and the oyster industry once again
thrived. With better regulatory laws, includingtecking mudflats with shucked oyster shell
crucial for larval settlement, Washington Stateasy home to a successful large-scale oyster
farming industry (Dumbauld et al. 2011). As of 20the value of Washington’s oyster industry
was estimated at $37 million (National Oceanic Atrdospheric Administration 2012). Thus,
the economic benefits provided by this industrytheemain impetus for mitigating detrimental
effects caused by burrowing shrimp.

The seasonal application of carbaryl to the tidesffemains controversial, highlighted by
Labenia et al. (2007) who suggested that the caabmmay have detrimental effects on non-
target species, particularly cutthroat trodnh€orhynchus clarki Many of the studies examining
non-target effects of carbaryl have focused on salds (Beauvais et al. 2001, Major et al.
2005, Labenia et al. 2007, Tierney et al. 2007 eGtual. 2009, Troiano et al. 2013) in part due
to their abundance and economic importance, asasdhe fact that 29 out of the 52 designated
Evolutionary Significant Units for salmonids on théest Coast are listed under the Endangered
Species Act (ESA). With few exceptions (Major et2805, Grue et al. 2009, Troiano et al.
2013), existing studies were conducted in the lalooy using exposures to the pesticide that
may not be representative of what non-target figmesunter in nature.

In 2001, WGHOGA entered into a non-binding legakagnent with the Washington
Toxics Coalition to work towards an Integrated Pdahagement strategy focused on finding an
alternative to carbaryl for the control of burrogishrimp, to gradually reduce the amount of
carbaryl applied, and ideally phase out the chelnsmapletely by 2012 (Dumbauld et al. 2011).

Currently, the WGHOGA has received a label fromW&Environmental Protection Agency



(EPA) for the use of the neonicotinoid insecticimheidacloprid ( N-[1-[(6-chloropyridyn-3-
yl)methyl]-4,5-dyhydroimidazol-2-yl]nitramide) taoatrol burrowing shrimp in Willapa Bay and
Grays Harbor, but is awaiting a National PollutBrgcharge Elimination System (NPDES)
Permit from the State. Until the permit is grantée growers continue to use carbaryl under an
extension to the existing NPDES permit for shriroptcol.

In addition to salmonids, both whitA¢ipenser transmontanuand greenAcipenser
medirostrig sturgeon are present in Willapa Bay. In 2006ggrsturgeon were listed as near-
threatened according to the International Uniondonservation of Nature (IUCN) Red List (St.
Pierre and Campbell 2006) and the ESA by the Nalibtarine Fisheries Service (Department
of Commerce 2009). Green sturgeon are large, amaars fish with long lifespans, delayed
maturation, high fecundity, and far-ranging movetagand they are the most marine-oriented
sturgeon species. Juveniles spend 1-4 yearsshvitater (FW) prior to migrating to the ocean,
where sexual maturity is not reached until 13-28rgef age, after which fish return to natal
rivers to spawn every 2-5 years. Their range @detong the West Coast of North America
from Mexico to Alaska, yet the only known spawnlagations for these fish are in Oregon and
California rivers (Adams et al. 2007). Spawninditet loss is thought to be the main factor
contributing to population declines. Other factpossibly contributing to population loss and
the subsequent ESA listing of green sturgeon irechedluced growth and survival as a result of
increased water temperatures, entrainment by wlatersions, exposure to contaminants,
competition from exotic species, and loss as bycacommercial fisheries (Adams et al. 2007,
Israel et al. 2009). It is unclear why the spawmgnounds are disappearing, but there is concern

that anthropogenic forces may be playing a roleR&trre and Campbell 2006).
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During winter and spring months, green sturgeoa iin the coastal sub-littoral zone in
depths less than 100 m (Erickson and Hightower R00vVthe summer and early fall, however,
they aggregate in coastal estuaries, particulartihe Columbia River estuary, Willapa Bay, and
Grays Harbor (Moser and Lindley 2007). Based @awspng patterns, green sturgeon are
grouped into two distinct population segments (DP3$ie Northern DPS includes fish that
spawn in the Klamath and Rogue rivers, and thet®ontDPS encompasses fish that spawn in
the Sacramento River (Israel et al. 2004). Mixedlsanalysis indicates that ca. 80 percent of
green sturgeon found in the Columbia River and &gdl Bay belong to the Southern DPS, which
is ESA listed (Israel et al. 2009). In the ColumBiiver, white sturgeon greatly outnumber
green sturgeon, and constitute one of the healtsiesyeon populations, while in Willapa Bay,
green sturgeon are more abundant (Dumbauld e0@8)2

In 2009, critical habitat was established for tleitBern DPS, extending throughout the
freshwater, estuarine, coastal, and marine argasarty occupied by green sturgeon, including
all marine waters up to 110 m depth from Monteray B the US-Canada border. Within this
critical habitat, primary constituent elements wesé&blished to ensure normal behavior,
growth, and survival of the southern DPS througlmteaance of abundant food resources and
suitable water and sediment quality. Willapa Bagl &rays Harbor fall within these designated
critical habitats (Department of Commerce 2009).

The oyster beds in Willapa Bay have been aeriedigted with carbaryl on a 3-year
rotation in the summer, primarily during July loddds (Sevin® 80 WSP or Sevin® 4F, 8 Ib
active ingredient [ai] al{8.96 kg ai hd], ca. 400 ac annually). This is, in part, du¢he fact
that shrimp activity and subsequent bioturbatiothefsediment increases in spring and summer

as a result of increasing temperatures, saliniéied,availability of food (Feldman et al. 2000).
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These months also coincide with the period durihgctv green sturgeon reside in Willapa B
Following the seasonal application of carbarylhe tide flats in Willapa Bayconcentrations ¢
carbaryl in the water on the beds and insurrounding channels decrease rapidly, and r
levels below detection within a few days (Troian@le 2013). While this would indicate th¢
carbaryl exposure in the surfas@ater is likely minimal, sturgeon may be expothrough their
foraging for benthic invertebrates includiburrowing shrimp on the tide flat®\lthough
stomach content analyses have been inconclusigethibught that sturgeon feed on both spe
of burrowing shrimp found in Willapa Bay (Dumbauwdtal. 2008) This is supported by fishe
who have reported shrimp in the stomachs of sonrgetn, particularly those caught
incidental bycatch in commercial salmfisheries (Dumbauld et al. 2008freedincis thought to
occur when the fish move onto the bedsng high tide Moser and Lindley 200. Specially
adapted sensory organs called Ampullae of Loreratiow sturgeon to locate pr - in this case,
burrowing shrimp by sensing electrical signals given off by the aigas (Zhang et al. 201z
Once the shrimp are located, the sturgexcavate and suck the detectbdrap out of thei

burrows, incluthg whole sediment (Johnson et al. 1997), lea“feeding pits” (Fig. 2) that ar

Figure 2: Multiple feeding pits (left) and an inlual feeding pit (right) on a
exposed tide flat in Willapa Bay, WA. (Dumbaulda¢t2008)
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visible on tide flats as evidence of their predati€oncentrations of carbaryl within the
sediment post-application are greater and pemigfer than those within the water column
(Felsot and Ruppert 2002). The amount of chemwithin whole sediments and shrimp, in
addition to the amount of sediment and shrimp egstan consumes on a contaminated bed may
play a large role in whether or not the sturge@nlering exposed to appreciable amounts of
carbaryl. Some argue that declines in sturgeoroémer shrimp predator populations may be
part of the reason shrimp populations began toimisiee 1950s, creating the pest problem as it
exists today (Dumbauld et al. 2008).

The primary concern with the effect of carbarylrmmn-target species is based on its
mode of action. Carbamates, as a class, binddanduibit cholinesterases (ChEs) in tissues
throughout the body. These include acetylcholerase (AChE) in nerves and muscles, and
AChE and butyrylcholinesterase (BChE) in plasm&hk is essential for hydrolyzing
acetylcholine, an important neurotransmitter atraeal synapses. Organisms exposed to
enough carbaryl are not able to break down acetiitedy leading to tetany and muscle and
respiratory paralysis. As a carbamate, carbaryibits the property of spontaneous reactivation
where, with time, the bond between carbaryl anceti|yme may be spontaneously hydrolyzed,
decreasing the level of enzyme inhibition. In éiddi, synthesis of new enzyme is a continuous
process, maintaining tissue and plasma enzymeitgctivn the field, carbaryl degradation occurs
via hydrolysis, biodegradation, and photolysishvathalf-life of a few days or less (Roberts and
Hutson 1999, Felsot and Ruppert 200R) vivo, the main metabolic pathways are
hydroxylation, hydrolysis and expoxidation by easss and cytochrome P-450 enzymes to form
metabolites, mainly 1-naphthol (and its conjugatesich are eliminated via excretion (Statham

et al. 1975). Other metabolites include 4-hydraxiaryl and 5-hydroxycarbaryl (Roberts and
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Hutson 1999). In some monitoring studies, 1-naplhths been used as a surrogate for carbaryl
(Moser et al. 2013). Studies in the field havaadated that salmonids exposed to carbaryl in
Willapa Bay may experience reduced brain AChE &gtibut not at the level that would overtly
affect behavior< 30% inhibition; Zinkl et al. 1991). In light ofiése concerns and the potential
for continuing litigation to restrict the use ofrbaryl in Willapa Bay, it is important to
understand how carbaryl affects associated nortapecies.

Activity of ChE in blood and other tissues in anisn@.g., brain and muscle) has been
widely used as a tool for diagnosing organophosp@P) or carbamate exposure in animals
(Fairbrother et al. 1991). The use of plasma meeChE as a biomarker is a valuable technique
for inferring exposure without necessitating letsamnpling of the organism under assessment
(Hooper et al. 1989). In addition to non-lethahgée collection, plasma ChEs are inhibited
before brain ChEs, so exposure can be detecteeédsand serve as an indication of recent
exposure (Gard and Hooper 1993). Recently, plas@tzE and BChE activities were
characterized in nine species of native Austrabiads in order to document baseline activity
levels to aid in future monitoring for exposuredbE-inhibiting pesticides that are applied
throughout the country to control agricultural pe$tildes et al. 2009). Plasma ChE activities
were determined in migratory shorebirds during atign between North America and South
America in order to compare samples from individuaptured in areas with no known sources
of OP or carbamate exposure to those from areasevdggochemical applications occur. The
unexposed samples served as a baseline to detenmétker individuals in agricultural areas
were recently being exposed to ChE inhibitors (8tat al. 2010). The importance of assessing
the normal range of fish blood plasma chemistrgluding ChE activity, was addressed in a

study with brook troutQalvelinus fontinallsreared in aquaculture conditions (Kopp et al.301
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Plasma BChE activity was measured in juvenile reldidal pacu Piaractus brachypomus)
exposed to fenthion, and the results showed th&tEB&ctivity was a good biomarker for
environmental monitoring of waterborne exposurthtoOP (Borbon and Mantilla 2012). In
order to successfully use ChE as a biomonitoring) tbis crucial to determine the type of ChE
that predominates in the tissue being analyzediedisas to optimize the assay conditions for the
given species and tissue (Habig and Di Giulio 1991)

The goal of this study was to determine the utibtyising plasma ChE as a biomarker
for exposure of white and green sturgeon to catlballpwing application of the pesticide to
control burrowing shrimp in Willapa Bay and Grayarblor, WA. While this study aims to
provide answers to questions related specificallsttirgeon in Willapa Bay and Grays Harbor,
Washington, the biomarker developed would haveiegjobn for monitoring the exposure of
both species of sturgeon to ChE-inhibiting pesésith the freshwater and estuarine habitats
within their entire ranges. OP and carbamate @dst are found in western US surface waters
including the Sacramento River and San Joaquinr&udasins (Laetz et al. 2009), which are
known spawning grounds for green sturgeon. Ultatyathis monitoring tool will inform
assessments of the risk this use of the pesti@desto green sturgeon and population recovery
efforts.

A surrogate species, the white sturgeon, was usetthé laboratory portion of this study
due to the ESA listed status of green sturgeonceSthe 1973 ESA prohibits “take” of listed
species, the use of surrogate species has becanmeaplace, especially in toxicological
studies investigating effects of pesticides on egdeed species (Banks et al. 2010). While
using surrogates can lead to difficulties in exdtapon, attention to both physiological

similarities as well as life history traits candea defensible results when estimating from
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surrogates to threatened species. For examphdawitrout Oncorhynchus mykisaere
shown to be good surrogates for the threatenedroull Salvelinus confluentus/hen
determining exposure to rangeland herbicides (Rédret al. 2008). White and green sturgeon
are closely related (Lee et al. 2011), and botHared in Willapa Bay. To determine the
potential impact of carbaryl exposure on activityfChEs in green and white sturgeon, the main
objectives of this study were as follows:
(1) Develop a dose-response relationship for brain A@hibition by carbaryl in seawater-
acclimated white sturgeon.
(2) Develop a dose-response relationship for plasmai@thgition by carbaryl to
correspond with brain AChE levels determined irechye (1).
(3) Determine recovery curves for the activity of betizymes following inhibition.
(4) Develop carbaryl sensitivity profiles for brain AEIn white sturgeon and plasma ChE
in white and green sturgeamvitro.
(5) Compare the sensitivities of plasma ChE to cardaetidveen the two species.
(6) Apply the plasma ChE assay to determine the exterwhich green sturgeon are exposed

to carbaryl in Willapa Bay.
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Materialsand Methods

1. Controlled Exposure Studies

Two cohorts of juvenile hatchery-reared FW whitggeon were utilized in this study.
The Spokane Indian Tribe provided the first colobigturgeon. These fish were raised at the
Washington Department of Fish and Wildlife (WDFW)I@mbia Basin Hatchery in Moses
Lake, WA as part of the Lake Roosevelt White StargRecovery Project (Spokane Tribe of
Indians 2014). The second cohort was obtained fraYakima Nation Fisheries. These fish
were raised at the Marion Drain Hatchery in ToppkenWA as part of the Yakima Sturgeon
Management Project (Yakima Nation Fisheries 2014).
First cohort - 2010

Young-of-the-year white sturgeon were transponteBW with supplemental aeration
from the Columbia Basin Hatchery to the UniversityWashington (UW), where they were
maintained for 1 year to ensure sufficient size auadurity for seawater (SW) acclimation prior
to exposure to carbaryl. Temperature (14.0 + 1)0d8solved oxygen (D.O.; 10.0 + 1.0 mg)L
and pH (7.1-7.4) were monitored daily from the flogvde-chlorinated City of Seattle water in
the circular tanks in which the fish were heldstFivere fed dependent on body weight. The
average mass of the fish was calculated each manthBioBrood, 4.0 mm (Bio-Oregon) was
fed to the fish once daily. The feeding rate daseel from 1.95 to 0.95% of body weight as fish
grew over approximately 6 months, at which timsh fivere fed BioBrood 6.0 mm once daily at
a rate of 0.95% body weight.

SW acclimation.Once the fish reached 2 years of age (Allen and1@867), they were
transported with supplemental aeration to the dn8tates Geological Survey (USGS) Western
Fisheries Science Center, Marrowstone Marine $tgtMVS) in Nordland, WA.

Transportation occurred in de-chlorinated City eaffle water at 5.3 parts per thousand (ppt)
17



salinity (Instant Ocean, Blacksburg, VA), 14.4°@dd.00% saturation. SW acclimation
occurred gradually in a large (2.7 m diameter, 8,8Dcircular tank with an adjustable mixture
of flowing sand-filtered SW (salinity = 30 ppt) afldwing de-chlorinated City of Port
Townsend FW. Initially, fish were held for 2 daat isosmotic concentration of 8 ppt, after
which the FW and SW flows were adjusted such tiathalt concentration in the tank was
increased by 5 ppt every 2 d, followed by a fingia2 increase to full SW, for a total of 12 d (8,
13, 18, 23, 28 and 30 ppt). The fish were thed BeBO ppt in the SW tank, covered with
opaque black plastic, with supplemental aeratiorapproximately 3 months prior to carbaryl
exposure. Temperature (10.0 + 1.0°C), D.O. (9.4®45 mg [, and salinity (30.0 + 1.0 ppt)
were monitored daily; pH was not measured. BioBréd®0 mm was delivered once daily at a
rate of 0.95% body weight — based on monthly avelagly mass calculations.

Exposure scenarioSturgeon were exposed to either 30, 100, 3000198 3,000 ug t
carbaryl (Chipco Sevin 80 Wettable Soluble Powder [WSP], 80% ai, 20%timgredients;
Aventis Environmental Science, Montvale, NJ) fdr.6Concentrations selected included the
maximum reported in the middle of the water coluatbove treated beds (application rate = 8.96
kg ai carbaryl hd) at the first high tide (first inundation, 30 pg;LGrue et al. 2009); the
maximum water concentration tested by Labenia.€R@D7) in their study with cutthroat trout
(1,000 pg ), and the estimated maximum concentrations (3,a5Rg* wet weight) based on
the measured maximum concentration in sedimentiepéh of 25 cm (4,360 g Rglry weight;
Felsot and Ruppert 2002) immediately post-applicasissuming a moisture content of 30%
characteristic of Willapa Bay sediments (Grue amasGley 2013). The 6-h exposure
represented the time period sturgeon would be fikaty to be in the water column above the

beds during the first high tide and when water depduld be adequate and their exposure to the
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pesticide would be greatest (3 h before and 3dr #ie high). Concentrations in the water
column and sediment decrease rapidly (1-2 ordensagfnitude) within the first 24 h post-
application (Felsot and Ruppert 2002, Troiano e2@13). AChE activity in brain tissue of SW
adapted juvenile Chinook (@orhynchus tshawytscheas inhibited 34% following a 6 h
exposure to 30 pgtand 70% at 300 pgi(C.E. Grue, unpublished data) without mortality.
Labenia et al. (2007) reported that brain AChEva&gtiwas inhibited by 20% in cutthroat trout
following exposure to 32 pgifor 6 h and 75% at 1,000 pg'lalso without mortality. These
studies suggest that the exposures selected faréisent study should reflect those sturgeon
may receive following carbaryl applications in Vépla Bay and that detectable plasma and brain
ChE inhibition would be expected, at least at tighér concentrations (1,000 and 3,000 f1%. L

Dose-response tesll fish in the holding tank were weighed priorthe beginning of
testing to determine the weight range of the cohBish weight ranges were determined to
minimize variation within treatment groups, but iniize loading (g [ fish) per treatment tank.
Fish were removed one at a time from the holding tand weighed. If they fit within the
desired weight range (1410.2 kg), they were randomly assigned to a treatitaerk for the
duration of the 6-h exposure (average length: 65ctn). All tanks were covered with opaque
black plastic for the duration of the experime@iven the relatively short time of exposure, and
the large size of the fish, an adjusted loading.67 L treated water per g fish weight was used
for the 6-h duration of the test to comply withretard 96-h acute static exposure guidelines
(ASTM 2002). Temperature, DO, pH and salinity wereasured at the beginning and end of
each exposure period. Temperature was held at12@C, D.O. at 10.@ 1.0 mg L}, pH at
6.9-7.2, and salinity at 3001.0 ppt. At the end of the exposure period, fisk &) were

removed from the tanks for sample collection.
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Recovery testFish were again weighed to determine whether fit@yithin the
predetermined weight range (0.2 kg). If they did, they were randomly assigted
treatment tank where they were exposed to 1,000 ucarbaryl for 6 h (average length: 73 + 3
cm). After 6 h, fish (n = 4) from one tank weren@ved and plasma was collected to represent 0
h recovery. The remaining fish were transferred tanks with clean flowing SW for either a
24, 48 or 72 h recovery period prior to sampleemibn. All tanks were covered with opaque
black plastic for the duration of the experimememperature, DO, pH and salinity were
measured at the beginning and end of each expasdreecovery period. Temperature was held
at 12.0+ 1.0°C, D.O. at 10.@ 1.0 mg %, pH at 6.8-7.1, and salinity at 3G:QL.0 ppt.

Plasma collection and storagé=ish were removed from exposure tanks one ahe ti
and stunned by a blow to the head. Length (0.5ad)weight (g) were recorded. First gill
arches were severed, and blood was extracted freraxposed severed artery by pre-
heparinized 5-ml syringes, and then transferreal 15t ml conical tubes. Plasma was isolated by
centrifuging the conical tubes (1,90@x10 min) and transferred into 1.5-ml microcentygu
tubes and stored at -80°C. The remaining bodies tveld at -20°C until an entire tank was
processed, then placed in closed coolers on dripideansfer back to UW where they were
stored at -40°C until brains were excised immedigigor to analysis.
Second cohort — 2014

SW acclimation.Two-year-old white sturgeon were transportedatiyefrom the Marion
Drain Hatchery to the USGS Western Fisheries Sei€enter, MMS in de-chlorinated City of
Seattle water at 8 ppt salinity (Instant OceancBsburg, VA), 12.0°C, and 11.03 mg D.O.
Upon arrival, fish were placed in a large (2.4 mndeter, 3,560 L) circular tank with an

adjustable mixture of flowing sand-filtered SW (sal = 30 ppt) and flowing de-chlorinated
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City of Port Townsend FW. Sturgeon were held pp8for 2 d, after which the FW and SW
flows were adjusted such that the salt concentratidhe tank was increased by 8 ppt every 2 d,
until full SW, for a total of 8 d (8, 16, 24, 30tpp The fish were then held at 30 ppt in the SW
tank with supplemental aeration for ca. 1 d prabeing placed in treatment tanks. Temperature
averaged 10.8°C during the acclimation. The fisheied once per day at a rate of 0.77% body
weight, in keeping with the feeding plan used atlthtchery.

Exposure scenarioThe purpose of the second exposure trial (2058) tw verify the
lack of inhibition of plasma BChE measured in tisé from the first trial. Because enzyme
activity varied significantly among individual fistreatments (carbaryl concentrations) were
reduced to two (control [0] or 3,000 pd Lthe maximum in the previous test), and sample siz
was increased. There were a total of 16 fishgatinent and four treatment tanks, giving two
control and two treatment tanks (1.7 m diamete23.1), each with eight fish. In addition,
each fish served as its own control; i.e., blood we@llected 5 d pre-exposure and immediately
following the 6-h exposure.

Exposure testsAll fish obtained were approximately 0.5 kg aridefn with eight fish
assigned to each of four tanks so as not to exaeedljusted loading rate of 5.7 L treated water
per g fish weight (ASTM 2002). Fish were randomdynoved one at a time from the holding
tank and 1 ml blood was collected. Blood was dr&éwm the caudal vein using a 21G needle
attached to a 3cc syringe, then immediately expdifgehout the needle attached) into a 4-ml
heparinized vacuum reservoir (BD Vacutainer; Bedarkinson, Franklin Lakes, NJ), which
was inverted then held on wet ice until centrifugiat Prior to centrifugation, blood was pipetted
into 1.5-ml microcentrifuge tubes, plasma was isaldy centrifugation at 4,500gxfor 7 min,

after which the plasma was transferred into 1.3makocentrifuge tubes and stored at -80°C.
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Following the blood draw, each fish had a fin peg for future identification prior to
being placed in one of the four treatment tanks.b& able to accurately identify each of the
eight fish per tank, fin clips were as follows: slal; left pectoral, right pectoral, left pelviogink
pelvic, anal, caudal, and no fin clip. Fish werert held in their respective treatment tanks
(flowing SW with supplemental aeration) for 5 dqurio carbaryl exposure. The fish were not
fed for 24 h following the initial blood draw, fddr the next 2 d, and then fasted for the 2 d prior
to dosing.

To begin the 6-h exposure tests, water flow wasadioff in each tank in a randomly
selected order, with the start time for each taaggered by 2 h. The control fish were held
static in clean SW for 6 h while the treated fistrevexposed to static 3,000 pg tarbaryl for
the same amount of time. All tanks had supplemem=tation and were covered with opaque
black plastic. Water samples were collected abdgnning and end of the test from the
treatment tanks, and sent to Pacific Agriculturabaratory (PAL, Portland, OR) for
guantification of carbaryl. Temperature, DO, pHl@alinity were measured at the beginning
and end of each exposure period. Temperature @ldsah11.0t 1.0°C, D.O. at 10.: 1.0 mg
L™, pH at 6.8-7.1, and salinity at 3Q:L.0 ppt. At the end of the 6-h exposure, fishever
removed from each tank one at a time, stunnedlgva to the head, identified by fin clip, and
length (cm) measured. Blood (5-6 ml) was drawmftbe caudal vein using a 21G needle
attached to a 3 cc syringe and immediately expugétout the needle attached) into a 4-ml
heparinized vacuum reservoir (BD Vacutainer), whias gently inverted, then held on wet ice
until centrifugation. Gill arches were then sedet@ drain the remaining blood, and fish were
placed on wet ice until the entire tank was proegs$lasma was then isolated in the same way

as it was during the pre-exposure sampling, anld eislt was removed from ice, weighed (g)
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and livers were extracted with gall bladders intagighed (mg), placed into 50-ml conical
tubes, and stored at -80°C. Fish bodies were plaared in closed coolers on dry ice for
transport to UW where they were stored at -40°C.

2. Sturgeon Plasma Pre- and Post-carbaryl Applmati

Blood samples from white and green sturgeon welteated in 2012 in collaboration
with the WDFW as part of their annual sturgeon rarimg program under guidelines set by the
National Marine Fisheries Service (National Marigheries Service 2010). Fish were captured
on a chartered commercial fishing vessel using-lorgggill nets at multiple locations in
proximity to carbaryl test beds (pre-applicationyidg high tide. Green sturgeon (minimum n =
30) were captured prior to application (Nahcottdully) and 4-5 d post-application (Nahcotta,
25-26 July) of carbaryl in Willapa Bay, and whitergeon (n = 30) were captured in the lower
Columbia River on 1-2 August, where exposure todaayl is unlikely. Due to the lower
abundance of white sturgeon found in Willapa Ba§ficent white sturgeon plasma samples
could not be collected following carbaryl applicatias part of the WDFW monitoring.
Following capture, 5-10 ml of blood (depending mifsize) was drawn from the caudal vein by
needle attached to a 5- or 10-ml heparinized vacwservoir (BD Vacutainer). The blood was
placed on ice in a closed cooler for 2-4 h untthplng was complete. Upon returning to shore,
plasma was isolated (3,00@x10 min) and 2-ml aliquots from each fish wereetian 2-ml
microcentrifuge tubes on dry ice in a closed coaldil they were transferred to the UW and

stored at -80C.
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3. ChE Assays
Brain ChE analyses

Brain AChE assays were performed using methodgitesicby Ellman et al. (1961) as
modified by Zinkl et al. (1991) over 2 d with fresdagents. All fish from the recovery test were
analyzed on the first day, and all fish from theeloesponse test were analyzed on the second.
On both days, one randomly selected fish from é@aiment was analyzed in a rotation so that
fish from each treatment group were representanigimout the day. Sturgeon bodies were
removed from the freezer and placed at room tenyoer#o allow the heads to thaw sufficiently
to remove the brains while still frozen. Wholeibhsawere weighed (mg) and homogenized in
15x Tris buffer with 1% Triton X-100 (Sigma Life f8ace, St Louis, MO). Further homogenate
dilutions were selected to provide a linear enzwacttevity response for 3 min with absorbance
determined every sec. DTNB (2.8 ml of 0.00025 M-d&ithio[bis-2-nitrobenzoic acid]; Aldrich
Chemistry, St Louis, MO) in 0.1 M Tris buffer (pHO$ was dispensed into a 4.5-ml, two-sided
spectrophotometric cuvette (K-06343-10; Cole-Pariernon Hills, IL). Brain homogenate
(0.1 ml) was then added. The addition of 0.1 md 6156 M solution of acetylthiocholine
iodide (AThChl; Sigma Life Science, St Louis, MQ@lJtiated the reaction. All reagents were
kept on wet ice except for DTNB that was chillechiwater bath to 14°C. Absorbance was
determined in duplicate samples of each homogersatg a spectrophotometer (model 1200;
Cole-Parmer Instrument, Vernon Hills, IL) with atesjacket (15°C) at 405 nm for 180 sec.
Duplicate background (DTNB + AThChl) samples wdsmaun each day and daily averages
were subtracted from the corresponding sample bbeoe values. Brain AChE activity was

expressed as percent that of controls.
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Plasma ChE analyses

Plasma ChE activities were measured using the rdeth&liman et al. (1961) as
modified by Gard and Hooper (1993) for use on av@-plate reader (Sunrise Basic
Absorbance Reader; Tecan, Grodic, Austria) us@dmunction with a computer equipped with
Magellari™ Data Analysis Software (Tecan Trading AG, Manngdswitzerland). The
spectrophotometer was set in a kinetic mode andguned absorption at 405 nm for 3 min, with
readings taken at approximately 7 sec intervalk Wisec of shaking between each cycle. All
samples were run in triplicate at 16-18°C withrafivolume of 250 pl/well. Optimal enzyme
dilution and substrate (AThChl) concentration waetermined on non-study samples prior to
analysis. Non-study samples were pre-incubate8 fam with a specific BChE inhibitor,
tetraisopropyl pyrophosoramide (iso-OMPA; SigmeelL#cience, St. Louis, MO) at final
concentrations (FC) in the assay ranging from°16 10° M to differentiate AChE from BChE.
Iso-OMPA inhibited nearly all plasma ChE activitya linear fashion, indicating BChE as the
only ChE active in sturgeon plasma (Appendix A)tal&€hE was measured in all plasma
samples and reported as BChE.

Plasma from MMS and wild sturgeon (Willapa Bay greed Columbia River white)
was diluted 16-fold and 8-fold, respectively, witl®5 M Tris buffer (pH 7.4; Sigma Life
Science, St. Louis, MO) to ensure linearity of $tdie hydrolysis with time. All reagents were
kept on wet ice except for the buffer (pH 8.0), evhivas kept at room temperature. Assay
component FCs and reagent volumes were as foll@®SM Trizma buffer (pH 8.0), 170 ul;
DTNB, 20pl, 3.23x14 M; 16x diluted plasma enzyme source, 30 pl; ant@fl, 30 pl, 1x16
M. In background blank wells, buffer (pH 8.0) repéd enzyme volume. All of the plasma

samples from a given group were analyzed on aesish@y with the same mix of reagents. The
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groups were the dose-response and recovery frofirsheohort of white sturgeon, the dose-
response from the second cohort of white sturgimenclean white and green sturgeon plasma
from Willapa Bay and the Columbia River, and thetpzarbaryl application green sturgeon
samples (with corresponding controls).

Sensitivity profile curves were created by spikahgan, unexposed plasma with pre-
determined concentrations of carbaryl. An iniieétone stock was mixed by dissolving 30 mg
of technical grade carbaryl (Pesta®ahnalytical standard; Fluka Analytical, St. LOoWND) in
2.0 ml of acetone to produce a 0.075 M aceton&ksolution. This solution was capped to
prevent evaporation and stirred until all carbavgks dissolved. Immediately prior to use in the
assay, 0.147 ml acetone stock was pipetted (uskhanalton syringe) into 9.853 ml buffer (pH
7.4) to yield a 1.1x1®M lab stock buffer. This stock was then seridilyted by adding 0.1 ml
stock (or previous dilution) to 0.9 ml buffer (pE4Y. All dilutions used ice cold buffer. Assay
FCs ranged from 1x10M to 1x10'° M. Three replicates were run for each group ofsas:
Willapa Bay green sturgeon, Columbia River whitegeéon, MMS 2014 white sturgeon plasma
and brains. Serial dilutions of carbaryl were ndixesh before each replicate was run. ChE
activities were converted from optical density amitin® to pmol AThChl hydrolyzed/min (or
“units”) per ml plasma or g brain using the extiantcoefficient, 13,600 citM™.

4. Analytical Chemistry

Water samples from treated tanks were collect&Ddrml amber glass bottles for
carbaryl analyses immediately after the initiatodrdosing and/or at the end of the 6-h exposure
and analyzed by PAL. Samples were stored on weednic shipped with cold packs overnight to
PAL. Upon arrival at PAL, 160 pL of 1.0 N HCIl weadded to stabilize and preserve the

samples prior to analysis. Neutral extraction863%9 were performed within 14 d of
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receipt/acidification. In 2010, carbaryl was quied using EPA Method 8321B, direct
injection LC-MS analysis (single quadrupole), watfimit of quantification (LOQ) of 10 pg't
Samples in 2014 were analyzed using the same métitoalith direct injection LC-MS/MS
(triple quadrupole) with an LOQ of 1.0 ug'L Mean percent recovery in 2010 was 110% (range
=97-123%, n = 2 blank spikes) and 101% (101%2nbtank spikes) in 2014. Concentrations
reported were not corrected for percent recovery.
5. Data Analyses

IBM SPSS Statistics 21.0 software was used to ifyestitistical differences among
brain and plasma samples from fish from differearbaryl exposures or recovery times. Brain
and plasma ChE activity from both cohorts of hatgtehite sturgeon were analyzed using a
one-way ANOVA, and when necessary, a Student-Newi®gans (SNK) post-hoc test was
applied to determine where significant differenersted. SigmaPlot (Version 12.5, Systat
Software Inc) graphing software was used for smaogthensitivity profile curves and
calculating IGp values. The sigmoidal inhibition curves wereefittusing a four parameter

sigmoid dose-response with hillslope equation:

max — min
1+ 10(logEC50—x)Hillslope

y = min +

ICso values were calculated by interpolating the eguatising the fitting parameters.
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Results
MMS Acute Toxicity Tests
Measured vs. nominal concentrations

Immediately after dosing each tank with carbamgter samples were collected to verify
nominal concentrations. Measured carbaryl conagotrs exceeded nominal (3-30%) in 2010,
and were very close to nominal (-3 to +7%) in 2(QI4ble 1).

Brain ChE activity

Brain AChE activity was measured in each individwhlte sturgeon as part of the acute
toxicity test conducted at MMS in 2010, and acteatwere averaged within each treatment. The
dose-response test indicated decreased AChE gatiift increasing concentration of carbaryl.
Differences among treatments were statisticallypificant (p < 0.001; ANOVA). All
concentrations other than the lowest 30 [{g85% AChE activity) were statistically different
from controls, and AChE activity was lower<®.05) at the maximum, 3,000 pd treatment
group (58% activity), as compared to the other eatrations (SNK post-hoc test; Fig. 3). The
enzyme activity recovery test indicated AChE recgve 87% of control values by 72 h post-
exposure. An ANOVA (p = 0.013) and SNK post-hast eifferentiated the 0 h (64%) and 48 h
(72%) groups from the control (100%), 24 h (77%)d &2 h (87%) groups (Fig. 4).

Brain AChE activity was also measured in contral tneated fish in the 2014 MMS
toxicity tests. The treated fish demonstrated loA@hE activity than the controls, similar to
that seen in the 2010 study. There were no statistifferences in AChE activity between the
two control tanks or between the two treatmentsablat activities in both control tanks were

statistically higher than in both treatment taniks(0.001; ANOVA and SNK post-hoc test).
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Activities from both tanks in a treatment were @ahland brain AChE activity was inhibited

29% in treated fish as compared to controls (Fig. 5

Table 1. Nominal and measured concentrations (Pgf.carbaryl in SW during acute toxicity
tests with 2-year-old SW-acclimated white sturgeBercent recoveries were 97-123%.

v - Nominal Measured o
ear est omina oh 6h Q
2010 Recovery 1,000 1,300; 1,300 50
Dose-response 30 31 10
300 340 10
3,000 3,800 100
2014 Dose-response 3,000 2,900; 2,900 3,200; 3,000 50
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>
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Control 30 1000 3000
Concentration (ppb)

Figure 3: Brain AChE activity in 2-year-old SW-aochted white sturgeon from the 2010 cohort
following a 6-h exposure to carbaryl (30-3,000 |ig tlean SW for controls). Data are average
+ SE, n =5 per dose. Percent activity based otrab(100% = 2.1 units/g brain tissue).

Groups that do not share the same superscriptdvstatistically from one another £0.05).
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Figure 4: Brain AChE activity in 2-year-old SW &otated white sturgeon from the 2010
cohort following a 6-h exposure to 1,000 pi§ ¢arbaryl followed by a recovery period (0-72 h)
in clean SW. Data are average = SE, n = 4 pevegdime. Percent activity based on control
(100% = 2.5 units/g brain tissue). Groups thahdbshare the same superscript varied
statistically from one another §0.05).
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Figure 5: Brain AChE activity in 2-year-old SW-&otated white sturgeon from the 2014
cohort following a 6-h exposure to clean SW or 8,0@ L* carbaryl. Data are average + SE, n
= 16 per treatment. Percent activity based on ob(00% = 4.9 units/g brain tissue).
Difference was statistically significant £0.05).
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Plasma ChE activity

Plasma BChE activity was measured in the sameufisld for the brain AChE analyses.
Prior to measuring test sample ChE activity, whkitteégeon plasma was characterized and
optimized for the ChE assay (Appendix A). The mgati enzyme dilution was determined to be
16x, iso-OMPA indicated total plasma ChE was BCénft] the optimal substrate concentration
was found to be 1xIOM (FC). Again, individual activities were averag®r each treatment.
Unlike the results of the brain analyses, the plademonstrated an increasing trend in BChE
activity associated with exposure to increasingceotrations (ug t) of carbaryl (control =
100%, 30 = 84%, 100 = 99%, 300 = 120%, 1,000 = 1R8O0 = 82%). Differences among
treatments in the 2010 samples were analyzed asomg-way ANOVA, which yielded no
statistical differences (p = 0.363) among treatngeatips (Fig. 6). The recovery test showed an
initial increase in activity peaking at 24 h, falled by a decrease to below control activity levels
at 72 h (control = 100%, 0 h = 111%, 24 h = 1348%h4 103%, 72 h = 78%). Differences
among recovery times were not statistically sigaifit (p = 0.517; ANOVA, Fig. 7). The plasma
BChE activities of individual fish varied greatly.

To verify the trends seen in the 2010 MMS plasm&BGtudies, plasma BChE activity
was measured in the 2014 MMS toxicity test. In£Qdlasma was drawn 5 d prior to exposure,
and again following the 6-h test, so each fish d@drve as its own control. Again, despite the
decrease in brain AChE activity with exposure @08, g ! carbaryl (29% inhibition), plasma
BChE activity increased in exposed fish, as seé@®ii0. At the end of the 6-h experiment,
average plasma BChE activity in both control tanks lower than pre-test activities, and
average plasma BChE activity in both treatmentsam&s higher (Fig. 8). There were no

statistical differences between the two controksaor between the two treatment tanks, but
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activities in both control tanks were statisticddyver than in both treatment tanks (p = 0.002;
ANOVA and SNK post-hoc test). Post-test activitiesn both tanks in a treatment were
pooled, and plasma BChE activity in exposed fisk 8@% higher than in control fish (Fig 9).
The reproducibility of the results is supportedthy fact that the activity from the 2010 control
fish was not significantly different from the acativof the 2014 control fish (p = 0.205), but the

increased sample size (from 5 to 16) greatly reduice variance (Fig. 10).
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Figure 6: Plasma BChE activity in 2-year-old SWiswated white sturgeon from the 2010
cohort following a 6-h exposure to carbaryl (30e®@g L, control = clean SW). Data are
average = SE, n =5 per dose. Percent activitgdas control (100% = 0.343 units/ml plasma).
Differences were not statistically significant (925).
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Figure 7: Plasma BChE activity in 2-year-old S\WHawated white sturgeon from the 2010
cohort following a 6-h exposure to 1,000 p§tarbaryl followed by a recovery period in clean
SW. Data are average + SE, n = 4 per recovery. ffraecent activity based on control (100% =
0.379 units/ml plasma). Differences were not stally significant (p > 0.05).
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Figure 8: Plasma BChE activity in 2-year-old SWiewated white sturgeon from the 2014
cohort 5 d before (black) and immediately aftertaéxposure (grey) to clean SW (control) or
3,000 pg [* carbaryl (treatment). Data are average + SE8per tank. Activity is separated by
tank.
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Figure 9: Plasma BChE activity in 2-year-old SWiewated white sturgeon from the 2014
cohort 5 d before and immediately after a 6-h eupo$o clean SW (black) or 3,000 pg L
carbaryl (grey). Data are average + SE, n = 16rpatment. Percent activity based on pre-
exposure activity (100% = 0.325 units/ml plasmagtivity was statistically greater  0.05)
following exposure.
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Figure 10: Comparison of plasma BChE activity ipear-old SW-acclimated white sturgeon
following a 6-h exposure to clean SW or 3,000 [fgehrbaryl in 2010 and 2014. In 2010, n =5,
whereas in 2014, n = 16 per treatment. Data ageage + SE. Percent activity based on control
(100% = 0.288 units/ml plasma).
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Sensitivity Profiles

Plasma and brain homogenates from MMS white sturge 2014, and plasma from
green (Willapa Bay) and white (Columbia River) gewn collected pre-carbaryl application in
2012 were incubated with serial dilutions of tectahigrade carbaryl (FC TGo 109 in order to
develop a sensitivity profile for each tissue apdcses. 1Gos were calculated from three
replicates (average = SE), each of which was ruh independent inhibitor preparations.
Average 1Go values calculated from Willapa Bay green sturgglasma (18.5 £ 2.0 uM) were
slightly lower than Columbia River white sturgedagma (20.3 + 5.9 uM; Fig. 11), but the
difference was not statistically significant (p 79). Average Ig values indicated that MMS
white sturgeon brain AChE (8.7 £ 0.6 uM) was maesstive than plasma BChE (15.8 £ 1.8
UM; Fig. 12), and the difference was statisticalynificant (p = 0.03). The averages§G for

Willapa Bay and MMS white sturgeon were not stadsdly different (p = 0.44).

35



120

100 Q

(0]
o
1

Green Sturgeon

100.334 — 1.236E — 09
1 + 10(-4768-x)(-0.9229)

| vy =1.236E—09+

Percent Control Activity
N D
o o

White Sturgeon

97.529 — 15.378
1 4+ 10(-4836-%)(-1.1449)

20

y =15378+

0 f f T T
-10 -8 -6 -4

Log Carbaryl Concentration (M)

Figure 11: Relationship between representativatro sigmoidal dose-response curves for
green and white sturgeon plasma BChE. Percenitgatias calculated based on total green or
white sturgeon plasma BChE activity measured witltarbaryl incubation. Solid circles =
white sturgeon, open circles = green sturgeon. d@tnated plots are representative of 3
independent determinations per species.
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Figure 12: Relationship betweenvitro sigmoidal dose-response curves representativier&om
AChE and plasma BChE. Percent activity was caledldased on total brain AChE or plasma
BChE activity measured with no carbaryl incubati@olid circles = brain, open circles =
plasma. Demonstrated plots are representativarafépendent determinations per tissue.
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Sturgeon Plasma Pre- and Post-carbaryl Application

Plasma BChE activity was measured in samplesatetiefrom wild green sturgeon (n =
30, length = 138.5 + 2.7 cm) in Willapa Bay in 2Qd®or to that year’s application of carbaryl.
In addition, wild white sturgeon (n = 30, lengtli$6.0 + 4.6 cm) were collected from the lower
Columbia River. There was no apparent correldb@mveen plasma BChE activity and fish
length in either species (Fig. 13), but averagwiggbf white sturgeon was significantly higher
than that of green sturgedgg(p.0s=-7.717, p < 0.001). Average plasma BChE agtiwit
control white sturgeon did not differ statisticadlgross the various groups of fish analyzed,
regardless of age or wild vs. captive origin (Tab)e In addition, plasma was collected from
green sturgeon in Willapa Bay 4-5 d post-applicatbcarbaryl and compared to a second
cohort of pre-spray green sturgeon plasma (n = 3@gre was no apparent correlation between
green sturgeon plasma BChE activity and fish lepg#h or post-application (Fig. 14). On
average, activity in the samples collected postiegion (length = 128.9 + 3.4 cm) was 37%
lower than that of the control samples (length .23 3.2 cm) collected in Willapa Bay pre-
spray (ss 0.05= -4.442, p < 0.001; Fig. 15). Only one post-agtion fish had plasma BChE
activity greater than the average pre-applicatitivtly, with 4 other fish having activities
within -20% of average control activity (benchmarhkibition; Labenia et al. 2007). The
remainder of the fish (n = 25) had activities lowlean the -20% benchmark for exposure (Fig.
16). All but six fish fell within -2 SD of the avage pre-application activity (95% confidence
interval = ca. 50% inhibition), so using this bemark, only 20% of the fish sampled would be

considered exposed (Fig. 16).
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Table 2: Average plasma BChE activity (units/nagsha) for all white sturgeon analyzed.

There were no statistical differences among aveaageities (independent t-test0.05)

Location Year Time Sample Size Activity +SE
MMS 2010 Post-test 5 0.343 +£ 0.065
Willapa Bay 2012 Pre-carbary 30 0.326 + 0.021
MMS 2014 Pre-test 32 0.326 + 0.014
MMS 2014 Post-test 16 0.289 + 0.013
B Green Sturgeon OWhite Sturgeon
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Figure 13: Plasma BChE activity in wild caught tehand green sturgeon (n = 30 per species)
prior to carbaryl application in Willapa Bay, 2012ndividual activities are plotted against fish
length. Squares represent green sturgeon, cirgbgesent white sturgeon. Average activity in

white sturgeon was statistically higher<{j0.05) than that in green sturgeon.
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Figure 14: Plasma BChE activity in wild caughtegresturgeon (n = 30) prior to, and 4-5 d post-
carbaryl application (n = 30) in Willapa Bay, 2012dividual activities are plotted against fish
length. Grey squares represent pre-carbaryl samgotelsblack squares represent post-carbaryl
samples. Average BChE activity in post-carbargkpia samples was statistically lower than
that in pre-carbaryl plasma samples<(p.05).

120
100
80
60

40

Plasma BChE Activity (%)

20

Pre Post

Figure 15: Plasma BChE activity in wild green gion (n = 30) prior to, and 4-5 d post-
carbaryl application (n = 30) in Willapa Bay, 2012Data are average £ SE. Percent activity
based on pre-exposure activity (100% = 0.272 uniltplasma). Average activity in post-
carbaryl plasma was statistically lower than thagbre-carbaryl plasma 0.05).
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Figure 16: Plasma BChE activity in wild caught greturgeon (n = 30) 4-5 d post-carbaryl
application in Willapa Bay, 2012. Activities gootted against individual fish length. Solid
line represents average activity of green sturgeercarbaryl application, dotted line represents
benchmark -20% of control activity (Labenia et2l07), dashed lines represent £2 SD of
average control activity (95% confidence interval).
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Discussion

The effect of carbaryl exposure on ChE activityvimte and green sturgeon was
investigated with the goal of evaluating the usplafma ChE as a biomarker for exposure in the
ESA-listed green sturgeon. Acute laboratory tayitests with white sturgeon as a surrogate
indicated that plasma BChE inhibition was not daitexl with brain AChE inhibition,
complicating the interpretation of the biologicejrsficance of the results and questioning the
role of BChE as a biomarker for exposure. In [#h0 and 2014, brain AChE behaved as
predicted, with decreased AChE activity correspogdo increased carbaryl concentration
(Zinkl et al. 1991), whereas in both years, plaBG&hE activity was elevated at concentrations
>100 pg L*. In 2014, brain AChE inhibition in fish exposed3,000 pg [* was lower than in
fish exposed to the same concentration in 2010 (28&8042%, respectively), but measured water
concentrations were higher in 2010 than 2014 (38@D2,900 pg t, respectively), and likely
contributed to the difference between years. Add#lly, the measured variance in activity
decreased in 2014 due to an increase in samplérsmes to 16. Brain AChE activity in
sturgeon exposed to carbaryl at concentratioh0 pg L* was statistically lower than control
activity in both years, confirming that carbarylsmaansported to the brain. The recovery test
showed inhibition immediately following a 6-h expos to 1,000 pg t carbaryl, followed by
an increase in activity over 72 h once fish weaagsferred to clean SW. By 72 h post-exposure,
brain AChE activity was not statistically differeinom control activity. The activity at 24 h was
higher than the activity at 48 h post-exposure,taedeason for this is unclear, but could be due
to the small sample size (n = 4). In similar rezmgnstudies, brain AChE activity in cutthroat

trout exposed to 500 pg'lcarbaryl for 6 h recovered to pre-exposure legétr 42 h (Labenia
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et al. 2007) and brain AChE activity in rainbowut@xposed to 1,000 pg'lcarbaryl for 24 h
returned to normal between 48 and 72 h (Zinkl e1891).

Since carbaryl is carried to the brain via theolloa similar dose-response in ChE
activity in plasma was expected. Channel catiisperlings (ctalurus punctatusg¢xposed to the
carbamate, aldicarb, demonstrated significant @se®in both brain and plasma AChE activity
following a 48-h exposure to 0.1 mg bf the carbamate (Perkins and Schlenk, 2000).
Similarly, brain and plasma AChE activity showedegative trend with increasing
concentration in African sharptooth catfisBidrias gariepinu¥ exposed to the OP pesticide,
chlorfenvinphos (0.0003 — 0.Q6M) or carbaryl (0.0005 — 0.05M) for 24 h, although only
reductions in plasma AChE activity at chlorfenviopttoncentrations greater than 0.03 uM were
statistically significant (Mdegela et al. 2010)heTobserved increase in white sturgeon plasma
BChE activity was therefore unexpected in lightte numerous studies where plasma ChE
inhibition has been used as an indicator of exmBuChE inhibitors in a variety of species,
irrespective of whether the inhibited enzyme waf©BOr AChE (e.g., Grue et al. 2002, Fildes
et al. 2009, Strum et al. 2010, Borbon and Mang4?2).

Also unexpected was the result of the charactéoizatf sturgeon plasma. In most fish,
plasma ChE is composed primarily (or completelyAGhE (Chuiko 2000), whereas the ChE in
the plasma of both white and green sturgeon apgé¢aree entirely BChE. Plasma BChE is
present in various quantities in birds, mammald, raptiles, but is much less common in fish.
Presence of BChE in fish plasma was first docuntemed 979 in blue breanApramis balleruy
and roach (RBtilus rutilug), and has since been documented in various qiganitit other fish
from the family Cyprinidae (Chuiko, 2000), the pgau [Leporinus macrocephaluySalles et al.

2006), red-bellied pacu (Borbon and Mantilla 20E2)] grass carfCtenopharyngodon idelja
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Pucher et al. 2014). Of greater relevance, KraseScarnecchia (2002) reported a plasma
composition of 92.4% BChE and 7.6% AChE in KootdRaer white sturgeon; values similar
to those observed in the present study. Followingeased iso-OMPA incubation, plasma ChE
activity was reduced linearly to nearly zero, asdhaesult, total sturgeon plasma ChE is
reported as BChE. With sturgeon being amongstiibst primitive Actinopterygii, it is possible
that the transition from plasma BChE to AChE ocedrater in the evolutionary tree, although
the presence of plasma BChE in more advanced sp@cg, various cyprinids and characids)
would indicate otherwise. Although the resultshef characterization are interesting, carbamate
pesticides inhibit both AChE and BChE and theretbeecharacterization does not explain the
elevated plasma BChE activity in the sturgeon eggde carbaryl.

A potential explanation for the elevated BChE attiin 2010 was the processing of the
plasma samples. In some cases, the centrifugataiocol (1,900 g, 10 min) produced a
cloudy upper plasma layer, with an undefined buatigt layer, and a defined bottom red blood
cell layer. The plasma, therefore, may have capthsome fraction of leukocytes and/or
platelets due to incomplete isolation. Some ofstli@ples were very cloudy despite fasting of
the fish for ca. 72 h prior to testing that sholdde prevented retention of fat. Some samples
had a noticeably pink tinge that may have indicaledpresence of hemoglobin from lysed red
blood cells. Plasma BChE activities were plottddach individual fish and plasma color. The
“pink” samples were randomly distributed throughthg enzyme activity levels, suggesting the
colored samples did not skew the results. Smalp$a size also proved to be a problem. The
large variance associated with a sample size efffsh only allowed detection ef53%
reduction in enzyme activity (9 0.05, one-tailed t-test). These concerns togetitarthe

unexpected increase in ChE activity led to the npangerful study design in 2014 in which 16
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fish were exposed to 3,000 pg tarbaryl. Blood was spun such that the plasmerlasas clear
(4,500 xg, 7 min). Again, BChE activity in the carbaryl @ged fish exceeded controls,
indicating the elevated activity observed in th&ahtest was reproducible.

Based on the scope of this study, it is hard terdehe why plasma BChE activity was
elevated following a 6-h exposure to carbaryl, ey in view of the fact that brain AChE
activity was significantly inhibited (42% at 3,00@ L* in 2010, 29% in 2014). It is possible
that plasma BChE activity would be inhibited ifffiszrere exposed to carbaryl for a longer period
of time at the higher concentrations tested, bah @&xposure is unlikely in the field. In contrast
to chronic laboratory exposures at high carbargcentrations, the wild green sturgeon plasma
results suggest that acute or chronic, low-levpbsuyre may lead to plasma BChE inhibition up
to a certain threshold, beyond which, enzyme dgtigielevated. It is also possible that
sturgeon plasma BChE is inhibited very quickly,hinta matter of hours (< 6), before release of
BChE is stimulated.

Unlike AChE, which is found at neuromuscular juonos and on red blood cell
membranes, BChE is a liver enzyme. The main plygical function of BChE is still largely
unknown, although many roles have been suggestedertebrates, BChE gene expression
appears to play an important role in neurogenasid,in humans, BChE activity in the brain
increases with age, and increased brain BChE fcisvassociated with a variety of
neurodegenerative disorders (Mack and Robitzki 20@her proposed functions include
lipoprotein metabolism, cellular adhesion and nganesis, and scavenging of toxic molecules
(Patocka et al. 2004) before the chemicals reaelbtain (Grue et al. 2002). BChE has been
shown to protect against naturally occurring esiiahibitors such as cocaine and eserine

(Mack and Robitzki 2000), and also binds to, angtlprotects against certain nerve agents,
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including OPs, preventing the inhibition of AChEdanlocking of cholinergic synapses (Grue et
al. 2002, Patocka et al. 2004, Ghazala et al. 201t43 also possible that carbaryl exposure may
lead to injury to or stimulation of liver tissueghich is rapidly followed by elevated BChE

levels either by release of stored BChE, or pradaaf new enzymede novosynthesis,
induction).

There are no studies linking an increase in plaB@RE to carbaryl-induced
hepatotoxicity, but there are studies linking lit@xicity to carbaryl exposure in various species
of fish. In one study, rainbow trout were expogedarbaryl at 1.4 and 2.6 mg'tfor 96 h (96-h
LCso = 1.39 mg [Y), after which livers were removed (along with cotg). No
histopathological lesions were seen in control.fisitercellular edema, cytoplasmic vacuolation
indicative of necrosis in hepatocytes, and pyknoticlei were seen in livers from all treated
fish, with severity increasing with higher concatibn (Boran et al. 2010). While livers can
degrade toxic compounds, their regulatory mechasisain be overwhelmed by elevated
concentrations, leading to structural damage (Betal. 2010). In another study, Nile tilapia
(Oreochromis niloticuswere exposed to 0.25 or 0.5 mg tarbaryl for 21 d (96-h L& = 1.5
mg L; Matos et al. 2007). In contrast with the stuélBoran et al. (2010), limited histological
alterations were observed, with the exception oféased hepatocellular basophilia, and a few
necrotic foci at day 7. There was also an incr@asacuolization due to lipid accumulation,
indicating glycogen depletion, which is a commoonspecific liver response to toxicants
(Matos et al. 2007, Venkateshwarlu et al. 201h)addition to liver histology, various enzymes
related to oxidative stress have been used asatmigcof hepatotoxicity. Exposure to
contaminants may lead to oxidative damage of biokdgystems via an increase in intracellular

reactive oxygen species (ROS). These ROS cantbrifiled by enzymes in an enzyme defense
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system, including superoxide dismutase (SOD) atalase (CAT). Over the first 14 d of the
study with Nile tilapia, SOD, CAT, glutathione redase (GR) and glutathione S-transferase
(GST) levels were lower than controls. While theses no mortality, and no visible disease
observed in the fish throughout the test, decreasegme levels indicated altered hepatic
function (Matos et al. 2007). A similar study espd rainbow trout to 1 and 3 mg tarbaryl

for 24, 48 and 96 h, and measured liver carboxgtase (CaE), glutathione (GSH), CAT, GST,
and cytochrome P450-1A (CYP1A) levels. Significeeductions were seen in CakE and GSH
levels, while GST, CAT, and CYP1A showed initiatieases in activity (0-48 h) followed by
significant decreases after 48 h. The early indadbllowed by a decrease may be indicative of
delayed oxidative stress (Ferrari et al. 2007)esEhstudies indicate carbaryl exposure can affect
fish livers in various ways depending on the cotregion and the species, and to a certain
extent, the liver can play a role in mitigating dage to the remainder of the organism.

The liver has also been directly linked to elevaiio plasma BChE activity in dogs
exposed to carbon tetrachloride (@Gt concentrations that would not cause extradepa
damage (Brauer and Root 1947). The authors okthdy conclude that C&boisoning results
in an increase in plasma ChE activity of up to Sl86ve normal which is due to an increase in
circulating plasma ChE, and not a failure of degtam or excretion of the enzyme. The study
also experimentally linked much of the increasespia ChE activity to a transfer of the enzyme
from the liver into the blood stream. These resulticate the existence of a mobile store of
preformed plasma ChE in the liver of the dog, whdah rapidly replace at least 25% of the
circulating plasma ChE activity, with the remaindéthe elevation in enzyme activity due to
increased synthesis in the liver (Brauer and R8d7). A similar study exposed rats to ¢CI

and showed a substantial increase in plasma Ch&taegtithin the first 8 h, followed by a
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decline to basal activity levels within 24 h (Bhagar 1970). These studies support the theory
that the liver could play a role in releasing Baht the plasma of exposed white sturgeon,
leading to elevated plasma BChE levels observed.

The results from the sensitivity profiles for ptees BChE and brain AChE from hatchery
white sturgeon indicate the 4gfor plasma is approximately twice as high as @ for brain.
While this difference was statistically significgpt= 0.03), its biological relevance is unclear as
significant differences in ChE susceptibility aengrally measured in differences across orders
of magnitude (Mortensen et al. 1998). CalculatednbAChE 1Ggs for carbaryl in the literature
for various fish species span at least 4 ordemsaghnitude, ranging from 0.0QaV1 (African
sharptooth catfish; Mdegela et al. 2010) to 38v8(tambaqui,Colossoma macropomuyrAssis
et al. 2012), and the gfor white sturgeon (8.738M) falls within this range. When plasma
BChE is more sensitive than brain AChE, the plasmeyme can act as a buffer, absorbing
carbaryl at lower doses and decreasing its movemgnthe brain at concentrations affecting
AChE, with the level of protection dependent onnireggnitude of the difference in sensitivity.
As this appears not to be the case in sturgeosma@ChE inhibition in wild sturgeon may
actually be indicative of brain AChE inhibition kefg in these species.

There was no significant difference (p > 0.05) leswthe 1G, values calculated for
MMS white sturgeon plasma as compared to the CaluRlver white sturgeon plasma,
suggesting plasma BChE activity and sensitivitysloet vary based on age or size between 2-
year-old and adult white sturgeon. In additiomréhwas no significant difference (p > 0.05) in
the 1Go values for green and white sturgeon plasma fromtaéd Bay and the Columbia River,
respectively. Results suggest white sturgeon gaod surrogate for greens despite the fact that

the elevation of plasma BChE seen in the laboratomplicates extrapolation from the
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laboratory tests to the field. Statistically sfgrant inhibition was seen in plasma BChE
collected from green sturgeon following carbaryplagation in Willapa Bay in 2012. Given the
elevated plasma BChE activity in the laboratoryedassponse tests with white sturgeon, enzyme
inhibition in wild green sturgeon was unexpected.

Threshold for elevated plasma BChBased on the results from the laboratory toxicity
tests, measurable elevation in the post-carbaaghph BChE activity would have suggested
exposure of green sturgeon in Willapa Bay to cotraéinns at least as high as in the acute
toxicity test for at least 6 h. Had there beerdifterence in plasma BChE activity pre- and post-
application, one could have concluded little oremposure to carbaryl. Inhibition, however,
could indicate exposure below a concentration tholels above which, plasma BChE activity is
elevated. In the laboratory white sturgeon, baéismma BChE and brain AChE activities were
slightly, but not statistically inhibited at 30 g, while at 100 pg t and higher, plasma BChE
activity was elevated, and brain activity was restlicA concentration threshold could therefore
fall between 30 and 100 pg'Land at concentrations below this threshold, ptaB@GhE
inhibition would be measureable, as seen in thd gnéen sturgeon plasma samples. Given that
clean white and green sturgeon plasma spiked tireth carbaryl showed BChE inhibitiom(
vitro), elevated levels of plasma BChE activity mustlbe to a physiological processvivo
that occurs above the aforementioned concentréti@shold. The inhibition seen in wild green
sturgeon plasma BChE would therefore be attribtdextute or more chronic exposures below
this threshold.

More chronic, lower exposures to carbaryl in Widdpay are possible based on the
timing of the applications, and the environmengaé fof carbaryl in Willapa Bay. Carbaryl has

been applied in Willapa Bay twice each summer ig,ha. 2 weeks apart, and the control green
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sturgeon samples were collected before the firgliGgiion in 2012. The post-application green
sturgeon plasma was collected 4-5 d after the seapplication. The maximum carbaryl
concentration previously reported in the mid-wa@umn (ca. 1 m below the surface) above
treated beds at the first high tide ca. 6 h folloyvapplication was 30 pug'L(Grue et al. 2009),
which was the minimum concentration in the dos@aase test. In most cases, concentrations
in the water column above treated beds fall belqug L™ within 30 h (Troiano et al. 2013).
Concentrations in adjacent channels that drairtddelaeds are generally greater than those above
the beds and persist longer, but concentrationstéireow (maximum < 7 pg L, Troiano et al.
2013). Therefore, sturgeon in Willapa Bay arelifknot exposed to water concentrations
greater than 30 pgifor greater than 6 h. More chronic exposure tbayl is probably the
result of their feeding behavior. Average concaiins of carbaryl in burrowing shrimp were
8,700 and 13,800 pg Kgmmediately after application of 7.5 and 10 Ibsiéi, respectively, and
decreased by an order of magnitude within 24-98/aghington Department of Fisheries and
Washington Department of Ecology 1992; wet or deyghit not specified). Comparable
residues in annelid worms were 57.0 to 75.7 myikgmediately after application at the two
rates (Washington Department of Fisheries and Wigsbm Department of Ecology 1992; wet or
dry weight not specified). The current applicatiate (8 Ibs ai a¢) is between the rates used in
these studies. When extracting prey from withendbbstrate, sturgeon also ingest whole
sediment (sediment + pore water). Analysis ofsieenach contents of Atlantic sturgeon
(Acipenser oxyrinchygsndicated that 26-75% by weight was sand androcgdebris ingested
during feeding (Johnson et al. 1997). Carbarykeatrations in whole sediment are greater and
persist longer than those in the water column. iMarn concentrations within the top 25 cm

averaged 2,773 pg Rgdry weight) immediately after application, with average
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concentration of 72 and 6 pgkédry weight) 1 and 14 d post-application (Felsod &uppert
2002).

Low risk scenario One way of interpreting the laboratory and fieddults leads to a
conclusion of low risk to wild green sturgeon fraarbaryl applications in Willapa Bay. Even
at the high concentrations utilized in the labanatoxicity tests, no overt effects were observed,
suggesting that white sturgeon can survive acytesxe to carbaryl in water of at least two
orders of magnitude greater than the maximum regart the water column above treated beds
in Willapa Bay. Whereas plasma BChE was elevatéldeste high concentrations in the
laboratory, brain AChE activity was inhibited. #hie lowest concentration (30 pd), both
brain AChE and plasma BChE were inhibited (15% &rfth respectively), above which, plasma
BChE activity was elevated, and brain AChE activitys reduced. Since plasma BChE from
wild green sturgeon was on average inhibited by 38¢posure could be attributed to
concentrations less than 30 pg. LBased on the trend from the brain dose-respsseno
significant brain AChE reduction would be expeca¢doncentrations lower than 30 pg.L
Given the relationship between brain AChE inhilmtend physiological and behavioral effects
in anti-ChE exposed organisms (for review, see @twd. 2002), the presence of plasma BChE
inhibition without brain AChE inhibition would suggt that carbaryl applications pose little
hazard to green sturgeon in Willapa Bay.

Higher risk scenario Alternatively, if the plasma BChE inhibition éeted in wild green
sturgeon (37%) in Willapa Bay were associated witmparable or higher levels of brain AChE
inhibition, it would indicate greater risk to thefsgh. It is likely that the elevation of plasma
BChE observed in the laboratory white sturgeon assto a release of BChE from the liver,

and the release of BChE may have masked carbatyted plasma BChE inhibition. The
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release of hepatic BChE is likely due to hepatatibxicaused by exposure to carbaryl or the
primary metabolite, 1-naphthol, which is also toxidish (see discussion below).

Carbaryl is broken down into 1-naphthol by hydr@ybiodegradation, and photolysis.
Subsequently, 1-naphthol is primarily degraded hgtplysis and biodegradation. In sterile SW
with artificial sunlight, carbaryl and 1-naphthokaapidly degraded with half-lives of 5 h and
less than 2 h, respectively (Armbrust and Crost81)9vhich, in conjunction with dilution by
tidal inundations, results in low persistence ia Water column in Willapa Bay. Carbaryl is
hydrolyzed according to pseudo-first-order kinetrcsterile SW in the dark with a half-life of
24 h (pH = 7.9; Armbrust and Crosby 1991). Untiersame conditions, 1-naphthol was not
degraded over the course of 3 d. Inraw SW irdtr&, both carbaryl and 1-naphthol were
degraded to undetectable levels within 96 h (Arrabamnd Crosby 1991). In unfiltered SW in
the dark, carbaryl degradation occurred via hydislgnd biodegradation, but 1-naphthol
degradation was due to biodegradation, as it wasisimot to undergo significant hydrolysis
(Armbrust and Crosby 1991). The MMS laboratorydegere conducted with raw SW in a dark
environment (no sunlight, pH = 6.8-7.2), and wotlldrefore closely resemble the conditions
reported by Armbrust and Crosby (1991). Whilelt#uk of sunlight and flowing water in the
laboratory tests may have decreased the rate aptithol breakdown, carbaryl concentrations
were measured at the time of dosing, and at theetiee 6-h exposure, and no carbaryl was lost
over this time period (Table 1). If fish were nigibzing carbaryl, however, and excreting it
into the tank water, there is the possibility tladoratory fish would be exposed to higher
concentrations of 1-naphthol than in the field .godially contributing to hepatotoxicity.
Rainbow trout exposed to 250 pg tarbaryl for 24 h showed biliary and possible anjn

excretion of metabolites (Statham et al. 1975) toald lead to 1-napthol in test water.
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If sturgeon in the laboratory were exposed to higloecentrations of 1-naphthol than
they would experience in the wild, the relativeiéites of carbaryl and 1-naphthol to fish
become relevant. Four species of FW fish were sagdo carbaryl (Sevin®) or 1-naphthol for
96-h and the calculated k§&values for all species indicated that 1-naphthad &.5 Catla
catla) to 13.9 Mystus cavasiygimes more toxic than carbaryl (Tilak et al. 1R88imilarly, 1-
naphthol was four times more toxic@rrhinus mrigalathan carbaryl (Sevin® 85% WP) based
on 96-h LG values (Rao et al. 1984). In addition, 24-hsg@lues indicate that 1-naphthol
was 1.6, 2.1, and 3 times more toxic than carb&@gVin®) toCymatogaster aggregata
Gasterosteus aculeatuandParophrys vetulusrespectively (Stewart et al. 1967). While these
studies do not discuss the mechanism of 1-naphtkmlity, they consistently indicate that 1-
naphthol is more toxic than carbaryl to the speofdssh tested, and the same may be true for
white and green sturgeon.

In the 2010 MMS toxicity test, plasma BChE actjvitas inhibited by 17% at 30 ugL
although this reduction was not statistically siigaint. At higher concentrations, plasma BChE
activity was equal to or higher than controls, aading release of BChE from the liver. The
duration and magnitude of the elevated BChE impthema would depend on the extent of
release of stored enzyme and the synthesis of ngynee in the liver. Secretion of BChE into
plasma from the liver has been shown to be a gahphenomenon (<8 h in rats; Bhatnagar
1970), and therefore may not be expected to coactt&ChE inhibition or hepatotoxicity
indefinitely, as would be the case in more chr@axposure scenarios, such as what may occur in
Willapa Bay.

In addition, there is evidence that white sturgpl@sma BChE and brain AChE

inhibition may parallel each other fairly closelyhe G values calculated for the two different
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tissues only varied by a factor of two, which idikely to be a biologically relevant difference.
Furthermore, the ChE inhibition seen at 30 [fgatas similar in both brain (15%) and plasma
(17%) samples from MMS in 2010. While inhibitiorasvnot statistically significant at the low
concentration in either tissue, there was a dosgerese, inhibition was very similar, and in
conjunction with the similar 163 values, the results suggest that brain AChE aashph BChE
have similar sensitivities to carbaryl in whiterggeon. It follows that the wild green sturgeon
sampled might be experiencing brain AChE inhibitsomilar to that in the plasma. The degree
to which release of BChE from the livers of the p&ed fish may have masked carbaryl-induced
BChE inhibition is not known, so the amount of imtion measured likely represents a
conservative estimate. If brain AChE inhibitionrmars the 37% decrease in plasma BChE
activity, green sturgeon in Willapa Bay may be r@adger risk due to exposure to carbaryl. While
a decrease in brain ChE activity of 37% has nohlassociated with overt effects in fish, more
subtle behavioral effects have been recorded Imviigh brain ChE inhibition of this magnitude
(Zinkl et al. 1991).

The severity of effects associated with brain AGhRibition in fish appears to be
directly correlated with the magnitude of enzymhilition, with inhibition > 70% associated
with overt behavioral effects, such as impairefootor function (for review, see Fulton and
Key 2001, Grue et al. 2002, Labenia et al. 200&)similar relationship exists for birds and
mammals and is likely related to the physiologinachanisms responsible for the biphasic
recovery of enzyme activity in these taxa (i.e¢hr@shold of approximately 40-60% brain AChE
inhibition; Grue et al. 2002). Other studies halecumented effects in fish with levels of
enzyme inhibition < 70% (reviewed by Zinkl et a@91). For example, swimming stamina was

decreased by 23-44% in three species of salmonithsoa. 50% brain AChE inhibition (Post
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and Leasure 1974). Sandahl et al. (2005) repateécrease in spontaneous swimming rate
(27%) in juvenile coho salmorOficorhynchus kisutghwith brain AChE inhibition of 23%,
whereas feeding, swimming rate, time to first fegdstrike, and total feeding strikes were not
impaired until enzyme inhibition reached 51%. Moeeently, Tierney et al. (2007) reported
impaired swimming performance in juvenile coho sainafter a threshold of approximately 32
or 50% brain AChE inhibition was reached dependingthe type of performance test used.
Whether or not comparable effects occur in wildegrsturgeon following carbaryl applications
is not known.

Another factor that may affect the toxicity of caryd as well as the extrapolation of the
results of the present study to other parts ofdinge of green sturgeon is the salinity of the
water in which they are exposed (Hooper et al. 20¥8illapa Bay is a SW estuary, and as such,
salinity varies depending primarily on FW inputsldidal flushing (15% of the volume of
Willapa Bay is exchanged during each daily tidalleyfor review, see Banas et al. 2004). In
the summer when carbaryl is applied, salinity sagest along the length of the estuary (26-31.5
ppt in July) and is associated with low river floesupled with coastal upwelling (Banas et al.
2004). In comparison, salinity within the toxictgsts at MMS was 30 + 1 ppt. The extreme
regime of SW intrusion within Willapa Bay and otlestuaries in the Northwest appears to be
different from other coastal estuaries in North Ailceeand more closely resembles the north
coast of Europe and the British Isles (Banas €2G04).

The toxicity of ChE-inhibitors to anadromous fislayrbe increased when the fish are
exposed in SW. Studies with coho salmon have shogreased toxicity to the OP, phorate,
with increasing salinity (Lavado et al. 2011). 8anresults were reported for rainbow trout

exposed to the carbamate, aldicarb; elevated sailimareased muscle AChE inhibition and
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toxicity (Wang et al. 2001). One explanation foe salinity-related increase in toxicity appears
to be related to the differential expression ofiftacontaining mono-oxygenases (FMOSs), which
are involved in osmoregulation and metabolism afolgotics. To support this, Wang et al.
(2001) exposed hybrid striped babtofone saxatilisx chrysop$, which express FMOs that are
nonresponsive to salinity induction, to aldicafeither muscle nor brain AChE activity nor
toxicity was affected by increases in salinity (Waat al. 2001). Whether sturgeon have FMOs
that are responsive to salinity or not may affaetéxtent to which salinity affects sensitivity to
carbaryl and other carbamates throughout their hamge. As this is yet unknown and
salinities may vary, it is hard to extrapolate tigslgreen sturgeon outside of Willapa Bay.
Results from the present study indicate green stur@re exposed to carbaryl following
application of the insecticide to control burrowistgrimp in Willapa Bay. On average, BChE
was inhibited 37% compared to controls. The distion of enzyme activities in sturgeon
collected after the final carbaryl treatment in Mpha Bay in 2012 compared to the control
average indicated that all but one was below tmtrobaverage. The significance of these
results is increased when one considers: (1) theséompling fraction (1.5%, 30 sturgeon in a
population estimated to be ca. 2,000 in July; Q&fgness, personal communication); (2)
telemetry studies that indicate green sturgeon neatensively throughout Willapa Bay, but are
concentrated near areas with the highest burroshmnignp densities (and therefore carbaryl
applications; Mary Moser and Brett Dumbauld, pees@ommunication); and (3) the small
proportion of Willapa Bay'’s intertidal mudflats thare sprayed with carbaryl each year in July
(410 acres in 2012 = 1% of the intertidal mudflattd% of the cultivated oyster ground).
Unfortunately, the results from the acute toxitégts conducted with SW-acclimated

white sturgeon suggest one can interpret the obdgslasma BChE inhibition in wild green
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sturgeon in two ways, leading to opposite conchsiabout the risk carbaryl applications in
Willapa Bay pose to this ESA-listed species. e spenario (low risk), the observed plasma
BChE inhibition is not associated with the comp&divain AChE inhibition, as BChE activity
was elevated in white sturgeon exposed @0 carbaryl, not inhibited. In the second scenar
(higher risk), release of BChE from the liver isgkiag BChE inhibition that is associated with
comparable brain AChE inhibition, in this case, 3#&%well as potential behavioral effects. As
a result, one should consider the level of carbaxplosure in green sturgeon in Willapa Bay to
be a conservative estimate.

To better understand the effects of carbaryl on &titvity in sturgeon, the risks
associated with exposure, and the role of BChElasraarker for exposure, additional studies
are needed. A dose-response test with SW-acclihwetée sturgeon using the same
concentrations (30-3,000 pg'Lcould be conducted, with fish sampled at frequetervals
within the 6-h exposure to determine whether BGitkthition is occurring rapidly (before the
plasma enzyme is released from the liver), as agethe onset of AChE inhibition. Water
samples could also be collected at the various pionets and analyzed for both carbaryl and 1-
naphthol in order to better understand the prodacind accumulation of the metabolite over the
course of the 6-h exposure. A comparable dosesnsgptest using much lower concentrations
would be helpful in identifying the concentratidweéshold for hepatotoxicity and the release of
BChE. In addition to brain and plasma sampleslyarsaof liver tissue for BChE activity would
confirm the source of the elevated plasma BChEi#ictivhen fish are exposed to high
concentrations of carbaryl. If possible, the useater exchanges (static-renewal or flow-
through) instead of a 6-h static exposure wouldicedhe potential for the accumulation of 1-

naphthol in test tanks as it is unlikely that segposure would occur in the field.
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At present, plasma BChE activity appears to bers@wative biomarker for exposure of
sturgeon to carbaryl when inhibition is detectedlinethe case of green sturgeon in Willapa Bay
following carbaryl applications to control burrowishrimp. Although it is unlikely that the
level of BChE inhibition detected is life-threategj as sturgeon exposed to 3,000 fig L
carbaryl for 6 h did not exhibit overt effects, luain AChE was inhibited 42%, the relationship
between plasma BChE inhibition and brain AChE aigtig unclear. Further studies are needed
to better understand the magnitude and effectarblarnate exposure on threatened and non-
threatened sturgeon in Willapa Bay, and other wedt& surface waters, including green

sturgeon spawning grounds.
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Appendix A

Characterization of white and green sturgeon plaShtas, including determination of
appropriate plasma dilution factor and substrateis;-OMPA concentrations, was conducted
on plasma samples from non-study individuals. Qoent analysis of both horse serum and
sturgeon plasma allowed comparison with ChEs ofkmproperties. The optimal plasma
dilution was selected from the linear range oféheyme dilution curve, and was 32-fold for
horse serum, and 16-fold for MMS white sturgeorspia. I1so-OMPA inhibition of BChE was
determined after 5 min incubation over a rangesof®MPA concentrations from 10to10° M.
The optimal concentration selected was that at hvalcBChE was inhibited, but where AChE
activity remained constant. In horse serum, thiseau occurred from 1to 10° M (Fig. A-1),
so an iso-OMPA concentration of 1M was selected for use. In white sturgeon plasbhé
activity decreased throughout the range of conagatrs used without reaching a noticeable
plateau (Fig. A-2). Activities at 70M were routinely 2-6% of total control activitySturgeon
plasma was incubated with additional higher cormregions of Iso-OMPA to see if a plateau was
visible (Fig. A-3). There still was no obvious fgau, and activity at T0M was low,
approaching zero. Sturgeon plasma was then inedlbat 30 min (rather than the normal 5
min) at the higher concentrations (Fig. A-4), atasma activity reached zero linearly with no
plateau, indicating an absence of AChE and thatBB®as the form of ChE in sturgeon plasma.
Moving forward, plasma ChE was measured and rep@aseBChE.

In some of the iso-OMPA runs, there was a gradaatehse in activity (ca. 10%) from
10'° M to 10° M. Iso-OMPA inhibition of plasma CaE activity waseasured in an attempt to
explain the decrease, but there was no decrea@@afractivity from 16° to 10° M to help

explain the ChE decrease (Fig. A-5). Although @akEnot explain this trend, the gradual
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decrease in ChE activity was not seen in all isoF@Mitration runs, and would not change the
conclusion of total ChE being reported as BChEh@€urther attempts to explain the trend were
pursued.

Substrate affinity was determined by measuring A@h& BChE activities over a range
of AThChlI concentrations from Tto 10 M, with peak activity in a bell-shaped AChE curve
being the appropriate assay substrate concentr@tropka 1963). In horse serum, this was
found to be 18 M, but in white sturgeon plasma, without the pneseof measurable AChE,
there was no peak AChE activity. A substrate cotregion of 10° M consistent with
standardized ChE analysis in other fish speciask(&t al. 1991) was selected for use in the
white sturgeon assays.

Cholinesterase inhibition by carbamates may beiémited by temperature, so to avoid
reactivation, reagents and enzyme sources wereokepe until the assays were performed. To
verify that no reactivation was occurring withiretime it took to analyze a plate, carbaryl-
exposed samples were left to incubate for 5 (awetiage from substrate addition to end of
analysis), 10, 20 and 30 min and then analyzedreltwvas no noticeable increase in inhibition,
or increase in activity over the course of the 30,nmdicating there would be no reactivation
occurring in the time it took to analyze a plate.

White sturgeon brain homogenate was incubatedGanih with a range of Iso-OMPA
concentrations (I&M to 10'° M), to determine ChE composition of the tissuen ihhibition
was seen, verifying brain ChE to be AChE (Fig. A-6)

A brief characterization was performed with cohplasma samples collected from wild
sturgeon from Willapa Bay (green) and the Colunitiiger (white). The only difference

between assay parameters for the wild sturgeorMin8 plasma was the optimal enzyme
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dilution, which was 8-fold instead of 16-fold, respively. Total plasma ChE was reported as

BChE in wild white and green sturgeon, and a sabstoncentration of T0M was utilized.
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Figure A-1:

Figure A-2:
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Figure A-3: Iso-OMPA titration in white sturgeotapma ChE with increased high
concentration incubations
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Figure A-4: High-concentration iso-OMPA titratisvith 30 min incubation in white sturgeon
plasma ChE.
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Figure A-5: Iso-OMPA titration in white sturgeotapma Cak
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Figure A-6: Iso-OMPA titration in white sturgeonain ChE. No presence of BChE indicated.

71



