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Chapter I. Effects of co-varying diel-cycling hypayxand pH on disease susceptibility in
Crassostrea virginica

Introduction Shallow waters in estuaries and coastal zoneditradily are considered a
refuge from deep-water benthic hypoxia (Bartolle1899; Eby and Crowder 2002; Bell
and Eggleston 2005) and are often targeted foriespeestoration (Lenihan et al. 2001;
Byers et al. 2006). These same shallow areas,\eweften experience diel-cycling
dissolved oxygen (DO) and co-occurring diel-cyclpid, resulting in periods of hypoxia
(DO below saturation) and environmental hypercagelavatechCO, resulting in low
pH) (Burnett and Stickle 2001). Diel-cycling condits occur naturally in shallow
waters, including those minimally affected by hunaativities, and are driven by daily
cycles of respiration and photosynthesis (Nixon @wehtt 1973; Kemp and Boynton
1980; Tyler et al. 2009). The magnitude of dietlng is affected by a variety of other
environmental characteristics and therefore may waamplitude from day to day (Fig.
1) (Tyler et al. 2009). Although these cycles aaraturally, they are exacerbated by
eutrophication and are expected to worsen withatknchange (Boynton et al. 1996;
Diaz and Rosenberg 2008; Rabalais et al. 2010liigyDO/pH has the potential to
create landscape-level variation in the conditeesn by aquatic organisms, and may
have sub-lethal effects upon individuals with negatonsequences for populations ,

(Sagasti et al. 2001; Eby et al. 2005; Tanner.e2G06; Breitburg et al., submitted).

Diel-cycling pH is of particular interest as awagses of acidification from elevated
atmospheric C@ nutrient enrichment, and other sources, raisesara about how

acidification affects marine and estuarine systéamhony et al. 2008; Yamamoto-



Kawai 2009; Cai 2012). In shallow waters, dailyctuations in dissolved GO
concentrations range widely, from doubling, ashie Gironde estuary in France
(Frankignoulle et al. 1998), to ranging by a facbd0 or more, as in the Thames in the
UK (Frankignoulle et al. 1998) or the Anacostidhe USA (Bala Krishna Prasad et al.
2013). Although these systems are also experigiange daily fluctuations in pH, the
relationship betweepCQO, and pH is indirect in that the effect@fO, on pH is

controlled by the carbonate chemistry of the syseoney et al. 2009). In the
Chesapeake Bay, a network of shallow-water semsotsited 0.3-0.5m off bottom have
shown pH values cycling one unit or more per dagome severely eutrophic systems
(Breitburg et al., submitted). These severelyagltic waters also tend to be the systems

with cycling hypoxia of the largest amplitude (MDNR13).

Although diel-cycling pH and DO are intertwinedsély (Portner 2008; Levin et al.
2009), most laboratory research has focused piyngson continuous hypoxia or
cyclical DO without manipulating pH (e.g. Baker addnn 1992; Dwyer and Burnett
1996; Lenihan and Peterson 1998; Burnett and $t2801). Acidification research
primarily has focused upon current, or future pcedns of, open-ocean pH, with less
published research replicating cyclical condititimst shallow waters currently
experience, (e.g. Bamber 1987; Burnett 1997; Waldbuet al. 2011). Exposure to
hypoxia can negatively affect survival, growth, aedroduction of organisms (Boyd and
Burnett 1999; Burnett and Stickle 2001; Breitburgle 2009; Vaquer-Sunyer and Duarte
2010) as well as potentially increase suscepyhititpathogens (Smolarz et al. 2006).

Exposure to acidified water also has been assaciatd a wide range of biological



effects, including increased mortality, altereddarction of reactive oxygen
intermediates (ROIs), decreased growth, reduceddisnergy stores, and decreased
calcification rates (Boyd and Burnett 1999; Ringd@md Keppler 2002; Gazeau et al.
2007; Dickinson et al. 2012). For example, Ringdvaad Keppler (2002) found that
mean pH below 7.5 or very short term exposuregtbdg@ow 7.2 decreasedercenaria
mer cenaria growth more than 50% when compared with clams abti/e 7.5.

Dickinson et al. (2012) found that a consta@O, of 800 ppm increased mortality,
reduced tissue energy stores, and caused negativessue growth of the eastern oyster,
Crassostrea virginica, after 11 weeks when comparedo®O, of 400 ppm. Effects of
hypoxia and acidification upon the immune systefswertebrates, some positive and
some negative, also have been observed (e.g. BayBarnett 1999; Burnett and Stickle
2001), and studies have shown that higher bacleadks can be found in organisms
exposed to hypoxia and acidified water can hawge Gallinectes sapidus (Holman et al.

2004) andC. virginica (Macey et al. 2008)).

The eastern oyste€, virginica (Gmelin) naturally inhabits the western Atlantiorh

Brazil to Canada’s St. Lawrence River. It is apartant fishery species throughout
much of its range, including the Chesapeake Baydidand Haven 1999; Mann and
Evans 2004), where stocks are estimated to belalow 1% of historic levels (Newell
1988; Wilberg et al. 2011). As sessile organigmast-settlement oysters cannot move to
avoid hypoxic events, and in spite of wide tolemntlow DO, constant hypoxia reduces
feeding, metabolism, and growth (Widdows et al.9 3aker and Mann 1992; Burnett

and Stickle 2001) and delays and reduces larvéésetnt (Widdows et al. 1989).



Reactive oxygen species (ROS) produced by hemoaygean important part of the
immune response 8. virginica. ROS production following pathogen or proxy
challenge is commonly measured as a determinantroftine capacity. Unstimulated
ROS production measures the innate levels of RO8uyaed by cell metabolism,
whereas measurement of stimulated ROS productdioates the ability of the cell to
kill pathogens. High unstimulated ROS is an inticaf stress, and may be energetically
draining and physically damaging to the organigtemocytes from lobsters collected
from hypoxic areas had higher unstimulated ROS ywtvan than those from higher-
oxygen areas (Moss and Allam 2006). Anderson.€18D8) found no effect of hypoxia
upon unstimulated ROS production@avirginica. Boyd and Burnett (1999) found that
both hypoxia and hypercapnia reduced stimulatedymtion of reactive oxygen
intermediates by oyster hemocytes after stimulatith zymosan. This indicates that
hypoxia may stimulate one aspect of the immuneoresp, but may limit the ability of

cells to respond to further stress and expose tepsssible oxidative damage.

Two diseases, Dermo and MSX, are particularly danggip oysters in the Chesapeake
Bay region. Perkinsus marinus, a protistan parasite that causes Dermo diseasesiars,
was first observed in Chesapeake Bay in the 19#@siaitially being discovered in the
Gulf of Mexico. It is thought to be endemic to fikesapeake Bay regioR. marinus is
one member of a genus of parasites that affectusidlworldwide (Goggin and Lester
1987; Goggin and Barker 1993; Pecher 2007). IrCihesapeake Bay, a period of
drought in the 1980s (Dauer et al. 2000; Mann avehg 2004; Murphy et al. 2011)

increased Dermo prevalence (Burreson and Andre®8;13arvell et al. 1999; Kimmel



and Newell 2007). Along with overharvesting, lo$$ard bottom substrate, and water
guality declines, Dermo is one of the major factorsting eastern oyster populations
today (Ford and Tripp 1996; Harvell et al. 1999eB&et al. 2001; Carnegie and

Burreson 2009; Beck et al. 2011).

Previous laboratory and field studies indicate thak-cycling DO increases the
acquisition and progression Bf marinus infections in eastern oysters (Breitburg et al.,
submitted). Stronger effects of DO Bnmarinus infection in the field than in the lab
suggested the possibility that a co-occurring stesicreased DO effects. We
postulated that the co-occurring stressor unaceouiiorr in previous laboratory
experiments was pH, which shows a tight correlatwth DO in the field (Burnett 1997)
but which was not controlled in Breitburg et allgmitted). The mechanism behind
these infection differences may be an effect ofiogdO upon immune function,

similar to the effects of constant hypoxia seeBayd and Burnett (1999).

The objective of this research was to examine tleets of repeated, short term, co-
occurring stressors by exposing eastern oystelsnaitdetected infection initially to both
diel-cycling DO and diel-cycling pH, as well aseither of these stressors individually,
along with water containing waterborRemarinus for approximately 3 months and
examining acquisition and progression of infectma immune status of the oysters.
This builds upon previous work by examining thesef$ of cycling DO and the
previously unstudied co-occurring cycling pH, adlhae directly examining immune

status under these conditions. Our expectationtlasexposure to repeated, brief



periods of hypoxia and low pH would incredsemarinus acquisition and progression

and disturb immune response more severely thaarestressor independently.



Methods We tested the effects of diel-cycling DO and pHmupdection acquisition and
progression as well as hemocyte status in 1 yelafyol) eastern oysters (35-70 mm
initial length) at the Smithsonian EnvironmentasBarch Center (SERC), in Edgewater,
Maryland, USA, during July-September 2012. Oldgsters (4-5 yo) were used as a
source ofP. marinus in the experiments (initially 72% prevalence wath infection
intensity of 1.35 #1.00). All oysters were purchased from Marinetins., an
aguaculture facility on the Choptank River, MD, UBPApril/May 2012, and held on
flow-through Rhode River water at SERC until theesment commenced. Salinity and
temperature at the Marinetics facility were witBilmnd 1 °C, respectively, of Rhode

River ambient conditions at the time oysters wenelpased.

Initial P. marinusinfection prevalence and intensities were deterthinel00 individuals

of each age class using Ray’s Fluid Thioglycoldedium (RFTM) assay (Ray 1952;
Ray 1954) on rectal tissue. Although RFTM assay mess very light infections, it

allows for a rapid and cost-effective analysisndéction in a large number of

individuals. We define prevalence as the percentdgndividuals with detectable
infections out of the entire population analyzés: thange in prevalence over the course
of the experiment was used as an index of infecmuisition. Mean infection intensity
was the average modified Mackin score among ordgdloysters with detectable levels

of infection (Mackin 1962; Craig et al. 1989; Learet al. 1999).

Ninety 1yo oysters per 75 L aquaria were assigoeiktreplicates of five treatments

arranged in a randomized block design, with onéa&e from each treatment clustered



together in case room position affected resultklefoysters serving as the infection
source were held in an air-bubbled 400 L tank. dfxpental oysters were acclimated to
aquaria, feeding regime, and light/dark cyclesaoatmoxia/normcapnia for five days prior

to commencing treatment conditions.
Treatments

A factorial design was used crossing two pH treatisiea constant “normcapnia” pH
(7.8) and cycling pH between 7.0 and 7.8, with tND treatments: constant “normoxia”
(7.0 mg 'Y, and severe cycling hypoxia ranging from 0.5 nfgd_a supersaturated
value of 10.0 mg & (Fig. 2). Normcapnia is defined herein as a pldpgroximately
7.8, which is reasonable for the field-site pH dtods that we replicated (Fig. 1). A
fifth “moderate hypoxia” treatment also was run sisting of DO cycling from a low of
1.7 mg L* to a supersaturated value of 10.0 nigwith cycling pH. The factorial
structure of this design allowed for an estimatéefinteraction of cycling pH and
severe cycling hypoxia, as well as the individuaimeffects. The additional moderate
cycling hypoxia treatment allowed for an estimdtéhe effects of a more moderate
cycling hypoxia when compared to the constant l@Hcycling pH treatment. Our
experimental facility precluded our ability to radditional treatments to test a full

factorial design.

One-year-old oysters were exposed to cycling candit4-5 d wk' from July 5 through
September 27, 2012 (54 days of cycles total).hénclycling DO and/or pH treatments,

DO and pH were decreased over 3hrs (ramp-dowrg,dtetontinuous low values for 4h



(low-plateau), brought back to normoxia/normcapnvar 3h(ramp-up), held for 2h
(normoxia), taken to supersaturated DO/normcapaliaes over 2h (up-to-supersat), held
at high values for 2h (supersat-plateau), broughbklto normoxia over 2h (down-to-
normoxia) and held at normoxia/normcapnia (normpuidil the next day’s cycle
commenced (Fig. 2). Photoperiod regime was miaiethin a 14:10 light:dark cycle 7 d
wk™, using incandescent 5V rope-lighting. Light cdiulis in the tanks simulated those
at 2 m depth in the Rhode River, MD, USA on a suday as measured with a Li-Cor
LI-190 Quantum Sensor (Li-Cor Inc., Lincoln, NE, A)S On the 2-3 d wk on which
DO/pH cycling conditions were not applied, treattsemere bubbled with air and GO
stripped air to maintain target values of the aarnitonstant normoxia/normcapnia)
treatment: this resulted in a DO of 7.44804 mg [* and pH of 7.838.002. Potentially
P. marinus-contaminated water was not transmitted to experiai@ysters on these

days.

Experimental conditions were monitored and manigdaising a custom-developed
LabVIEW (National Instruments Corp., Austin, TX, ASprogram which used input
from Oxyguard Standard DO probes (Oxyguard Intéonat A/S, Birkeroed, Denmark)
and Honeywell Durafet Il pH sensors (Honeywelklmational, Morristown, NJ, USA)
and manipulating ratios of five gasses (air,,&0ipped air, oxygen, nitrogen, and
carbon dioxide) through mass flow controllers (Dakimstruments, Orangeburg, NY,
USA). Soda lime C@scrubbers were used to create,&@ipped air. Oxyguard DO
and Honeywell pH sensors were checked for calibmatieekly, and recalibrated if they

were outside of published accuracy ranges. Honkyieprobes were 2-point



calibrated (NBS scale, Thermo Fisher Scientific|thtan, MA, USA) and Oxyguard DO
probes were calibrated in water-saturated air. D@grobe and one pH probe were
placed in 1 replicate of each treatment and usednitrol all six replicates. One 30 L
min™ gas mix was created per treatment and then salgas manifolds to deliver 5 L
min™ of mixed gas to each replicate aquaria througtagsgbonded silica air diffusers
(3.75cmx1.25cm) resting on the bottom at the middline aquarium. For details of this

system, see Burrell et al. (submitted).

In addition to continuous monitoring of DO and pHone replicate, DO, temperature,
salinity, and pH were measured 3 to 4 times peridayl aquaria using a YSI
ProfessionalPlus (Yellow Springs Instruments, Y&l®prings, OH, USA), and an
Oakton Acorn pH 5 meter (Oakton Instruments, VerHdls, IL, USA). This ensured
that treatment variables were similar among refggand that non-controlled variables
(temperature and salinity) did not vary among tresits. In-tank partial pressure of
carbon dioxidefCO,) was measured 3-4 d Whia equilibration in one replicate of the
control treatment and 1 d Wkn one replicate of each of the other four treattseluring
the low-plateau part of the cycle using a Li-Co084C0O,/H,0 gas analyzer (Li-Cor
Inc., Lincoln, NE, USA). Alkalinity was determindxy titration three times per week in
one replicate of the control treatment using a Taaott-Gerate piston burette titrator

and a Corning pH Analyzer 350 according to Standiéethod 2320 (APHA 1992).

Each aquarium received 1 L rifiof flow-through, unfiltered, Rhode River water

supplemented with 0.093 mL of stock algal diet (®Reef Blend,
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http://www.dtplankton.com/) mixed into the inflonater every 8 minutes, 24 i'd
throughout the experiment, with the exception @balay period in August during which
the timer controlling the algae system was undeaire While this would have reduced
food availability, there would have been some amtiypdytoplankton in the SERC sea
water system, and all treatments would have expesethe same reduction in
phytoplankton availability during this period. Baaquarium also received 75 mL iiin
of water from the infected oyster tank. Both waiguts were located just above the air
diffusers to promote mixing. The infected oysterk was provided a constant 5 L in
of flow-through Rhode River water. All effluent tea from the infected oyster tank and
treatment aquaria was UV-sterilized before reléaghe Rhode River. Oysters were
removed from aquaria and washed gently each weedntove mud, feces, pseudofeces
and polychaetes. Aquaria were drained and scrubbeeekly to remove waste

products and bio-fouling on a day when conditiomseanot cycled.

Infection and growth metrics were measured half-thagugh the experiment and at the
end of the experiment. At the midpoint, 30 oysteese removed haphazardly from each
aguarium on August 8-9 2012, and infection prewegesnd intensity (determined using

the RFTM assay), shell length, and wet tissue weigite measured.

Just before the end of the experiment, 2 oysters v&noved from each replicate of the
4 factorial treatments at the end of the low-platehase on September 25, 2012.
Oysters were measured and hemolymph was remowvertfi® adductor-muscle sinus of

each oyster using a 1 mL syringe fitted with a 2B8gg needle inserted through a small
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notch cut into the ventral shell edge. Followirggrtolymph extraction, oysters were
shucked, and a sample of rectal tissue was takenfértion analysis by RFTM assay.
Any oyster that did not provide enough hemolymphaiiealysis in a timely manner was
discarded, resulting in a sample size of 10 foha@egatment. The hemolymph from each
oyster was held on ice in an Eppendorf tube ueiihdp distributed into Falcon flow-
cytometer tubes for the several analyses condudtedne Falcon tube, counts, mean
sizes, and percentages of granular and agranudartEamocytes were determined with
an Accuri C6 flow cytometer (BD BioSciences, Sase]JdCA) using the methods of
Hégaret and colleagues (2003). In another tulreeptages of total and granular
phagocytic hemocytes were determined using 2-pastiplmicrobeads (Hégaret et al.
2003). In a third tube, reactive-oxygen specieslpction by hemocytes was determined
using the oxidation of non-fluorescent DCFH-DA teen-fluorescent DCFH (Hégaret et
al. 2003). For this analysis, cells were not stated with chemical or particulate
inducers of oxidative burst, so values reportedélative, dimensionless detector units)
represented constitutive oxidative activity (ROE)nally, in a fourth tube, percentages
of live or dead apoptotic hemocytes were determursag the green-fluorescent probe
Annexin V and propidium iodide following the mancffarer’s instructions (Life

Technologies, Carlsbad, CA, Product V13241).

At the end of the experiment on September 26-27228n additional 28 oysters were
removed from each replicate. For each oyster) Erajth was measured, tissue assayed

for Dermo infection, and wet tissue weight was dateed gravimetrically. All
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remaining oysters were removed from the experinmaegsured, and any mortality was

recorded.

To examine latent effects of cycling conditionsioiection acquisition and intensity, 17
oysters from each aquarium were placed in 3,000cames constructed of 2 cm square
mesh and suspended from SERC piers in the Rhod® Rpproximately 0.5 m above the
bottom. Cages were deployed 2 m apart at eackositénimizeP. marinus

transmission, and in such a way that they wereelylito be exposed to hypoxia as
severe as that seen in the lab and that all tredsmeould experience similar field
conditions. Approximately nine months later, theages were collected from the field
sites on July 18 and 19, 2013. All oysters werasueed and weighed, and infection was
assayed to examine any latent effects of cyclinglitions experienced the previous year

upon infection.
Satistics

All data were tested for homogeneity of variancagisan F-max test and normality using
a Shapiro-Wilkes test. Percentage data were tiagisformed. Unless otherwise noted,

data are presented as mearstandard error.

Using the proc mixed procedure (SAS Institute I@@ry, NC, USA), salinity,
temperature, DO, and pH among treatments were caapéth nested ANOVAs among
the 5 treatments using data collected at the etidedbw-plateau phase each day.
Treatment effects also were tested prior to thgprdown phase each day. Tukey post-

hoc tests were used on any variables shown significy ANOVA (p<0.05). Effects of
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DO and pH orP. marinus prevalence and intensity from the laboratory eixpent were
analyzed using randomized complete block design XN P. marinus prevalence and
intensity from the field deployment were analyzethg replicated block design

ANOVAs with deployed field site as the blockingaic Least square means
comparisons were used to tagiriori hypotheses that severe cycling DO and cycling pH
would increase disease metrics, in combinationiagelpendently, and that moderate
cycling DO would increase disease metrics in comparto constant, normoxic

treatments.

MANOVA was used to reveal main effects and inteoand of the two independent
variables (DO and pH) upon each hemocyte varigdtigtgraphics Plus, Statpoint
Technologies, Inc., Warrenton, VA). As hemocytealales are not necessarily
independent of each other (e.g., an oyster wittefeywanular hemocytes is likely to have
a lower percentage of phagocytic hemocytes), we fawnd it useful to develop overall
hemocyte profiles using correlation matrices caltad by Principal Components
Analysis (PCOMP) and to test effects of experimevdaables upon hemocyte profiles
defined by the first and second Principal Componeaiies (Hégaret et al. 2004). Thus,
the following variables were entered into a PCOMdrir: T (transformed) % live
granular hemocytes, T% dead granular hemocytedjvE2agranular hemocytes, T%
dead agranular hemocytes, T% apoptotic live henescyi% apoptotic dead hemocytes,
T% phagocytic hemocytes, T% phagocytic granulardwytes, ROS granular hemocyte

population 1, and ROS granular hemocyte popul&i¢see Results). Principal
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Components 1 and 2 were used in a MANOVA testimgrfain effects and interactions

of experimental treatments as described aboventbvidual hemocyte variables.
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Results Severe cycling hypoxia increasBdmarinus infection prevalence and intensity
and also affected some metrics of the cellular imenstatus irC. virginica over the
course of the 3-month exposure to cycling condgioModerate cycling hypoxia did not
significantly affect infection prevalence or intégshowever there was a trend towards
increased prevalence of more intense infectiongwthgse conditions. Cycling pH did
not affect infection prevalence or intensity sigrahtly. After a 9-month field
deployment and respite from severe cycling cona#tjahe prevalence of infection in
oysters previously exposed to severe cycling hypwsas still elevated over the infection

prevalence in oysters exposed to normoxia.
Water quality

Experimental conditions were within the environnaénanges foP. marinus

transmission and proliferation (salinities aboven@ maximal summer temperatures)
(McCollough et al. 2007) as well as the native eaofC. virginica (Hargis and Haven
1999). Water quality measurements taken in exparial aquaria are shown in Table 1
(DO and pH), Figure 2 and Figure 3 (salinity, tenappgre, and alkalinity). Over the
course of the experiment, salinity averaged 1D.8with a range from 9.3-12.6; salinity
did not differ among treatments (df=4, F=0.004, 0¥1 Temperature averaged 27.1
+0.1°C, ranging from 21.0°C to 30.5°C over the cewfkthe experiment, and did not
differ among treatments (df=4, F=0.038, p=0.99%kalinity averaged 1630%6
pneqHCQ L™, and ranged from 1454 peqHEt) " on June 29, at the experiment’s

start, to 1758 peqHGOL " on September 24, at the experiment’s conclusion.
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DO did not differ among treatments during the naxio@eriod prior to the ramp-down
phase (df=4, F=0.31, p=0.8744). pH values variadrg treatments (df=4, F=4.98,
p=0.0005), but the variation was only a 0.02 uaitge among treatments. The statistical
significance of the difference in pH values refégtthe very large sample size (6
replicates per treatment measured daily for 51 daysl is very small when compared to

the 0.80 pH unit cycle of the applied treatment.

DO varied significantly among treatments at the ehtthe low-plateau phase (Table 1)
(df=4, F=48708.5, p<0.0001). Severe DO cyclesayed within 0.07 mg t of target
values, and moderate DO cycles averaged within @@38™ of target values.
Treatments also differed with regards to pH (df&412855.2, p<0.0001), with cycling
pH treatment values averaged within 0.02 of thetianget value, and normcapnic

treatments averaged within 0.03 of target values.

During the low-plateau phase, there was a sigmfid#ference imppCO, between the 5
treatments (df=4, F=128.6, p<0.0001), with a TuK&D test indicating differences
between all cycling pH treatments and all normcapr@atments, and no differences

within these treatments.
Disease

At the start of the experiment, 1yo oysters hadeiectabld. marinus (i.e. 0%
prevalence), and 4/5yos had 72% prevalence withfantion intensity of 1.35 4.00.

Disease parameters at the other time points aéxtperiment are summarized in Table 2.
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Prevalence

Severe diel-cycling hypoxia increased overall pkewvee ofP. marinus infections
compared to normoxia at both the mid- and endpuiitite experiment (Table 3A, Fig.
4A). After twelve weeks of exposure to cyclingaiments prevalence & marinusin
oyster populations exposed to periods of severexig{0.5 mg [}) 4-5 d wk* was
nearly twice that of controls (51% vs. 26%). Thaimreffect of cycling pH was not
significant at either time point, nor was the iatgfon of DO and pH. Moderate cycling

DO did not increasP. marinus prevalence over that of the control.

When prevalence of just those infections scorimg Bigher was examined (Table 3B,
Fig. 4B), no difference was observed among treatsnanthe midpoint (very few oysters
were this heavily infected), but by the end of shedy nearly 20% of oysters exposed to
severe hypoxia were scoring at 2 or higher, sigaiftly more than the 5% of oysters held
at constant normoxia. The lack of differenceradte weeks, but the quadrupled
prevalence of more heavily infected oysters aeti#dpoint may indicate stimulated
infection progression under hypoxic conditions.eféhwas also a trend towards higher
prevalence of severe infections under moderatengyblypoxia when compared to

normoxic conditions.

After a period of field deployment during which &katments experienced similar
conditions, which were likely not as severe aséhgeen in the lab (Hondorp,
unpublished datal. marinus prevalence in oysters exposed to severe cyclipgXig

the previous summer was nearly double the prevalanoysters exposed to continuous
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normoxia the previous year (Table 4A, Fig. 5A).efidawas no difference between
oysters exposed previously to moderate cycling D@@ysters exposed to hormoxia.
The prevalence of infections scoring 2 or highettenmodified Mackin scale, however,
did not differ among treatments (Table 4B, Fig. 5irhaps indicating that these
infections had yet to progress to severe infectairtbe time of assay after regressing
during winter. After a complete season of exposareonditions conducive te.

marinus, the latent effects of severe hypoxia might benewere serious.
Infection intensity

Neither cycling DO, cycling pH, nor the interactiohthe two affected infection intensity
after six weeks of exposure at the midpoint oféakperiment. However, after twelve
weeks of exposure to cycling conditions, severdhagdO significantly increased
infection intensity as compared with normoxia witlhdified Mackin score infection
intensities of 1.50 and 1.27 respectiv@lgble 3C, Fig. 4C). Like with prevalence, there
was no significant effect of cycling pH on infectimtensity, no interaction between
cycling DO and pH, and no difference between canistarmoxia and oysters exposed to

1.5 mg L DO.

There was no effect of laboratory treatments upéection intensity after a 9-month
field deployment (Table 4C, Fig. 5C). Intensityarg infected oysters was lower at the
time of field collection than infected members atle cohort at the end of the
experiment, possibly attributable to the water guabnditions and point in the summer

at which infection was assayed.
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Hemocytes

Hematology and immune function variables for oysteere all within ranges that can be
considered “normal,” as these variables tend t@ lveide ranges related to seasonal
cycles and environmental conditions (Duchemin e2@07; Lambert et al. 2007). Severe
cycling hypoxia increased phagocytosis and unstaiedl ROS, but decreased apoptosis.
pH cycling increased hemocyte phagocytosis, anufgignt interactive effects of DO

and pH treatment were found for percent dead hetascghagocytosis, and apoptosis

(Appendix A).

Components 1 and 2 from the hemocyte-variable P@Aktted in Fig. 6. Component
1 contrasted oysters having high granulocyte coumiswith low phagocytosis and
accumulation of apoptotic and dead hemocytes ité&meolymph (positive scale), with
oysters having the opposite profile (negative gcalle Component 2, oysters with high
numbers of live agranular cells and dead granwdardtytes also are shown to have low
phagocytosis and ROS production by the “active’-gapulation of granular hemocytes
found. A sub-population of live, granular hemoesytéath very low ROS was found;
these may be apoptotic hemocytes, but this couldb@aonfirmed with the data

collected.

When Component 1 (PCOMP1) was analyzed as the depewariable in a MANOVA,
significant main effects of DO, pH, and the int¢i@c term were found (Fig. 7). These
statistical results were driven mainly by the veifferent hemocyte profile of control

treatment oysters kept at constant normoxic anchoapnic conditions (Fig. 7A). When
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Component 2 was applied to the same MANOVA, ondyititeraction term was
significant. Specifically, when normoxic oysterern in the cycled-pH treatment,
PCOMP2 scores were lower than in normcapnic oystdrereas, oysters in severe
hypoxia had higher PCOMP2 scores when in the cygl¢tteatment compared to
normcapnia. The combination of constant normori@nstant pH influenced immune
status of oysters by repressing granulocyte phdmgoftyction, with a sub-population of
these granular cells also showing low levels of Rf@Beration. Low phagocytic activity
of hemocytes in these oysters also permitted theraclation of apoptotic and dead

hemocytes circulating in the hemolymph.
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Discussion Results of this study indicated that exposurerief periods (4 hr d) of

severe diel-cycling hypoxia, which are common ialktw-water systems globally, and
eutrophic systems in particular, may increase atom and progression of infection and
affect immune status. Contrary to our expectatitms combination of diel-cycling DO
and diel-cycling pH did not affect infection acqtien or progression beyond those of
diel-cycling DO alone. Although non-significantetcycling pH may reduce infection
prevalence and intensity slightly under normoxinditions (Fig. 4). Severe diel-cycling
hypoxia can increase the acquisition and subsequegtession oP. marinus infections
in eastern oysters over the course of just oneoseasd prevalence may remain elevated
through subsequent years. This effect was obserhed DO cycled to 0.5 mg'4-5 d
wk™, but not when DO minima approach 1.7 miy however, moderate cycling hypoxia
may have increased the number of more-intensetiafexslightly. These two findings
in conjunction may indicate a threshold below whigipoxia increases susceptibility to
infection.

Diel-cycling hypoxia and diel-cycling pH, as wef the two combined, were shown to
up-regulate hemocyte phagocytosis and unstimuRR@8 production and reduce
apoptosis. All of these effects were seen at waiality levels at which oyster mortality
was not affected over the 3 month duration of abolatory experiment, and overall
mortality was very low (<3.5%). Our experiment eandistinguish effects of diel-
cycling conditions on host versus pathogen, busthgle infection source applied to all
treatments, coupled with the effects on immunaustbgad us to believe that the altered

disease dynamics are a product of effects uporersyst
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Neither moderate hypoxia (~1.7 mg)Lnor hypercapnia 4-5 d ifksignificantly
increased infection prevalence when compared tmowia and hypercapnia during this
experiment, although moderate hypoxia tended taltregshigher prevalence of more
intense infections. Previous work, however, fothmat diel-cycling DO significantly
increased infection at a DO value of ~1.5 myjih some years but not in others
(Breitburg et al., submitted). This may indicatattoysters, and perhaps some other
estuarine organisms, have evolved to tolerate stegeee of hypoxia or cycling DO.
More severe cycles, which can be caused by eutrapbin, may exceed tolerances of
estuarine organisms and have negative effects.efféets of DO, and therefore the DO
threshold which promotes infection, may interadhvgionditions which vary from year-
to-year and were not controlled in our experimeapgaratus (e.g. temperature, salinity,

calcite saturation, etc.).

Previous work has primarily focused on the effeétsonstant hypoxia on disease
dynamics. Anderson et al. (1998) found that presiyp-diseased oysters exposed to
constant 2.86 mgt DO experienced increased disease-related mortatity Gray et al.
(2002) found reduced growth below constant 1.5 M@0, indicating physiological
effects occurring near this concentration. Lackistase effects until much more severe
hypoxic values were reached in the present studybman indication that oysters are
more tolerant of hypoxia when it is interspersethwignificant periods of normoxia,

which may provide periods of recovery.
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With the recent increase in concerns about acatiba of aguatic systems, examining
the effects of cycling pH seemed particularly relav In addition, although DO and pH
are almost inextricably entwined in shallow-watgstems, identifying individual effects
may provide important information into the mechamsby which these factors affect
estuarine organisms. In contrast to our initigdiction, cycling pH did not increase
infection susceptibility. Our pH cycles, althougifivironmentally relevant, may not have
led to increased acquisition and progression @aidns in oysters because of the innate
self-buffering ability of bivalves (Dwyer and Butt@996; Berge et al. 2006; Lannig et
al. 2010) as well as the low natural pH of oysemblymph (Clark 2014). Periods of
hypercapnia/low pH in the environment may requasslenergy because pH during
periods of hypercapnia is closer to the internalgbldysters (Croxton et al. 2011), which
may require less regulation than during periodsarfoxia/normcapnia. This could
allow more energy to be allocated to immune respoesulting in an overall slightly
more infection-resistant condition; however, ih@ known how these conditions may be
affecting other aspects of oyster physiology aralagy (Ringwood and Keppler 2002;
Miller et al. 2009; Lannig et al. 2010). Althougixcling conditions employed in the
present study are relevant to the environmentsibes replicated, more extreme
conditions, in terms of both instantaneous valuesraagnitude of cycles, do occur

(Boynton et al. 1996; Breitburg 2002) and mighténaifects not seen in this study.

Although DO and pH values are very tightly correth{Burnett 1997; Tanner et al. 2006;
Gobler et al. 2014), our results indicate thathimithe range of pH values tested in this

experiment and within the range of infection presshypoxia is a better predictor of
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infection in oyster populations than pH. Shouldyatues or other environmental
parameters deviate from values tested here, andgnitude of cycling exceed that of the
cycles tested here, it is possible pH might hateces upon infection other than those

observed in our results.

Field deployment of oysters that had been exposadqusly to cycling conditions for a
summer season allowed an estimate of how exposucting conditions might
continue to affect oysters after a period of resfyiim severe cycling conditions, and
whether infections might return to these oysteith Wie same intensity. During the
winter months, cycling conditions tend to break das the magnitude of primary
production decreases and water temperatures beoglty increasing DO saturation.
During this periodP. marinusinfections become more difficult to detect, and the
infection may go in to remission (Oliver et al. 899 Exposure to severe cycling hypoxia
appeared to have a legacy effect on infection peeca the following year, indicating
that exposure to brief (4 hr), daily periods of byja for one season may have lingering
effects upon infection in oysters. At the timecoflection, salinity was well below that at
which P. marinus epizootics are likely, and infections are unlikedyhave reached peak
prevalence or intensity, yet there still was aeatiéhce in infection prevalence between
treatments. If an oyster were to be exposed tbhngybypoxia during a second year, the

infection increases might be additive, but thisaera to be determined.

Cycling hypoxia and/or pH up-regulated cellulardtians commonly considered to

constitute the oyster immune response, but indalglaxposed to cycling hypoxia also
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had higher infection prevalence and intensity. SEnenmune findings were counter to
our expectation that the hemocyte activity wouldlbgraded under hypoxic and/or
hypercapnic conditions based upon previous resedmawing decreased ability to
respond to immune stimulation under hypoxia andification (Boyd and Burnett 1999).
While it is possible that the up-regulation of immeufunctions is an indication that
environmental variation and “stressful” conditigtsnulate immune activity, especially
in granular hemocytes, as a “precaution” againpbapnistic infection under
challenging environmental conditions, the respanag not be particularly or
consistently effective againBt marinus (Chu and La Peyre 1993F. marinus may
instead benefit from this stimulated response lnyguthe increased proportion of
phagocytic granulocytes and reduced apoptosis parymities for infection (Sunila and
LaBanca 2003; Goedken et al. 2005). The spre&d mérinus throughout the range of
C. virginica is often attributed to warming temperatures (André\®88; Ford 1996;
Cook et al. 1998), but it is possible that onehef teason®. marinus has been such a
successful parasite is because of its ability #othe innate immune response of the
oyster as a means for successful infection andf@ralion. The up-regulated immune
response still may be effective against other tndes agents that are not adapted to use
the immune cells of the oyster as sites of infecti®n the other hand, it also has been
observed tha®. marinus infection may stimulate phagocytic hemocytes (Asdaret al.
1992; Anderson et al. 1995; Samain et al. 2004)holgh our infection scores are not
correlated with immune variables, we cannot beagethat the immune responses are

not influenced by differences in infection amorggtments.

26



Other mechanisms also may result in higher infadeéwvels under cycling hypoxia
conditions. The restoration of oxygen after pesiofihypoxia/anoxia results in the
majority of tissue damage because ROS productiixes@and the necessary anti-
oxidants are not yet being produced (Anderson. ét982; Pannunzio and Storey 1998).
This may occur daily under our cycling hypoxic ctiiwhs, as evidenced by the higher
innate ROS levels in oysters from severe hypoxatments, resulting in more oxidative
stress to the individual and possibly also in hightection (Moss and Allam 2006).
These negative effects may overwhelm any positifexts of the stimulated immune
functions. This potentially also explains the lstirend for lower infection levels in
oysters in cycling pH treatments which may berfediin the stimulated immune activity
caused by exposure to fluctuating environmentatltmms without experiencing the
negative effects of sudden oxygen restorationallinwe only examined hemocyte
variables on one day during the three-month expartirand only during the most severe
part of the cycle on that day, aRdmarinus infections at the mid and end-points of the
three month experiment; therefore, these effectslmeaoccurring on different time

scales and therefore not interacting as we hadcsage

The treatments used in this experiment are reptatbem of the range of conditions
which are seen in the native range of the eastgstepnand might be found in shallow
waters worldwide. Under current conditions, moritg data suggest that few sites in
the Chesapeake Bay experience daily periods ah@.5* DO and full pH unit cycles
during the summer season (Breitburg 2002). Thesdtors are 0.3-0.5 meters off-

bottom and may, therefore, underestimate the dgwarbottom water conditions.
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Furthermore, if eutrophication-driven phytoplanktdooms are not curbed such
conditions may become more severe and more preval@ughout shallow water areas
during the summer months.

Periodic relief from stressors provided by cyclD@/pH may allow organisms to

survive relatively brief periods of environmentahditions that are more severe than
they could tolerate if exposure were continuousl, @ay in fact stimulate protective
responses in organisms, although these may noysllaaeffective. Eutrophication
results in larger amplitude diel cycles and moreeswe hypoxia, which may have
harmful effects overwhelming any benefit of cyclicgnditions. These more severe
conditions may also result in increased diseas#slaad epizootics, as shown by the
greater proportion of animals scoring 2 or highetlee Mackin scale in this experiment.
In this way, cycling conditions in one area maydawdespread ramifications on a much
larger geographic scale as increased higher-irtteiméections result in higher disease
loads to the environment. For these reasonsjnipsrtant to consider local
environmental dynamics and their sub-lethal conseges, such as increased disease,
when siting restoration, or setting water qualibalg, to ensure that the maximum benefit
in ecosystem services may be provided. It is imgmortant to take these consequences
into consideration when considering the importasfoeutrophication as it is an important
driver of cycle severity in near-shore shallow watgstems. On the other hand, filter
feeding organisms may ameliorate the negative itspafceutrophication by reducing the
magnitude and severity of algal blooms and simelbasly the amplitude of diel cycles;

however restoration of filter feeders should npiaee efforts at nutrient reduction
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(Cerco and Noel 2007). For this reason, oystdorason at sites in danger of severe
algal blooms and large-amplitude cycles may besteye towards improving water

quality.
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Table 1. Mean$E daily dissolved oxygen (DO), pH, ap@0, conditions in treatments at normoxia, at
the end of the low-plateau phase, and at the etttecfupersaturated plateau (‘Supersat’) phase.
Measurements of DO and pH were made on 82 dayssixaeplicates of each treatment and at
supersaturated-plateau (‘Supersat’) on six daydl isix replicates of each treatment. Supersatdrat
measurements were only taken on six days due tstilceg constraintspCO, was measured by
equilibration every minute for two hours during tber plateau one d wkfor six weeks due to constraints
on number and functionality of equilibrators.

DO (mg L) pH pCO; (ppm)

Treatment| Normoxig Low- Supersat Normoxia Low- | Supersat Low-

plateau plateau Plateau
Control 7.25+ 7.36+ 7.71+ 7.81+ 7.82+ | 7.93+ 1043.2+

0.02 0.02 0.11 0.00 0.01 0.02 36.7

High DO- | 7.24+ 7.32+ | 7.68+ 7.79+ 6.98+ | 7.98+ 7343.8+
Cycling 0.02 0.02 0.10 0.01 0.00 0.02 606.1
pH
Moderate | 7.25+ 1.69+ | 10.20+ 7.80+ 7.02+ | 7.98+ 6542.1
DO- 0.02 0.01 0.07 0.00 0.01 0.02 380.6
Cycling
pH
Severe 7.27+ 0.57+ | 10.24+ 7.81+ 7.0+ | 797 6583.8+
DO- 0.02 0.01 0.07 0.00 0.00 0.02 199.3
Cycling
pH
Severe 7.20t 0.56+ | 10.41+ 7.79+ 7.83+ | 7.92+ 955.5+
DS-HIgh 0.02 0.01 0.02 0.00 0.00 0.03 49.3
p
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Table 2. Mean$E of (A) infection prevalence (proportion of topalpulation assayed), (B) prevalence of
infections scoring 2 or higher on the Mackin sdai®portion of population assayed), and (C) Mackin
scale intensity of all individuals with detectabigections, after six weeks (Midpoint), twelve week
(Endpoint), and nine month field deployment (Recgye

A) Prevalence
Treatment Midpoint Endpoint Recovery
Control 0.0896.025 0.2626.017 0.2100.036
High DO-Cycling pH 0.0788.022 0.2286.020 0.2796.062
Moderate DO-Cycling pH 0.100@+028 0.2646.055 0.1696.051
Severe DO-Cycling pH 0.1944043 0.5076.049 0.0416.080
Severe DO-High pH 0.2384023 0.5676.023 0.2770.058
B) Prevalence of 2+
Treatment Midpoint Endpoint Recovery
Control 0.0336.000 0.0656.015 0.0436.031
High DO-Cycling pH 0.0338.000 0.0476.013 0.0836.041
Moderate DO-Cycling pH 0 0.108+004 0.0276.016
Severe DO-Cycling pH 0.038+000 0.2096.027 0.06786.035
Severe DO-High pH 0.034t001 0.1856.022 0.0666.030
C) Infection intensity
Treatment Midpoint Endpoint Recovery
Control 0.5676.049 1.2656.135 1.1186.283
High DO-Cycling pH 0.6048.166 1.0096.130 1.1586.258
Moderate DO-Cycling pH 0.5541041 1.1826.097 0.9796.086
Severe DO-Cycling pH 0.7214070 1.5146.084 1.1858.167
Severe DO-High pH 0.688+t076 1.4826.095 1.2176.260
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Table 3. Randomized complete block design ANOVA(fy prevalence, (B) prevalence of infections
scoring 2 or higher on the Mackin scale, and (®dtion intensity after 6 weeks of exposure to ing!

conditions 4-5 d wk (midpoint) and (D-E) the same three parametees 42 weeks of exposure 4-5 d
wk™. Tests are considered significanga0.05 and significant p values are bolded.

A) Prevalence at midpoint D) Prevalence at endpoint
Source and Factor df F p Source and Fagtor  |df F p
Model 4 3.70 0.022 Model 4 14.57| <0.001
DO 20 3.41 0.003 DO 20 6.99 <0.001
pH 20 0.45 0.660 pH 20 0.62 0.539
Interaction 20 0.58 0.572 Interaction 20 0.77 0.449
Moderate hypoxia Moderate hypoxia
VS. hormoxia 20 0.04 0.967 VS. hormoxia 20 0.53 0.602
B) Prevalence of 2+ at midpoint E) Prevalence of 2enalpoint
Source and Factor df F p Source and Fagtor  |df F p
Model 4 0.65 0.633 Model 4 15.36 <0.001
DO 20 0.93 0.365 DO 20 7.55 <0.001
pH 20 0.13 0.896 pH 20 0.23 0.824
Interaction 20 0.01 0.991 Interaction 20 1.25 0.225
Moderate hypoxia Moderate hypoxia
VS. hormoxia 20 0.68 0.504 VS. hormoxia 20 1.84 0.081
C) Infection intensity at midpoint F) Infection intétysat endpoint
Source and Factor df F p Source and Fagtor  |df F p
Model 4 0.69 0.608 Model 4 3.68 0.021
DO 20 1.33 0.199 DO 20 3.28 0.004
pH 20 0.42 0.679 pH 20 1.02 0.322
Interaction 20 0.21 0.839 Interaction 20 1.65 0.116
Moderate hypoxia Moderate hypoxia
VS. hormoxia 20 0.39 0.701 VS. hormoxia 20 1.11 0.281
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Table 4. Randomized complete block design ANOVA(fy prevalence, (B) prevalence of infections
scoring 2 or higher on the Mackin scale, and (®dtion intensity after retrieval from a nine moffitid
deployment. Tests are considered significaat8t05 and significant p values are bolded.

A) Prevalence

Source and
Factor df F p

Model 4 2.48 0.079
DO 19 2.5 0.022
pH 19 1.24 0.229
Interaction 19 0.19 0.854
Moderate
hypoxia vs.
normoxia 19 0.26 0.794

B) Prevalence of 2+

Source and
Factor df F p

Model 4 0.54 0.708
DO 23 0.57 0.573
pH 23 0.71 0.484
Interaction 23 1.30 0.207
Moderate

hypoxia vs.

normoxia 23 0.33 0.743

C) Infection intensity

Source and
Factor df F p

Model 4 0.17 0.949
DO 19 0.29 0.776
pH 19 0.11 0.916
Interaction 19 0.06 0.949
Moderate

hypoxia vs.

normoxia 19 0.58 0.571
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Figure 1. DO and pH in the St. Mary’s River, MDSHA showing diel-cycles during circa one week in
2008. Data from MD-DNR Shallow Water Monitoringadgram, eyesonthebay.net, station XCF1440, 38°
11.358' N, 76° 26.034" W.
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by the LabVIEW control program. Arrows represeimges at which DO and pH were measured in all
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Figure 4. Mean 6E of disease variables over the course of therdabry experiment (mean of 6
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Figure 5. Mean SE of disease variables in oysters which wereayepl in the field for nine months after
the completion of the laboratory experiment andwgsd in mid-July 2013 (mean of 6 replicates,
approximately 17 oysters from each replicate, nisible error bars are obscured by symbols): (A)
prevalence of infection (proportion of populatissayed with detectable marinus infection), (B)
prevalence of infections scorin@ ¥proportion of population assayed with intensitpres of 2 or higher
on the Mackin scale), and (C) infection intensitytbe Mackin scale of detectable infections.
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Chapter Il. Effects of co-varying diel-cycling hypa and pH on growth and feeding in
the eastern oysteCrassostrea virginica

Introduction Day-night patterns of photosynthesis and respinaticcur naturally and, in
combination with other environmental parametersilltan periods of hypoxia (low
dissolved oxygen, or DO) and environmental hypenaflevels of CQabove those in
equilibrium with the atmosphere resulting in low)pHs well as periods of
supersaturation (oxygen levels above those atibgquih with the atmosphere) and
elevated pH in shallow water systems world-widée &mplitude of these cycles can be
increased by eutrophication, which results in highiemass of photosynthetic
organisms, microbes, and heterotrophs than tygicaitur under non-eutrophic
conditions (Nixon and Oviatt 1973; Kemp and Boyn1@80; Tyler et al. 2009). In the
eutrophic Chesapeake Bay, for example, pH valussrat shallow water sites cycle one
unit or more on a daily basis and DO levels caatflate from near anoxia to well above
100% saturated levels during a day (MDNR, 2013jtBueg et al., submitted). In
addition to the effects of increased metabolic,@@ds on pH in estuarine systems,
increasing atmospheric G@oncentrations cause acidification (Melzner eR@l3) and
are predicted to increase the severity and duratitnypoxic events(Diaz and Rosenberg
1995; Rabalais et al. 2010) by increasing globaleratures (Diaz and Rosenberg 1995;
Boynton et al. 1996; Rabalais et al. 2010).

Repeated exposure to brief periods of hypoxia apeicapnia may be harmful to
estuarine organisms in spite of adaptations tode wange of environmental conditions
(Eby et al. 2005; Tanner et al. 2006). The majasftprevious research has focused on

the effects of continuous hypoxia such as mighioled in deeper bottom waters (e.g.
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Rabalais et al. 2002; McNatt and Rice 2004; Broustexl. 2007) or continuous low pH
(e.g. Miller et al. 2009; Waldbusser et al. 20119 aome studies have examined
continuous exposure to the two stressors in cortibmé&e.g. Melzner et al 2013; Boleza
et al. 2001). Gobler et al. (2014) found additwel synergistic effects of continuous
hypoxia and low pH on growth of larval scallopsgopectenirradians. They found that
acidification, but not hypoxia, reduced survivogshwhile hypoxia but not acidification
reduced growth. In addition, DO and pH had intBvaceffects on metamorphosis.
Understanding the effects of co-varying hypoxia phidon important members of
shallow-water communities is vital to understandimg effects of eutrophication on

estuarine systems as well as planning and protefdimfuture climate change.

Fewer studies have investigated the effects of kigoar hypercapnia under cycling
conditions (Tyler et al. 2009; Bockmon et al. 2Q%8)d replicating the two cycles under
co-varying conditions is uncommon (but see BogukE320 Cycling conditions may have
effects similar to those of continuous low condigpor may affect organisms differently
due to the rapid changes in DO and pH and the émtperiods of respite interspersed
among the periods of potentially harmful conditioddthough mobile organisms will
often relocate to avoid hypoxia exposure (Breitbetrgl. 2003), Bell and Eggleston
(2005) found reduced avoidance behavior in blubs;(allinectes sapidus, exposed to
hypoxia associated with sudden upwelling events thdahose exposed to long term
hypoxic events. The authors attributed reduceddavce to the rapid changes in DO
associated with periodic upwelling. Taylor and IBtil(2001) found that southern

flounder,Paralichtys lethostigma, under diel-cycling hypoxia experienced similar
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changes in hematrocrit levels to those under cah&igpoxia; however, when growth
rates were examined, flounder were found to act¢ért@continuous hypoxia exposure,

but not to cycling hypoxia.

Calcifying organisms are heavily dependent on tlalability of calcium carbonate in
the environment. Hydrogen ions produced by thedliigion of carbon dioxide in water
bond with free carbonate ions and reduce theidavisity in the water column. Low
alkalinity waters are more susceptible to pH chartgan better buffered, higher
alkalinity water. Extremely low pH results in calm carbonate levels below saturation
(Qcarcite< 1.0) and the dissolution of carbonate compoukdslf et al. 2004). Even at
values above but near the saturation point, caltibn requires the expenditure of excess
energy and calcification rates may be reduced.ekample, calcification is reduced in
the Pacific oystelCrassostrea gigas, at calcite saturations of 3.1 and below (Gaztau
al. 2007). When calcite is under-saturated, nbt prust additional energy be expended
to create shell, but calcium carbonate structuaesdissolve, requiring compensation for
dissolution as well as additional calcificationfdom shell. Low calcite saturation
resulting from elevated CG{has been shown to reduce growth in larvae and adstern
oysters in the lab and in the field (Miller et 2009; Barton et al. 2012). Olympia
oystersOstrea lurida, raised under acidified conditions resulting ipka~7.8 did not
have thinner shells, but were 29-40% smaller traarirol oysters reared at a pH of 8
(Sanford et al. 2014). Continuous hypercapnialtiegun a pH of ~7.5 increased the
standard metabolic rates of eastern oysters, ieiliioth shell and tissue growth, and

increased mortality (Beniash et al. 2010). Unddxoptimal conditions, Pacific oysters
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preferentially put energy in to shell growth (Broand Hartwick 1988; Jokela et al.
1997) to avoid predation and create a self-contbsteicture to avoid suboptimal
external conditions (Shick et al. 1986; Riisgarale2003; Sanford et al. 2014) so
conditions that reduce shell growth or increasegate cost of producing shell are likely

to have severe effects on other processes affeayisigr survival and fitness.

In nature, diel-cycling DO and pH interact with etlenvironmental conditions that may
affect not only the severity of the cycles themes)\but may also moderate the way in
which estuarine organisms respond. Increased tetype and salinity decrease oxygen
solubility (Benson and Krause Jr 1984). Salinitg alkalinity are closely correlated due
to the impacts on both by the presence and prapoat fresh water mixing (Lee et al.
2006). Low salinity and low alkalinity reduce theailability of calcite in aquatic
systems (Millero 1979). It is difficult to teaspaat main effects of hypercapnia versus
low pH versus carbonate saturation due to theantate nature of these three
measurements in water (Gibson et al. 2011). Ldinigaalso reduces the assimilation
rate of food in the Pacific oyster (Brown and Hactnv1988). Conversely, food
availability can influence the effects of DO or pH organisms. For example, increased
food availability can allow organisms to withstahe increased energy demands
associated with acidification (Thomsen et al. 2018hen conditions approach the
extremes of the natural range of an organism, roétaprocesses are likely to be slowed
or disrupted; for instance, lower salinity and temgture reduce growth rate in juvenile
oysters (Osman 1994) and salinity and temperaametfect metabolism (Claireaux et

al. 2000) and survival (McLeese 1956) in other maonrganisms.
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The sessile nature and economic and ecologic impoetofC. virginica make them an
excellent representative organism for studies ahgles in estuarine water quality as they
are unable to move to avoid periods of potentiadymful conditions, and anything
negatively affects oysters is likely to have wides impact on estuarine communities
and the economies that depend on them. The eastster is the foundation of a major
fishery throughout the western Atlantic from BrarilCanada in waters with salinity
above 5 and temperatures below 32°C; althoughrieysurvive brief periods of
conditions exceeding these bounds (Hargis and H2988; Mann and Evans 2004).
Oysters couple the benthic and pelagic environméfies the water column, and
engineer habitat (Grabowski and Peterson 2007erfi3hing, environmental
degradation, and disease have resulted in severggtion declines. For example,
stocks in Chesapeake Bay are estimated to be Hétowf historic levels (Newell 1988;
Wilberg et al. 2011). As with many other sessiigamisms, oysters tend to be tolerant of
hypoxia (Pértner et al. 2005; Vaquer-Sunyer andri2u2010), but constant exposure to
hypoxia has been shown to reduce feeding, metabo#iad growth (Widdows et al.

1989; Baker and Mann 1992; Burnett 1997). Hypasa also result in mortality of adult
oysters, and change oyster reef community dynath@sihan and Peterson 1998). As
oyster larvae develop, they become more tolerahypbxic exposure (Widdows et al.
1989). Hypoxia does, however, reduce settlemeshiramediate post-settlement growth,
and anoxia reduces settlement to near zero and ptigt-settlement growth completely

(Baker and Mann 1992). Exposure to diel-cyclingdwia increases infection acquisition
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and progression (Breitburg, et al., submitted; Grap). Exposure to cycling hypoxia or

cycling pH, as well as both cycles in conjunctistimulates immune activity (Chapter 1).

The objective of this research was to examine tleets of diel-cycling DO and co-
varying pH, as well as each stressor individuatig ander constant conditions, on
growth and feeding of adult and juvenile eastersteng,Crassostrea virginica.

Although there is a plethora of pH and DO datalabé for shallow water environments
in Chesapeake Bay (MDNR 2013); other carbonate ®tgnparameters for these sites
are not well measured. For this reason, we dedigneexperiment around pH targets;
although we suspect that the availability of caiticarbonate is the primary driving force

behind pH effects on oyster growth seen here.
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Methods We tested the effects of diel-cycling DO and pHgoowth and feeding of adult
(1 year-old (yo)) and juvenile (ene month post-settlement, colloquially referreas
‘spat’) eastern oysters at the Smithsonian Enviemtiad Research Center (SERC), in
Edgewater, Maryland, USA. Adult growth experimentse conducted during July-
September 2012 and May-August 2013; experimente@growth of several post-
settlement ages of spat were conducted duringuimeners of 2012-2014. Adult growth
for both years was measured as part of an experiometine effects of diel-cycling
hypoxia and pH on disease acquisition and progresaid immune response (Chapter

1).

Five experiments were performed on either adujiineenile oysters. Treatment names
and mean DO and pH values at various parts ofytble are described in Table 5.
Briefly, the 2012 adult growth and juvenile grovetkperiments consisted of five cycling
and control treatments with no constant hypoxihymercapnia treatments. In the 2013
adult growth experiment, a constant moderate pétrirent was added in order to help
tease apart effects of cycling versus constantgpid,the DO target for the moderate
cycling hypoxia treatment was adjusted from 1.5Li{go 1.3 mg [* to look for any
threshold of DO at which effects might occur. Afd@ional constant moderate hypoxia
treatment at the same target DO level as the mtaleyaling hypoxia treatment was
added for the 2013 juvenile growth experiment. ther2014 experiment, the target DO
level of the constant hypoxia treatment was in@ddmm 1.3 mg * to 2.0 mg L%, In
addition, all treatments were run at both ambi&k supplemented chlorophyll levels to

examine any interactive effect between food avditgland effects of DO or pH.
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Oysters were raised in replicate aquaria under BéDpdd conditions controlled by a
custom-developed LabVIEW (National Instruments Cofpistin, TX, USA) based diel-
cycling laboratory system described in Burrell le{submitted). Briefly, oysters were
placed in 75 L aquaria and bubbled with a constahtme of gas comprised of,NCGO;,
O,, and either atmospheric or @&tripped air, the ratios of which were varied gsin
mass flow controllers (Dakota Instruments, OranggpNY, USA) controlled by the
LabVIEW program. One gas mix was created perrreat and then split equally among
replicates. DO and pH were monitored in one repdicising Oxyguard Standard DO
probes (Oxyguard International A/S, Birkeroed, Darkh and Honeywell Durafet Il pH
sensors (Honeywell International, Morristown, NEA). Because the LabVIEW
program only has the ability to monitor and conBdafeatments, some non-cycling
treatments were created separate from the progsarg tlow meters and Saga pH-
2002C Digital pH-ORP Controllers (Saga Electronitetprise Co., Ltd., New Taipei

City, Taiwan).

During experiments, DO and pH cycled daily 4-6 d'wlOn days when conditions did
not cycle, all treatments were bubbled with air @@}-stripped air to maintain DO and
pH values similar to the control (constant normtmaamcapnia) treatment. In the field,
environmental conditions (winds, temperature, siotadiance, etc.) can result in days on
which hypoxia and environmental hypercapnia doawour (Breitburg et al., submitted)
which would be similar to the non-cycling days es$e experiments. Normoxia is
defined as oxygen saturation levels in equilibrivith oxygen in the atmosphere and

normcapnia, for the sake of these experimentgfiseld as pColevels resulting in a pH
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between 7.8 and 8.1. Incandescent 5V rope-lightiag used to replicate light levels at a
depth of two meters in the Rhode River on a suray Bhotoperiod regime was

maintained in a 14:10 light:dark cycle 7 dWwk

To determine whether all replicates were similathtuse being controlled by the
LabVIEW system, DO, temperature, and salinity waeasured 3 to 4 times per day in
all replicate aquaria using a YSI ProfessionalP¥{edlow Springs Instruments, Yellow
Springs, OH, USA) and pH was measured at the sanes using an Oakton Acorn pH 5

meter (Oakton Instruments, Vernon Hills, IL, USA).
Adult growth

All 1yo oysters were purchased from Marinetics, a0 aquaculture facility on the
Choptank River, MD, USA. Oysters were purchasetyéathe season to avoid the
onset of summertime hypoxia or hypercapnia in thegfank and held under well-
oxygenated flow-through conditions at SERC un# ¢art of experiments. Adult
oysters were individually labeled, measured tortbarest millimeter from hinge to bill
on the right valve using a flexible ruler followispell contours, and weighed, after
which 90 oysters were placed in 75 L aquaria (ticafes of 5 treatments in 2012, 30
total aquaria; 6 replicates of 6 treatments in 2@B3total aquaria). MeanSE and
minimum and maximum shell heights at the startamheexperiment are presented in
Table 6. Treatments were arranged in a randonfuloexk design with one replicate from

each treatment clustered together to account tamnposition in analysis of results.
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Oysters were allowed to acclimate to laboratorydatons for four to six days before

experiments began.

In order to measure mid-point growth rates, a hapfthsubset of 30 oysters was
removed from each aquarium after six weeks of 02Zxperiment and measured. At
the end of the experiment, after twelve weeks,&fiteonal oysters were removed from
each aquarium and shell heights were measured.mfamality among remaining oysters
was noted and empty shells were discarded. Searepigsters from each tank were
deployment from three piers owned by SERC on thed@IRiver for later analysis of
recovery. Oysters were deployed hanging from féssn above the bottom in
approximately 2 m of water to avoid periods ofeaiposure or bottom water hypoxia.
Oysters from individual tanks were placed approxetya2 m apart to reduce disease
transmission between oysters from individual tasdkshese oysters were also part of a
disease acquisition and progression experimenti€hd). Three sites were necessary
to find enough dock area to space out oystershofijh we describe field deployment as
a respite from diel-cycles, field conditions aretamly not as stable as treatments under
laboratory control; however we believe that fietthditions were less severe than any of
our laboratory cycling conditions (Hondorp et ahpublished data), and all treatments
would have been exposed equally to field conditiorasboratory blocks were continued
in the field, with two replicates going to eachtwb sites, and the fifth replicate deployed
at the third site. In July of 2013, field-deployagsters from the 2012 experiment were

collected, measured, and weighed again.
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In 2013, 30 oysters were removed from each tardt &ur weeks and shell height was
measured. In addition, a tissue sample was takem 15 of these oysters for analysis of
fecundity (Steppe et al., unpublished data). Ateerweeks, 30 additional oysters from
each tank were measured, weighed, and then fraedarther processing. Any mortality
was noted in the remaining oysters. Ten oysters ftach aquarium were later defrosted
and tissue was carefully separated from shelleddat 65°C for 48 hours, and then
weighed to the nearest 0.0001 g. The 2013 adoNtttrexperiment oysters were also
exposed td°. marinus spores throughout the experiment although salinéyg below that

at which Dermo epizootics typically occur.

In 2012, each aquarium received 1 L thisf flow-through, unfiltered, Rhode River
water supplemented with 0.093 mL of stock algat (&’s Reef Blend,
http://www.dtplankton.com/) mixed into the inflonater every 8 minutes, 24 i'd
throughout the experiment except for a 10 d pediming the second half of the
experiment while the system was under repair. Olh32 each aquarium received 0.5 L
min™ of flow-through, unfiltered, Rhode River water pigmented continuously with

0.088 mL mirt of stock algal diet.
Juvenile growth

Eyed larvae were obtained from Horn Point Oystechiary (Cambridge, MD, USA) for
all juvenile growth experiments. Larvae were reagt to SERC and placed in 0.28 m
raceways with roughened 12.7x12.7x0.5 cm PVC (20L2BS (2013-2014) tiles in

0.54 um filtered Rhode River water modified using&ife Scientific Grade Marine Salt

51



(Coralife, Central Aquatics, Franklin, WI, USA) neatch the salinity at which larvae had
been hatched. After three days, raceways wererpQt54 um filtered flow-through
Rhode River water, and fed intermittently with $t@tgal diet. Larvae were set four
weeks prior to the experiment’s start in 2012, faeeks, two weeks, and one week prior
to the experiment in 2013, and three weeks pritihéoccommencement of experiments in
2014. Mean SE, minimum and maximum shell area of spat astag of experiments

are presented in Table 6.

At the start of the juvenile growth experiments tigds were removed from settlement
raceways, photographed, and 1-3 tiles per age wlassplaced into each of 30 (2012),
35 (2013), or 48 (2014) 75 L experimental aquanawly 26, 2012, August 29, 2013,
and May 29, 2014. Multiple tiles were used in casbere settlement was not dense
enough to achieve target numbers of individualggek with single tiles. Tiles were
oriented vertically with the bottom edge severalteeeters above the bottom of the
tanks in order to avoid sedimentation on top oejule oysters. In 2013, the three age
classes of spat were all placed in the same expatahunits. A randomized block
design was used clustering one replicate from &aeliment together to account for
room position in analysis of results. Photographse used to measure spat area using
image analysis software (ImageJ, v. 1.37, Natitmstltutes of Health, USA). In some
cases (youngest age class in 2013 and all indildda&@014), oysters were too small to
be efficiently measured by photographing tilesthiese cases, a subset of the cohort was
measured and found to bel<nnf. Spat were allowed to acclimate to water floghti

levels, and feeding regimes in experimental aquariéour days at
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normoxia/normcapnia, after which treatment cycl@smenced. Treatments were
cycled 4-6 d wk for 4 weeks (2012), 5 weeks (2013), or 2 week4d420 Constant

treatments were maintained continuously for thgtleof the experiment.

The 2012 spat were placed in the experiment wihattults described above. Because
adults reduced algal concentrations in aquariaeaperimental treatments affected adult
filtration rates, food availability likely varied@ong treatments: during hypoxic
exposure, phytoplankton availability would haverbbegher, but lower during other
parts of the cycle. The 2013 experiment did noluide adults, and each aquarium
received 0.3 L mitl of Rhode River water supplemented with 0.088 mhhaif stock

algal diet. In 2014, each aquarium received 0.m8iti* of Rhode River water, aquaria in
the supplemented food treatment received 0.109 inL* of stock algal diet

continuously.

All tiles from the 2012 and 2013 spat experimengserphotographed again at the mid-
(August 7, 2012, September 17, 2013) and end-pftgust 27, 2012, October 8,

2013) of each experiment. Oysters from the 204 spperiment were not analyzed at
the mid-point due to the brief duration of the expent but were analyzed after two
weeks, at the endpoint of the experiment (Jun@D4). At the midpoint of the 2013
experiment, oysters of the youngest age class thaneed haphazardly to 6 individuals
per replicate aquarium to avoid overcrowding. tAds were then processed using image
analysis software with the same methods as thabe atart of experiments. Any

mortality was noted at the end-point of each expent.

53



After endpoint sampling in 2012, spat tiles froncleaquarium were deployed in the
Rhode River along with the corresponding adult engst Spat were collected after nine

months of field deployment and again analyzed ize.s

Other Measurements

During all 2013 and 2014 experiments, we estim#tedelative amount of food
available in each aquarium byvivo fluorescence measurement of chlorophyll levels in
aguaria using a Turner Designs 10-AU Fluorometerriér Designs, Sunnyvale, CA,
USA). Water samples (50 mL) were removed from aquet mid-depth by transfer
pipette, placed in blackened containers, and psatesnmediately. Samples were taken
at the end of hypoxia/hypercapnia (simulated davatiirn to normoxia/normcapnia
(simulated mid-morning), end of the supersaturategen period (simulated mid-
afternoon), and end of normoxia/normcapnia (sinegatusk). Samples were taken on
eleven days at the end of hypoxia/hypercapniajays at return to normoxia, five days
at supersaturation, and three days at the endrof;maa/normcapnia. We were able to
use the relative chlorophyll abundances as a pimxglifferences in feeding among
treatments in the 2013 experiment. Since thisdwae in flow-through aquaria, it is
necessary to point out that chlorophyll (&hineasurements are in fact integrating a
period of time as in-flow rates cause aquarium mas to turn over approximately every
two and a half hours, and inflow Ghevels vary over time with ambient Rhode River

conditions. Any phytoplankton removed by the ogstgere being actively replaced by
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the inflow water, but some of the water in the tanlas available for filtration up to 2.5

hours prior to time of sampling.

Alkalinity was measured thrice weekly during alpeximents in order to calculate calcite
saturation states using G&®Y'S.XLS (Pelletier et al. 2007). Samples wereifdt to 0.45
pm and kept at 4°C until processing. In 2012 atikigl samples were processed
according to Standard Methods 2320 (American Puidialth Association 1992), and in
2013 and 2014 according to the Guide to Best Resfor Ocean C{Measurements

(Dickson et al. 2007).
Satistics

Shell heights and total oyster weights of adulteysand shell areas of juvenile oysters
were used to calculate instantaneous growth rdtesases where initial measurements
could not be made (youngest age class of spatli8 8ad all spat in 2014), starting size
was assumed to be 1 riifor the sake of calculations. Statistics for eipental

parameters only measured at one time were perfoamedeans within aquaria. Unless
otherwise noted, data are presented as meatentlard error. Any differences referred

to as significant are significant at p=0.05.

All data were tested for homogeneity of variancegian F-max test and normality using
a Shapiro-Wilkes test. All statistical analysesevgerformed in the proc mixed
procedure in SAS (SAS Institute Inc., Cary, NC, USEffects of cycling treatments on
mortality were examined for every experiment perfed using a randomized complete

block design (RCBD) ANOVA with laboratory positi@s the blocking factor. When

55



starting sizes were available, effects of DO andpHjrowth rates during the laboratory
experiments were analyzed as RCBD ANCOVAs with tabmry position as the

blocking factor and starting size as the covari&@eowth rates during the first and
second halves of each experiment as well as thelbgeowth rate were analyzed to
allow for examination of differences in growth memong treatments during different
time periods, which might indicate acclimation to-compensation for- exposure to
experimental conditions. In the case of adulteygssampled destructively, and juvenile
oysters too small to individually identify at thiag of experiments, individuals could not
be tracked through all experimental periods. Ghorates during the recovery portion of
experiments (2012 adult and spat growth) were atsdyzed as ANCOVAs using shell
height or spat area at time of deployment as tharte. For the 2014 spat growth
experiment, results were first analyzed using awagy ANOVA testing for an

interactive effect of food treatment with cyclirgatments. Since the interaction was not
significant, results were analyzed as an RCBD ANOM# feeding treatment as the
blocking factor in order to focus the analyses etedtion of DO and pH treatment
effects. Since chlorophyll was measured in allicages on multiple days, chlorophyll

content was analyzed using a repeated measures ANOV

Least square means contrasts were used to testdoactive effects of severe cycling
DO and cycling pH as well aspriori hypotheses that cycling DO and cycling pH would
reduce growth and feedind\ priori hypotheses that constant conditions would reduce
growth and feeding as compared to the controlstlaaidconstant conditions would not

differ from similar cycling conditions were alsasted using least square means
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comparisons. Pre-planned comparisons were pertbragardless of overall test

significance (Keppel 1991).
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Results Effects of diel-cycling hypoxia and pH, and théenaction of the two on growth
of eastern oysters varied from year-to-year butjqdarly in combination with other
environmental stressors, cycling conditions hadptbtential to reduce growth. Five
experiments, conducted over the course of threersis) resulted in a range of ambient
environmental conditions in addition to the expenmal stressors. Dates of experiments
and water quality parameters not manipulated isdlexperiments are presented in Table
7. Salinity and alkalinity were allowed to varytwembient conditions in the Rhode
River, as was temperature in 2012 and 2013. Dtieetearlier experimental dates in
2014, incoming water was warmed to keep temperatose to that of previous
experiments. Temperature during the 2012 expetimvasa warmer than during the other
three experiments, but all were within the natuaalge of the eastern oyster (Mann and

Evans 2004).

Salinity during the 2013 adult growth and 2014 gpatvth experiments was lower than
during the other experiments (Table 7), and wdketow end of the natural range for
virginica (Mann and Evans 2004). The lowest recorded sglchiting the 2013 adult
growth experiment (5.68) was still in the nomireahge of eastern oysters (Mann and
Evans 2004) but well below the optimal range fatean oysters in the state of Maryland
(Shumway 1996). The mean salinity during the ecewifthe experiment was lower than
the lowest salinity recorded during the 2012 adudtvth experiment. This lower salinity
and alkalinity resulted in lower mean calcite sation states in these experiments than in
earlier experiments (Table 8). Mean calcite saimmeduring the 2013 adult experiment

was just below saturation whereas mean calciteatain in the 2012 experiment was
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just above saturation. These conditions resuftddwer growth rates in the 2013 adult
experiment than the 2012 adult experiment. Jugeykters grew at similar rates during
the first two weeks of each experiment, perhapgatohg the prioritization of shell
growth in spite of suboptimal conditions. Meamgtard error, minimum, and maximum

shell height for adult oysters and shell areadoepiles are presented in Table 6.

Mortality

There were no differences in mortality among treatits during any of the laboratory
experiments (Table 9). Mortality per treatmentha adult experiments ranged from

1.3% to 3.5%. Spat mortality per treatment ranfgech 0.0% to 18.0%.

Adult growth

Adult oysters grew very little during the laborat@xperiments but exhibited significant
differences in growth in one of the two experiments2012, adult oysters added an
average of 5.64 mm in shell height during the labmy experiment. Instantaneous shell
growth rates were not significantly affected byeitsevere or moderate cycling hypoxia
nor were they significantly affected by cycling pbinditions (Table 10, Fig. 8A, B).
During a nine month field deployment, the oysteldesd an average of 18.83 mm of shell
height. Prior exposure to cycling conditions hadatent effects on growth rates during

the field deployment (Table 10, Fig. 8C).

Under slightly lower salinity/alkalinity conditiorduring 2013, adult oysters grew an

average of 3 mm in shell height. Control oysterdesl the tallest at 50+mm and the
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normoxia/cycling pH treatment oysters ended thetekbat 498 mm. In spite of these
small differences in ending size, there were stediby significant differences in growth
rates among treatments over the course of theeatperiment. During the first 40 days
of exposure, there were no differences in growth aamong treatments (Table 11, Fig.
9A). Over the course of the entire experiment, &y, there was a significant
interaction between the effects of severe cyclipggoixia and cycling pH on
instantaneous growth rate. Shell growth was sicanitly reduced by cycling pH only
under normoxic conditions, while cycling hypoxialueed growth only under
normcapnia (Table 11, Fig. 9B). Adult oysters esqmbto co-varying severe cycling
hypoxia and cycling pH grew at the same rate agraboysters. Constant moderate pH
significantly reduced shell growth rates by 20% whkempared to constant normoxia
(Table 11, Fig. 9B). Growth rates under modergtdireg hypoxia were not significantly
different from either constant normoxia or seveyeiog hypoxia. There were no

significant differences in dry tissue mass amoegttnents (Table 11, Fig. 9C).
Juvenile growth

Juvenile oysters grew substantially under laboyatonditions, and exhibited a variety of
responses to cycling conditions. In 2012, spatvgre average of 428.3 nfrduring the
laboratory exposure. Juvenile oysters exposeépeated, brief periods of severe
hypoxia had significantly lower rates of growthsinell area (by nearly 10%) within the

first two weeks of exposure (Table 12, Fig. 10Auvenile oysters exposed to moderate
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cycling hypoxia also grew significantly slower thaysters exposed to normoxia during

the first two weeks (Fig. 10A).

During the second two weeks of exposure in 201@ytr rates were lower than during
the first two weeks, and there was an interactffeceof cycling hypoxia and pH.
Oysters grown under co-varying diel-cycling hypoaied pH exhibited compensatory
growth, with significantly higher growth rates thaysters grown under normoxia and
normcapnia (Table 12, Fig. 10B). Oysters exposaddderate cycling hypoxia also
exhibited compensatory growth and had significahifiher growth rates during the
second two weeks than those of oysters exposeartoaxia during this time period
(Table 12, Fig. 10B). During the second half & #xperiment, severe cycling hypoxia
under normcapnic conditions continued to reducgvtircompared to the control
treatment. Cycling pH had no effects on growtle tatder normoxia during this time
period. Over the course of the entire experimahysters grew at similar rates except
those exposed to severe cycling hypoxia, espedrattpmbination with normcapnia

(Table 12, Fig. 10C).

During a nine month period of deployment in the &h&iver, oysters added an
additional 918.1 mf Oysters that were previously exposed to sevgpestia grew
significantly faster than those that had experidnmanstant normoxia or moderate
cycling hypoxia (Table 12, Fig. 10D). Cycling pltl not have any latent effects on

growth rate during this period (Table 12). Meaatsrea at the end of the recovery
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period was 1348.3 mhand shell areas were similar regardless of pH®@ti2atments

during the laboratory experiment (Table 8, 12).

In 2013, three separate age classes of spat, sy&ttled 4-weeks, 2-weeks, and 1-week
prior to the commencement of experiments, were gromder cycling conditions. The
oldest spat grew an average of 517.5%rand instantaneous growth rates were not
significantly affected by any cycling treatment fl@13, Fig. 11 A,D,G). The juveniles
that settled 2-weeks prior to the experiment addedverage of 431.0 nfrof shell area
over the course of the experiment. These oystems gignificantly more slowly under
severe cycling hypoxia than under normoxia durhvegfirst two weeks of the experiment
but not during the second two weeks (Table 13, FidR,E). However, neither moderate
cycling hypoxia nor cycling pH significantly affext growth rate of these juvenile
oysters during any portion of the experiment (Tal8eFig. 11 B,E,H). The juveniles
that settled 1-week prior to the experiment grevaeerage of 330.2 mfin shell area
over the course of the entire experiment. Thegenjiles displayed a trend towards
reduced shell area under severe cycling hypoxiaeamidpoint of the experiment, but
there were no significant effects of moderate eyghypoxia or cycling pH on growth
(Fig. 11C). There were also no differences in ghommong DO or pH treatments during
the second two week period (Table 13, Fig. 11Rjer@he course of the entire
experiment, there was a trend towards reduced rander severe cycling hypoxia, but
no significant effects of any other cycling treatinélable 13, Fig. 111). All three age
classes of juveniles experienced a 30-50% reduatignowth rate at a constant DO of

1.27 mg L during the month-long course of the experimenb(@4.3, Fig. 11G,H,I).
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Salinity during the 2014 spat experiment was aettteeme low end of the eastern
oyster’s native range as a result of spring anly sammer precipitation patterns. This
relatively fresh water was also very low in alk@ayn These oysters may therefore have
experienced carbonate stress even in normcapaiateats (Fig. 12, Table 6, 7). Spat
grew an average of 11.1 rimver the two week course of this experiment. @ligh the
oysters were three weeks post-settlement at theo$tidne experiment and had been kept
under well aerated conditions, they were still mmm in shell area when placed into
experimental aquaria (Table 8). Supplementing aguwéth a stock algal diet
significantly increased growth rates of spat; hogrdhe difference between oysters
receiving supplemented and ambient food was onlherorder of one square millimeter
and there were no interactive effects of food amlity with DO/pH treatment (Table
14). Food level was therefore used as a bloclantpf for further analysis in order to
focus on DO and pH treatment effects. After tweekgeof exposure to cycling
conditions, there was a significant interactionAsstn severe cycling hypoxia and
cycling pH. Cycling pH reduced spat growth rateder normoxic conditions and
hypoxia reduced growth under both normcapnia actingypH similarly (Table 14, Fig.
12). Constant mild hypoxia significantly reducedwth rate by 15% compared to
constant normoxia. Juvenile oysters exposed tetaahmild hypoxia and cycling

moderate hypoxia grew at similar rates (Table 14).
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Filtration

There was not a significant interaction betweereseeycling hypoxia and cycling pH

on chlorophyll levels in treatment aquaria at aast pf the diel cycle during the 2013
adult growth experiment (Table 15, Fig. 13). Cajdryll levels were 33% higher in
aguaria containing adult oysters under severe hggban in aquaria maintained
continuously at normoxia: chlorophyll levels wef@2 higher in aquaria under moderate
hypoxia than normoxia (Table 15, Fig. 13A). Durthg normoxia and supersaturated
oxygen portions of the cycle, chlorophyll was sfgintly higher in aquariums that had
been exposed to hypoxia in the previous 24 howaus ith those exposed to constant
normoxia (Table 15, Fig. 13B,C,D). These differehuvere slight during the normoxic
portions of the cycle, but, during the supersaadatortions of the cycle, chlorophyll
levels were 15% lower in tanks previously exposehypoxia than in tanks continuously
exposed to normoxia (Table 15, Fig. 13C). Chlogtidbvels in aquaria exposed to brief
daily periods of moderate hypoxia were not sigaifitty different during normoxic or
supersaturated oxygen portions of the cycle fromsehin aquaria maintained at normoxia

(Table 15, Fig. 13B,C,D).

In-tank chlorophyll was significantly reduced dgiexposure to low pH when compared
to aquaria not exposed to low pH (Table 15, Figh)13This difference appears to be
driven primarily by the difference in filtration tveeen cycling pH and normcapnia at
hypoxia. There were no pH effects on chlorophgdels during the normoxia or

supersaturated parts of the cycle when pH woul@ een at normcapnia (Table 15, Fig.

64



13B,C,D). Constant moderate pH did not affectainktchlorophyll content compared to

chlorophyll content in normcapnic aquaria (Table Aif. 13).

No significant differences in chlorophyll were obssl among treatments in the two spat
growth experiments during which in-tank chlorophw#re measured (data not shown).
It is unlikely that spat filtration rates were saint to measurably affect chlorophyll

levels.
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Discussion Results of this study indicate that exposure &b-cycling conditions

consisting of brief repeated periods of hypoxia knwdpH can reduce adult and juvenile
eastern oyster growth rates and affect adult fittrerates (Table 12). Oysters exposed to
cycling conditions reduced feeding during hypoxécipds but increased feeding under
high oxygen or low pH portions of the cycle, potally compensating for some of the
reduced feeding during hypoxia (see also Clark 4201Results also indicate that
juvenile oysters can acclimate to, or compensateefly reductions in growth either
while still exposed to cycles or once removed ftaboratory conditions. When the DO
and pH cycles co-varied, effects on oysters weneesiones less than those of either cycle
independently. For example, in 2013, adult oydtet very slightly but significantly
reduced growth under diel-cycling hypoxia or pHt the two in combination had no
effects on growth. Inter-annual variation in s#jinas well as the timing of experiments,
and oyster age may have modulated the effectsabihgyhypoxia and pH on oysters,
resulting in variation in the presence or magnitatleffects in different experiments.
Although oysters were remarkably tolerant of cygloonditions, reduced growth and
modified feeding patterns that were detected mizy Hie ecosystem services provided
by oysters and have the potential to affect ecesys$tunctioning in shallow-water

systems.

Filtration

Although these experiments were designed primé&sigvaluate the effects of diel-

cycling hypoxia and pH on oyster growth, the measwents of in-tank Chlunder flow-
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through conditions can be used to infer informabarfeeding rates of oysters in cycling
conditions. To do so, it is assumed that diffeesn@mong time periods and treatments in

Chla reflect differences in filtration and ingestion bysters.

In-tank Chh was 30% higher on average under severe hypoxmauthder normoxia,
indicating decreased filtration by 1yo oystersarkl(2014) also found reduced filtration
in eastern oysters during periods of hypoxia. IShesure in response to hypoxia (Shick
et al. 1986; Riisgard et al. 2003) may result olueed filtration under low DO
concentrations. Reduced filtration during expogarkeypoxia was at least partially
compensated for during periods of normoxia and imaperated oxygen when @Hevels

in cycling tanks were lower than those exposedtstant normoxia. Previous work has
also shown that oysters exposed to cycling conitimay increase filtration after DO
concentrations return to normoxia to compensata fareceding period of hypoxia
(Clark 2014). Supersaturated oxygen alone doesogase oyster filtration rates (Clark
2014), but did increase filtration when periodsopersaturation occurred as part of a
diel cycle. Clark (2014) suggested that oystemosid to hypoxia accumulate an oxygen
debt that is repaid at high oxygen. Thereforejribeeased filtration observed under
saturated and supersaturated DO concentrationdmaypyproduct of the increased
pumping necessary to repay oxygen debt (De VoogdenZwaan 1978; Stickle et al.
1989). This ability to compensate for reduced iiegdinder hypoxia at periods of high
oxygen is a fundamental difference between cydi@and constant hypoxia, and may

impact the energy available to exposed organisms.
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Adult oysters exposed to cycling low pH conditiditiered slightly more than oysters
maintained at high pH, similar to the effect of pétn under constant low oxygen and
cycling pH in Clark (2014). The mechanism behine stimulation of oyster filtration by
cycling low pH is unclear. Previous research hemvé higher metabolism in oysters
exposed to a constant pH of 7.5 (Beniash et al0DR&Imilar to that of our constant
moderate pH treatment (~7.45) perhaps requiringeased energy uptake. However, our
study showed no effects of constant moderate pfiltaation. This may indicate that the
increased filtration we observed was stimulateddaye aspect of the lower pH value
used in our cycling treatments. In many specievated CQ concentrations are the
stimulus for increased respiration (Bainton etl8I78; Portner et al. 2004). The
increased pumping associated with increased reégpinaay result in the increased
filtration observed at lower pH. Whatever the eawstimulated feeding during the low
pH portion of pH cycles may help explain the highgeswth rates in adult oysters
exposed to cycling hypoxia and cycling pH as corepdo those experiencing cycling

hypoxia alone.

Ambient Conditions

The effects of low salinity and corresponding ldkadinity, as well as resulting low
calcite saturation, almost certainly increasedsteeptibility of oysters to the harmful
effects of diel-cycling hypoxia and pH in these exments. Due to the complexity of
the natural environment, no organism will be expldsea single stressor in isolation

(Breitburg et al. 1998; Folt et al. 1999; Heugenale2001). Results of this study
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indicate that diel-cycling hypoxia and pH can affgowth in both juvenile and adult
eastern oysters, but that the presence or magruofualey effects may be influenced by

other environmental variables.

Low calcite saturation states result in the dissotuof carbonate compounds (Dove and
Sammut 2007; Fabry et al. 2008), increase enexgyinements for shell production
(Miller et al. 2009; Gazeau et al. 2010), and mayehcontributed to growth differences
between experiments. In this study, adult oydtefl growth was slightly reduced when
challenged continuously by low calcite saturatitatesconditions in the continuous
moderate pH treatment in 2013, and in cycling gatiments when pH and thus calcite

saturation were lowest.

Under 2012 conditions, adult oysters showed nedsfices in growth whether exposed
to normoxia and normcapnia. The 2013 adult graxiberiment was performed under
slightly lower salinity and alkalinity, slightly i@er temperature, and increased
phytoplankton supplementation (Table 6, 7) and peced significant negative effects of
both cycling hypoxia and cycling pH on growth. Lewsalinity likely reduced the rate of
nutrient assimilation in oysters (Brown and Hartwi®88), potentially eliminating any
benefit of increased phytoplankton supplementadiarng this experiment. This
difference in salinity also corresponded to a $lgjfference in alkalinity, the
combination of which reduced calcite saturatioralc@ication would have been
energetically costly for the 2012 oysters, but,epgtdor those oysters exposed to brief

periods of calcite availability below saturation dycling pH, shell dissolution should not
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have occurred because mean calcite saturatiors stateg the high pH portions of
cycles was just above saturation. In the 2013taeriment on the other hand, all
oysters, even those nominally not exposed to psstmay have experienced shell
dissolution throughout most of the experiment (fFetlal. 2004; Orr et al. 2005; Fabry et
al. 2008). Higher energetic costs in conjunctiothwhell dissolution may have
contributed to negative effects of pH on growtlsulés that were also observed when

salinity and alkalinity were even lower during @14 juvenile growth experiment

Our adult growth experiments are difficult to intet because of extremely low growth
rates; however, juveniles in 2012 also appeardxt tess affected by cycling DO and pH
than in other years: juvenile growth in 2012 walyeeduced by exposure to severe
cycling hypoxia (0.5 mg £) 4-5 d wk', and there were no negative effects of the pH
cycle alone. Furthermore, during the second Halfie experiment, juvenile oysters
exposed to both cycling hypoxia and pH grew moiieldy than control oysters. The
2013 spat growth experiment occurred under the doveenperatures and highest
salinities and alkalinities of the five experimedescribed here (Table 7), although
temperature and salinity were still within the matwange of eastern oysters. Much like
the 2012 juvenile growth experiment, another expent under relatively high salinity,
spat growth in 2013 was negatively affected by kygadout not by cycling pH. In
contrast, the 2014 juvenile growth experiment oadiunder the lowest salinity and
alkalinity conditions of any of these experimeitist under temperatures comparable to
those of the 2013 juvenile growth experiment. Glalitons of calcite saturation states

(Table 8) indicate that juvenile oysters, even ¢hoast intentionally exposed to pH stress,
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were constantly exposed to severe carbonate str@6844. Perhaps as a consequence,

oyster growth was negatively impactedbogh cycling hypoxia and cycling pH.

Food by DO/pH Treatment Interaction

Supplemented food availability increased oystemincslightly, but, although Thomsen
et al. (2013) found that ample food availabilityhgaitigate harmful effects of
acidification on juvenile blue mussebytilus edulis, we did not find evidence that food
availability modified effects of DO or pH on growth juvenile oysters. There was a
very slight (<1 square millimeter) increase in sif@ysters supplied with supplemental
algae over those grown at ambient conditions oBRC sea-water system in spite of
the average 50% increase in &hlailability. It is possible that the two @Hevels, both
of which were below those of the Rhode River ontdays, were not sufficiently
different from each other to result in a biologigaklevant interaction with other
conditions. In addition, the 2014 juvenile grovetkperiment was performed under
salinity conditions at the extreme low end of thstern oyster’s native range.
Conditions for growth may have been so poor thatfdlod provided could not
compensate for the harmful effects of ambient domas. Compounding any effects of
food availability, low salinity may also have reedlcthe ability of oysters to assimilate

any nutrients from the available food as was fobopdrown and Hartwick (1988).
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Hypoxia Effects

This study indicates that the severity and duratibinypoxia can influence the
magnitude of effects on growth of exposed oystéms2014, juvenile growth was
reduced by similar amounts when exposed to constddthypoxia (2.0 mg L) or to
brief periods of 0.5 mg L DO 5-6 d wk'. However, exposure to constant moderate
hypoxia (1.3 mg L) in 2013 reduced juvenile growth far more thaneigosure to
severe cycling hypoxia (0.5 mg'). Cycling conditions provide periods of respite a
high oxygen which can allow for compensatory fegdind the repayment of oxygen
debt (De Vooys and De Zwaan 1978; Taylor and MRi@@1), potentially allowing
oysters to grow more quickly under cycling condisdhan constant conditions even

when minimum DO concentrations to which oysterseaqgosed are lower.

Under ambient conditions of the 2013 adult growtheziment, adult oysters grew shell
more slowly under severe cycling hypoxia than uma@moxia particularly in

combination with normcapnia. In addition, modemteling hypoxia did not impact

shell growth during this experiment. Spat growtl2012 was reduced under severe diel-
cycling hypoxia over the entire experiment, whiledwarate cycling hypoxia (1.71 mg L

Y reduced growth in the first half of the experirhand increased growth in the second
half of the experiment, resulting in no overalleff of moderate cycling hypoxia. In
2013, the middle age class of spat reduced groatehslightly in the first two weeks of
exposure to severe cycling hypoxia (0.5 m hut not in the second two weeks or over

the duration of the experiment. The youngest &ggscon the other hand, experienced a
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trend towards reduced growth throughout the expartmin 2014, severe hypoxia
exposure reduced growth of juvenile oysters. Toseace of moderate cycling hypoxia
(1.3 mg LY effects in some experiments (2013 adult grow@Lspat), and changes in
effects of moderate cycling hypoxia (1.71 mg) lover time (2012 spat) even when there
were negative effects of severe cycling hypoxiacaid that there may be a threshold of
hypoxia somewhere between 0.5 and 1.5 M@t which oyster growth is affected,
similar to the potential threshold of hypoxia fasehse effects (Chapter 1) or thresholds
for behavior in other estuarine species (Eby arah@er 2002; Vaquer-Sunyer and
Duarte 2010). The lack of effects of severe cychypoxia on adult growth in 2012 and
variation in sensitivity among 2013 spat age clagseicates that the threshold for

hypoxia effects likely varies with environmentahditions and oyster age.
Cycling pH and DO by pH Interactions

Cycling pH affected growth of oysters when salimitgs at the lower end of the native
range of the eastern oyster, resulting in low atiig and calcite saturation and carbonate
stress as well as potential osmotic stress. Tieetedf pH also varied among DO
treatments in several experiments. Negative effethypoxia but not pH on growth
under otherwise optimal ambient conditions in ogsstgree with the findings of Gobler
et al. (2014) for scallops, although oysters exgrered negative effects of pH when also
experiencing other environmental stressors. There also significant DO*pH
interactions, the form of which varied between expents. During the 2013 adult

growth experiments, for example, severe diel-cgchygpoxia and hypercapnia in
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combination had no effect on adult oyster sheli\ghoeven though growth was reduced
by both cycling DO and cycling pH alone. JuvemilbewormsHydroides elegans
showed a similar effect with reduced expressiocatdification related proteins under
either hypoxia or hypercapnia, but protein expassestored to control levels when
exposed to both stressors simultaneously (Mukhetjeé 2013). In the 2014 spat
growth experiment, the combination of cycling pHiaevere cycling hypoxia resulted in
growth reductions equivalent to those of severdimytypoxia or cycling pH
independently. Given a longer exposure and thepeoisatory growth of oysters (see
below), it is possible that the interaction of DtlgH effects observed in 2014 would

have resulted in reduced or eliminated negativecesfon growth given more time.

The combination of compensatory feeding during fugigen portions of the cycle with
increased feeding under low pH may have allowedeny®xposed to cycles of both DO
and pH to grow similarly to oysters exposed to ogaling conditions. Bayne (2002)
demonstrated that other oyster species can maekfyifig behaviors to maintain
necessary energy uptake rates under fluctuatinga@mental conditions. This does not
account for the negative effects on growth of digling pH under normoxic conditions
in the 2013 adult growth and 2014 juvenile growtpeximents. Further experimentation
will be required to determine whether or not thisamanism is effective in juvenile

oysters.
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Acclimation/Compensation

In addition to compensatory feeding, oysters acad to, or compensated for, early
reductions in growth under hypoxic exposure or ciowdb exposure to cycling hypoxia
and pH. Acclimation in this case is defined adidew severity of effects over the
course of an experiment, while compensation isneefias stimulatory effects later in
exposure that ultimately eliminate differences agwweatments. Juvenile oysters
compensated for moderate cycling hypoxia expossikgadl as exposure to co-varying
cycles of severe hypoxia and pH in the 2012 jueegibwth experiment. However, they
did not acclimate to cycling severe hypoxia in éfssence of cycling pH. In this
experiment, early exposure to moderate cycling Rigpeesulted in reduced growth, but
growth rates during the second two week period wendar to those of the other
treatments and, over the full month, growth ratesewo different from those of oysters
under any other condition indicating that oystead hcclimated to and compensated for
early reductions in growth. The oldest age cldspat in the 2013 juvenile growth
experiment was not affected by any cycling treatimeowever, the middle and youngest
age classes of spat in 2013 acclimated to butalid¢ompensate for the early negative
effects of severe cycling hypoxia. The salinityl atkalinity in 2013 were much higher
than in 2012, which perhaps allowed for acclimatmmore severe cycling conditions
than in the previous year due to a lower energeist of calcification. All three age
classes of spat in the 2013 experiment acclimatedstant moderate hypoxia. These
results suggest that oysters are well adapteddiingyconditions and exhibit enough

plasticity to overcome exposure to negative coodgi(Bayne 2002; Ivanina et al. 2011).
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During the nine month respite from laboratory ayglconditions following the 2012
experiment, juvenile oysters exhibited compensagooyvth, which resulted in similar
sized oysters among treatments. Oysters with shraece to establish themselves
before exposure to fluctuating conditions or oystemoved from severe cycling
conditions may sometimes acclimate to, and comperisg the effects of cycling

hypoxia.

Marine organisms may have a wide variety of medmasifor coping with exposure to
hypoxia (Wu 2002). Oysters may develop increasketissue under potentially stressful
conditions resulting in more efficient feeding (Bayl1993). During metamorphosis,
larval oysters require energy and are unable t, fiessulting in limited energy reserves
after the completion of metamorphosis (Baker ancitiE992; Baker and Mann 1994;
Osman 1994). As oysters develop, they increaseygmeserves (Baker and Mann 1992)
and are better able to avoid potentially harmfuldibons through shell closure (Shick et
al. 1986; Riisgard et al. 2003). Eastern oystewdify metabolic profiles, including
increasing activity of important mitochondrial enzgs when exposed to hypoxic
conditions (lvanina et al. 2011). Other bivalves able to compensate for the effects of
exposure to suboptimal environmental conditionsepmoduction early in the season, but
are not able to compensate for changes later inghgon (Jokela 1996). Stressful
conditions may have also impacted energy budgetitpleft latent effects on energy

allocation in the second year of growth.
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Energy allocation

In addition to increasing the energetic costs ofrgh at low calcite saturations or
limiting energy uptake at low DO, cycling hypoxiadapH may affect allocation of
energy to maintenance and other biological funesti@tearns 1992). While some
research indicates that shell growth is a priadiactivity in oysters (Brown and
Hartwick 1988), other research has shown that wagér clamsAnodonta piscinalis,
preferentially reduce energy allocation to shedivggh before sacrificing maintenance or
reproduction (Jokela and Mutikainen 1995). Forlsgeffects of severe cycling hypoxia
on growth in shell height were either not signifité2012) or extremely small (2013).
Tissue mass was not affected by cycling conditinrtee experiment in which it was
measured, perhaps indicating the use of energyp&mtenance rather than shell growth.
One year old oysters in the 2013 experiment redvg@aductive effort under severe
cycling hypoxia (Steppe et al., unpublished daia)haps to preserve energy for other
important functions (Jokela and Mutikainen 199%ela et al. 1997). Oysters also up-
regulate immune responses as a precaution agaitesitial harm when challenged by
diel-cycling conditions (Chapter 1). Energy allbea may also change with life stage;
for instance, younger animals may prioritize grawthile an older animal may
preferentially put energy towards reproduction glalet al. 1997). This may help
explain some differences in treatment effects betwadult and juvenile oysters. The
adult growth experiment in 2013 was performed eaiti the season to allow for an
analysis of reproductive effort (Steppe et al.,ubljghed data), while the 2012

experiment was performed later in the season whergetic priorities might have been
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shifting away from reproductive output to growtldanaintenance. In their second
summer, oysters previously exposed to cycling higmay be putting energy in to
compensatory growth, leaving less energy to altatreproduction in spite of being
similar in size to oysters not previously exposetypoxia (Jokela et al. 1997),

potentially reducing reproduction even after cygloonditions abate.
Implications

Reduced oyster size caused by exposure to dielrgyleypoxia and pH may diminish
important ecosystem services including provisionyster bar habitat and water
filtration (Hargis and Haven 1999), may reduce felity as smaller oysters produce
fewer eggs or sperm each season (Davis and Cha9&8), and may increase
susceptibility to predation (Osman 1994; Sanfordle2014). However, results herein
indicate that oysters have an ability to sometiamdimate to, and compensate for, the
negative effects of exposure to cycling hypoxiagoowth as well as an ability under
some circumstances to withstand exposure to cangoycling hypoxia as low as 0.5
mg L™* and pH as low as 7.0 without reductions in growtfevertheless, long term
effects on energy allocation including reduced fetity under cycling conditions (Steppe

et al., unpublished data) may have important effeatpopulation viability.

Under global climate change, the Chesapeake Bagmrégpredicted to become warmer
and drier (Diaz and Rosenberg 1995; Najjar et@L02. While the small range of
temperatures tested did not appear to interactayithing conditions in this experiment,

higher temperature might both increase the sevefibypoxic events (Diaz and
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Rosenberg 1995; Rabalais et al. 2010) and work aslditional interactive stressor on
estuarine organisms (Gabbott and Bayne 1973; Laatrag 2006; Ivanina et al. 2009).
Drier conditions will increase salinity in some aseresulting in higher alkalinity and
increasing calcite availability, which might, givére results here, reduce effects of
cycling conditions on growth in oysters, but alsorease the risk of disease (Vglstad et
al. 2008). While this might help oysters mitigatene deleterious effects of climate
change, the interactive effects of severe DO ocyptles with increased temperatures are
likely to have negative consequences for oysteujadions (Davis and Calabrese 1964;

Parker et al. 2009).

It would be interesting to look at extended periofiszcovery after laboratory exposure
to diel-cycling conditions to see how long growdtes in oysters previously exposed to
severe cycling hypoxia might remain stimulatedshért-term exposure to brief periods
of hypoxia stimulate growth beyond that necessaugompensate for previously reduced
growth, such exposure might be a strategy of istdmeaquaculture facilities interested in
stimulating an oyster to reach market size soosevedl as to managers interested in
restoring larger oysters more quickly. The la&ffeects of previous exposure to diel-
cycling conditions on fecundity are also worthyirofestigation, as the oysters which we
have shown to grow faster in their second summerlmeadoing this at the expense of
other metabolic processes such as reproductional¥dedo not know how these cycling
conditions might affect larval oysters and settlemeYounger individuals may be more

susceptible to conditions which affect energy alality, so any impacts on this stage
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may affect the size of oyster population as weth@&compensatory behavior of

individual oysters in locations experiencing thesaditions.

Conclusion

The brief periods of hypoxia and environmental hhggpnia to which estuarine
organisms are exposed under diel-cycling conditparsicularly in eutrophic, shallow
waters have the potential to reduce growth ratdschange feeding patterns in eastern
oysters; changing ecosystem structure and funcigoni he effects of these cycles may
be compounded by other environmental conditiond sisdow salinity/alkalinity, as well
as seasonal period, and age of individuals expoSeder optimal conditions, well
established oysters may not be affected by cydaorglitions. Juvenile oysters showed
an impressive ability to acclimate to, and compenga, exposure to hypoxia. The
timing of severe cycles in DO and pH may influeeffects on growth and reproduction
of cycles as energetic priorities change throughioeiseason. Smaller oysters may be
more susceptible to predation, reproduce lesspamdde less water filtration and
ecosystem engineering services, contributing tg tenm ecosystem degradation and

potential loss of an economically viable fishery.
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Table 5. Mean$E (n) DO and pH in oyster growth experiments oysdm which treatment conditions cycled. High diesd oxygen, high pH (HDO, HpH)=
DO and pH measured in aquaria at simulated laterafon portion of the daily cycle when pH and DOevat or near their daily maxima in cycling treattse
(i.e. high). Low dissolved oxygen, low pH (LDO,LpH)DO and pH measured in aquaria at simulated damen pH and DO were at their daily minima in
cycling treatments (i.e. low). Empty boxes aratmgents which were not performed during the expeminm that column.

Treatment DO & pH 2012 Adult 2013 Adult 2012 Spat 2@pat 2014 Spat
Normoxia, HDO: 7.25+0.02(349) 7.5340.02(224) 7.3140.02(259) 7.80+0.02(10) 7.8240.05(12)
Normcapnia LDO: 7.36+0.02(320) 7.6540.02(282) 7.4240.03(236) 7.9740.03(85) 7.8840.02(121)
HpH: 7.81+0.00(359) 7.9240.00(264) 7.8340.00(257) 8.09+0.01(120) 7.96+0.01(152)
LpH: 7.8240.00(326) 7.9340.01(273) 7.84+0.01(242) 8.1240.00(85) 7.9840.01(128)
Normoxia, cycling | HDO: 7.24+0.02(348) 7.5140.02(225) 7.3140.02(258) 7.78+0.02(10) 7.8440.06(19)
pH LDO: 7.3240.02(321) 7.5940.02(282) 7.3740.03(238) 7.9240.03(85) 7.8840.02(119)
HpH: 7.7940.00(359) 7.90+0.00(264) 7.8240.00(257) 8.03+0.00(120) 7.9240.01(151)
LpH: 6.98+0.00(328) 7.0140.02(265) 6.99+0.00(244) 7.00+0.01(85) 7.1140.00(128)
Moderate cycling | HDO: 7.5140.02(224) 7.7840.02(10)
hypoxia, LDO: 1.3540.00(281) 1.3140.01(84)
Normcapnia HpH: 7.9140.01(264) 8.04+0.01(120)
LpH: 7.96+0.00(273) 8.10+0.01(85)
Moderate cycling | HDO: 7.2540.02(349) 7.3040.02(259)
hypoxia, cycling LDO: 1.6940.01(321) 1.7140.01(237)
pH HpH: 7.80+0.00(359) 7.8140.00(257)
LpH: 7.0240.00(327) 7.04+40.01(243)
Severe cycling HDO: 7.2040.02(349) 7.5140.02(224) 7.26+0.02(259) 7.7740.02(10) 7.8440.04(21)
hypoxia, LDO: 0.56+0.01(320) 0.5140.01(281) 0.59+0.01(236) 0.55+0.00(84) 0.51+0.01(128)
Normcapnia HpH: 7.79+40.00(359) 7.90+0.00(264) 7.8140.00(257) 8.03+0.01(120) 7.9340.01(152)
LpH: 7.8340.00(326) 7.9740.00(274) 7.84+0.00(242) 8.08+0.01(85) 8.0540.01(128)
Severe cycling HDO: 7.8440.05(21)
hypoxia, Moderate | LDO: 0.5340.01(128)
cycling pH HpH: 7.9140.01(152)
LpH: 7.46+0.00(128)
Severe cycling HDO: 7.3740.02(349) 7.4840.02(224) 7.3240.02(259) 7.76+0.02(10) 7.8340.05(22)
hypoxia, cycling LDO: 0.5740.01(322) 0.5740.00(282) 0.5740.01(238) 0.56+0.01(85) 0.5240.01(128)
pH HpH: 7.8140.00(359) 7.9040.00(264) 7.8440.00(257) 8.03+0.00(120) 7.9140.01(151)
LpH: 7.0140.00(328) 7.0240.00(271) 7.0240.00(244) 6.99+0.00(85) 7.09+40.00(126)
Normoxia, HDO: 7.5040.02(224) 7.79+40.01(10)
Constant low pH LDO: 7.5940.02(282) 7.9740.03(85)
HpH: 7.48+0.00(264) 7.4140.01(119)
LpH: 7.4540.00(271) 7.3540.01(85)
Constant HDO: 1.2840.01(85) 2.0740.01(22)
moderate/mild LDO: 1.2840.01(130) 2.0940.01(128)
hypoxia, HpH: 8.05+0.01(85) 8.0240.01(152)
Normcapnia LpH: 8.05+0.00(199) 8.03+40.01(128)




Table 6. Starting, ending, and recovery shell lisigmm) or shell area of oysters for each exparme
mean-SE, sample size, and range (in parenthesis). Hmdpeans are means of all replicates of all
treatments. Empty boxes are time points not medsarthat experiment.

Starting (mm) Ending (mm) Recovery (mm)
2012 Adult Growth 43.640.14 49.240.27 68.040.54
2700 900 452
(30-70) (31-78) (31-99)
2013 Adult Growth 46.140.12 49.240.15
3240 1985
(34-71) (34-75)
2012 Spat Growth 52.6+1.29 430.24.79 1348.381.51
359 344 144
(6.6-154.2) (68.9-799.6) (168.8-2689.7)
2013 Spat Growth — 18.341.32 535.921.55
4 weeks post 131 89
settlement (1.72-70.14) (104.49-981.12)
2013 Spat Growth — 3.740.12 434.6412.13
2 weeks post 236 192
settlement (0.59-13.14) (85.36-858.27)
2013 Spat Growth — <1 331.29.74
1 week post 251
settlement (30.48-793.16)
2014 Spat Growth <1 12.140.22
515
(3.13-36.01)
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Table 7. Experimental dates, meaBE and range of water quality parameters in treatraquaria during
growth experiments 2012-2014. @lis the concentration of chlorophyll-a in the watelumn as
measured by fluorescence. Empty boxes are vasiaioiemeasured during that experiment.

Dates Salinity Temperature | Total Alkalinity | Chla (ug L)
(°C) (umol kg* sw)
2012 Adult 7/5/12-9/26/12] 10.9540.01 28.5640.01 1622.445.4
Growth (8.27-14.85) | (21.29-31.66) | (1448.7-1745.2
2013 Adult 6/7/13-7/30/13 8.2040.01 26.3746.03 1400.928.8 4.23040.036
Growth (5.68-9.45) | (23.0-32.8) | (1252.7-1586.1) (0.810-10.846)
2012 Spat 7/25/12- 10.6640.00 29.490.01 1614.745.8
Growth 8/27/12 (9.25-12.28) | (24.83-31.36) | (1524.0-1700.7
2013 Spat 8/29/13- 11.904€.01 24.554€.02 1678.94.97 4.0750.137
Growth 10/8/13 (9.2-12.93) | (21.97-27.03) | (1664.6-1692.9) (1.343-9.869)
2014 Spat 5/29/14- 6.1040.01 25.0840.02 1174.346.03 Algae added:
Growth 6/27/14 (5.36-6.81) | (22.8827.17)| (1089.45- 4.2724.185
1273.31) | (0.722-13.422)
Ambient:
2.82940.116

(0.899-11.290)
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Table 8. Mean SE (n), and range of calcite saturation statesdatment for each experiment during the
simulated day and night periods, high DO/pH anddlaeDO/pH periods. Calcite saturation state

calculated using CO2SYS.XLS (Pelletier et al. 2003 ten minute average LabVIEW data. Calcite
saturations for the treatments which were not nooait by the LabVIEW based system were calculated
from mean alkalinity and pH for the treatments irestion and therefore do not have errors or ranges.
Empty boxes are treatments which were not usecgltine experiment in that column.

Growth experiment (year, life stage)

Treatment 2012 Adult 2013 Adul 2012 Spat 2013tSpa 2014 Spat
Normoxia, HDO/pH: 1.0840.001 | 0.9540.002 | 1.05+40.001 1.87 0.69
Normcapnia 23763 6849 17045
(0.32-2.05) | (0.52-1.48) | (0.61-2.03)
Normoxia, HDO/pH: 1.1440.002 | 0.9340.003 | 1.1140.001 | 1.9440.003 | 0.6640.003
cycling pH 11508 5050 8071 2856) 1099
(0.52-1.89) | (0.45-1.51) | (0.73-1.65) | (0.93-2.15) | (0.43-1.06)
LDO/pH: 0.1940.000 | 0.1240.000 | 0.1940.000 | 0.1840.000 | 0.10+0.000
3012 1137 2207 552 528
(0.15-0.23) | (0.10-0.16) | (0.15-0.23) | (0.17-0.23) | (0.08-0.11)
Moderate HDO/pH: 0.9040.003 1.9140.002
cycling 4689 2694)
hypoxia, (0.46-1.25) (1.58-2.24)
Normcapnia
LDO/pH: 1.0640.005 2.1840.004
1144 536
(0.61-1.48) (2.02-2.46)
Moderate HDO/pH: 1.0840.002 1.0440.001
cycling 11140 7800
hypoxia, (0.57-1.74) (0.57-1.71)
cycling pH
LDO/pH: 0.1940.000 0.194+0.000
3006 2202
(0.16-0.26) (0.16-0.26)
Severe HDO/pH: 1.0640.002 | 0.9140.003 | 1.0040.001 | 1.9840.001 | 0.7140.004
cycling 11154 4684 7800 2705 957
hypoxia, (0.64-1.93) | (0.47-1.41) | (0.70-1.59) | (1.69-2.24) | (0.43-1.11)
Normcapnia
LDO/pH: 1.1240.001 | 1.0740.004 | 1.1340.001 | 2.1440.003 | 0.8940.007
2991 1156 2207 551) 517
(0.78-1.41) | (0.60-1.55) | (0.99-1.24) | (1.95-2.31) | (0.58-1.18)
Severe HDO/pH: 0.679€.003
cycling 961
hypoxia, (0.45-0.91)
Moderate
cycling pH LDO/pH: 0.24+40.001
528
(0.20-0.27)
Severe HDO/pH: 1.0840.001 | 0.8840.003 | 1.0440.001 | 1.8740.003 | 0.6840.003
cycling (10914) 4679 7578 2654 961
hypoxia, (0.73-1.83) | (0.42-1.35) | (0.73-1.49) | (0.89-2.23) | (0.46-1.08)
cycling pH
LDO/pH: 0.1940.000 | 0.1240.000 | 0.1940.000 | 0.1840.000 | 0.10+0.000
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(2998) 1151 2196 551 528

(0.12-0.22) | (0.09-0.18) | (0.12-0.22) | (0.15-0.23) | (0.08-0.11)
Normoxia, HDO/ 0.3540.001 0.4340.001
Constant LpH: 6107 4402
low pH (0.11-2.45) (0.31-1.45)
Constant LDO/ 1.8460.003
moderate HpH: 4227
hypoxia, (1.29-2.76)
Normcapnia
Constant LDO/ 0.759.002
mild HpH: 2743
hypoxia, (0.49-1.06)
Normcapnia
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Table 9. Randomized complete block design ANOVAnefan tank mortality during each of the five
growth experiments. Tests are considered sigmifiata=0.05 and significant p values are bolded.

ANOVA Source and Factor

df F p

2012 Adult Growth Treatment 4,20 1.11 0.381
2013 Adult Growth Treatment 5,25 1.88 0.134
2012 Spat Growth Treatment 4,20 0.82 0.529
2013 Spat Growth —

Settlement 1 Treatment 6, 24 0.24 0.959
2013 Spat Growth —

Settlement 2 Treatment 6, 24 0.61 0.719
2013 Spat Growth —

Settlement 3 Treatment 6, 24 1.30 0.295
2014 Spat Growth Treatment 11, 33 1.03 0.441
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Table 10. 2012 adult growth experiment. Randomzzadplete block design ANCOVA of instantaneous
growth rates (A) during first 45 days and (B) fal days of experiment using starting shell height a
covariate and laboratory position as a blockingdlacRandomized complete block design ANCOVA of
(C) instantaneous growth rates during a nine mbelth deployment using deployment height as the
covariate and laboratory position as the blockagidr. Tests are considered significard=2.05 and
significant p values are bolded.

A) Instantaneous 6 week growth

ANCOVA Source and Factor df F p
Starting shell height 1,15.58 19.98 <0.001
Treatment 4, 20.35 0.54 0.709

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 19 04. 0.972
Severe cycling hypoxia vs. Normoxia 19 0.25 0.806
Severe cycling hypoxia vs. Moderate cycling hypoxia 19 0.69 0.497
Moderate cycling hypoxia vs. Normoxia 19 0.90 0.382
Cycling pH vs. Normcapnia 19 1.05 0.309

B) Instantaneous 3 month growth

ANCOVA Source and Factor df F p
Starting shell height 1,14.58 21.89 <0.001
Treatment 4,20.49 1.30 0.303

Contrasts Df t p
Severe cycling hypoxia*Cycling pH Interaction 19 52. 0.145
Severe cycling hypoxia vs. Normoxia 19 0.87 0.397
Severe cycling hypoxia vs. Moderate cycling hypoxia 19 0.42 0.681
Moderate cycling hypoxia vs. Normoxia 19 1.12 0.275
Cycling pH vs. Normcapnia 19 1.10 0.286

C) Instantaneous Recovery Growth

ANCOVA Source and Factor df F p
Deployment shell height 1,17.61 9.83 0.006
Treatment 4,17.31 0.30 0.871

Contrasts Df t p
Severe cycling hypoxia*Cycling pH Interaction 16 2. 0.822
Severe cycling hypoxia vs. Normoxia 16 0.64 0.528
Severe cycling hypoxia vs. Moderate cycling hypoxia 16 0.47 0.644
Moderate cycling hypoxia vs. Normoxia 16 1.01 0.328
Cycling pH vs. Normcapnia 16 0.23 0.824
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Table 11. 2013 adult growth experiment. Randomzzadplete block design ANCOVA of (A)

instantaneous rate of growth in shell height withrting shell height as the covariate, and laboyato
position as blocking factor, during first six weedsgrowth experiment and (B) during entire twelveeks
of experiment. (C) Randomized complete block desiflOVA of tissue dry weight from experiment
using laboratory position as blocking factor. Bemte considered significantat0.05 and significant p

values are bolded.

A) Instantaneous 6 week Growth Rate

ANCOVA Source and Factor df F p
Starting shell height 1,27.29 5.72 0.024
Treatment 5, 24.40 0.69 0.637

Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 24 03. 0.315
Severe cycling hypoxia vs. Normoxia 24 0.93 0.361
Moderate cycling hypoxia vs. Normoxia under Nornm@ap 24 0.61 0.549
Cycling pH vs. Normcapnia 24 0.92 0.368
Constant pH vs. Normoxia/ Normcapnia 24 0.94 0.35¢
Normoxia/Cycling pH vs. Constant pH 24 0.52 0.605

B) Instantaneous 12 week Growth Rate

ANCOVA Source and Factor df F p
Starting shell height 1,24.85 4.99 0.035
Treatment 5, 26.10 6.52 <0.001

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 24 49, <0.001
Severe cycling hypoxia vs. Normoxia under Normcapni 24 2.17 0.040
Severe cycling hypoxia vs. Normoxia under Cyclitg p 24 2.83 0.009
Severe cycling hypoxia/Cycling pH vs. Normoxia/Na@apnia 24 1.28 0.212
Moderate cycling hypoxia vs. Normoxia under Nornaap 24 1.08 0.293
Cycling pH vs. Normcapnia under Normoxia 24 4.41| <0.001
Cycling pH vs. Normcapnia under Severe cycling hy@o 24 0.75 0.461
Constant pH vs. Normoxia/ Normcapnia 24 431 <0.001
Normoxia/Cycling pH vs. Constant pH 24 0.13 0.894

C) Tissue Dry Weight

ANOVA Source and Factor df F p
Treatment 5,25 0.47 0.798

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 25 54. 0.592
Severe cycling hypoxia vs. Normoxia 25 0.27 0.787
Severe cycling hypoxia vs. Moderate cycling hypoxia 25 1.38 0.179
Moderate cycling hypoxia vs. Normoxia 25 1.25 0.222
Cycling pH vs. Normcapnia 25 0.18 0.858
Constant pH vs. Normcapnia 25 0.5 0.620
Cycling pH vs. Constant pH 25 0.33 0.745
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Table 12. 2012 juvenile growth experiment. Raniechcomplete block design ANCOVA of

instantaneous rate of growth in shell area (A) myfirst two weeks and (B) full month of experiment
using starting area as a covariate. Randomizegletenblock design ANCOVA of instantaneous rate of
growth in shell area (C) during recovery using dgplent area as a covariate and (D) randomized
complete block design ANOVA of mean tank spat atethe end of the recovery period (post-nine month
field deployment) with lab placement as the blogkiactor. Tests are considered significard=0.05 and

significant p values are bolded.

A) 2 week Instantaneous Growth

ANCOVA Source and Factor df F p
Starting shell area 1,9.73 1.84 0.206
Treatment 4,22.06 2.67 0.059

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 19 8D. 0.398
Severe cycling hypoxia vs. Normoxia 19 3.77 0.001
Severe cycling hypoxia vs. Moderate cycling hypoxia 19 0.90 0.379
Moderate cycling hypoxia vs. Normoxia 19 2.50 0.022
Cycling pH vs. Normcapnia 19 0.51 0.616

B) 2-4 week Instantaneous Growth

ANOVA Source and Factor df F p
Starting shell area 1,11.34 3.88 0.074
Treatment 4,21.42 6.05 0.002

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 19 0G. 0.007
Severe cycling hypoxia vs. Normoxia under Normcapni 19 2.83 0.011
Severe cycling hypoxia vs. Normoxia under Cyclitg p 19 2.20 0.041
Severe cycling hypoxia vs. Moderate cycling hypoxia 19 0.32 0.751
Moderate cycling hypoxia vs. Normoxia 19 2.75 0.013
Cycling pH vs. Normcapnia under Normoxia 19 1.37 186.
Cycling pH vs. Normcapnia under Severe cycling ly@o 19 3.84 0.001

C) 4 week Instantaneous Growth

ANOVA Source and Factor df F p
Starting shell area 1, 8.88 3.14 0.111
Treatment 4,22.51 2.39 0.081

Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 19 40. 0.685
Severe cycling hypoxia vs. Normoxia 19 3.55 0.002
Severe cycling hypoxia vs. Moderate cycling hypoxia 19 2.40 0.027
Moderate cycling hypoxia vs. Normoxia 19 0.71 0.485
Cycling pH vs. Normcapnia 19 0.41 0.688

D) Recovery Instantaneous growth

ANOVA Source and Factor df F P

Deployment shell area 1,14.79 9.04 0.009
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Treatment 4,19.87 4.43 0.011

Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 16 0D. 0.989
Severe cycling hypoxia vs. Normoxia 16 3.38 0.004
Severe cycling hypoxia vs. Moderate cycling hypoxia 16 2.33 0.033
Moderate cycling hypoxia vs. Normoxia 16 0.53 0.604
Cycling pH vs. Normcapnia 16 1.67 0.115

E) Recovery Area

ANOVA Source and Factor df F P
Treatment 4,17 0.66 0.629

Contrast df t P
Severe cycling hypoxia*Cycling pH Interaction 17 3D. 0.751
Severe cycling hypoxia vs. Normoxia 17 0.62 0.542
Severe cycling hypoxia vs. Moderate cycling hypoxia 17 0.39 0.699
Moderate cycling hypoxia vs. Normoxia 17 0.10 0.919
Cycling pH vs. Normcapnia 17 1.41 0.178

90



Table 13. 2013 spat growth experiment. Randominedplete block design ANCOVA of instantaneous
rate of growth in shell heights showing resultsrird age classes of spat; (A) 4 weeks post-settlert@n

2 weeks post-settlement during first 18 days ofeixpent. (C) ANOVA for 18 day shell area of spain

1 week post-settlement oysters. (D,E) ANCOVA atémtaneous growth rate during entire 39 day
experiment, and ANOVA of (F) instantaneous ratgrofwth in shell heights from settlement 3:1 week
post-settlement during 39 day experiment. Tegisansidered significant a£0.05 and significant p

values are bolded.

A) 4 weeks post-settlement — 2.5 week InstantaneocostGiRate

ANCOVA Source and Factor df F p
Starting shell area 1, 25.97 31.63 <0.001
Treatment 6, 22.24 1.86 0.133

Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 22 8D. 0.393
Severe cycling hypoxia vs. Normoxia 22 0.4(Q 0.695
Severe cycling hypoxia vs. Moderate cycling hypoxia 22 0.28 0.780
Moderate cycling hypoxia vs. Normoxia 22 0.45 0.660
Cycling pH vs. Normcapnia 22 0.79 0.440
Constant moderate hypoxia vs. Cycling moderate kigpo 22 2.15 0.043
Constant moderate hypoxia vs. Normoxia 22 2.14 0.044
Constant moderate pH vs. Normcapnia 22 0.79 0.436
Constant moderate pH vs. Cycling pH 22 0.03 0.974

B) 2 weeks post-settlement — 2.5 week InstantanecowiGiRate

ANCOVA Source and Factor df F p
Starting shell area 1,24.14 25.99 <0.001
Treatment 6, 23.03 6.80 <0.001

Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 23 8D. 0.395
Severe cycling hypoxia vs. Normoxia 23 2.074 0.050
Severe cycling hypoxia vs. Moderate cycling hypoxia 23 0.41 0.684
Moderate cycling hypoxia vs. Normoxia 23 1.08 0.289
Cycling pH vs. Normcapnia 23 1.12 0.273
Constant moderate hypoxia vs. Cycling moderate kigpo 23 4.19 <0.001
Constant moderate hypoxia vs. Normoxia 23 4.94 <0.001
Constant moderate pH vs. Normcapnia 23 0.30 0.771
Constant moderate pH vs. Cycling pH 23 0.0( 0.999

C) 1 week post-settlement — 2.5 week Shell Area

ANOVA Source and Factor df F p
Treatment 6, 23 6.18 <0.001

Contrast df t p
Severe cycling hypoxia*Cycling pH Interaction 23 16. 0.874
Severe cycling hypoxia vs. Normoxia 23 2.02 0.056
Severe cycling hypoxia vs. Moderate cycling hypoxia 23 0.47 0.644
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Moderate cycling hypoxia vs. Normoxia 23 1.59 0.126
Cycling pH vs. Normcapnia 23 0.33 0.745
Constant moderate hypoxia vs. Cycling moderate kigpo 23 3.83 <0.001
Constant moderate hypoxia vs. Normoxia 23 5.18 <0.001
Constant moderate pH vs. Normcapnia 23 1.25 0.224
Constant moderate pH vs. Cycling pH 23 1.3 0.206
D) 4 weeks post settlement — 2.5-5.5 week Instantan@oowth Rate
ANCOVA Source and Factor df F p
Starting shell area 1, 24.66 3.50 0.073
Treatment 6, 21.19 0.49 0.806
Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 21 40. 0.650
Severe cycling hypoxia vs. Normoxia 21 0.14 0.889
Severe cycling hypoxia vs. Moderate cycling hypoxia 21 0.37 0.718
Moderate cycling hypoxia vs. Normoxia 21 0.71] 0.485
Cycling pH vs. Normcapnia 21 0.25 0.804
Constant moderate hypoxia vs. Cycling moderate kigpo 21 1.31 0.206
Constant moderate hypoxia vs. Normoxia 21 1.06 3.30
Constant moderate pH vs. Normcapnia 21 0.2p 0.825
Constant moderate pH vs. Cycling pH 21 0.9( 0.377
E) 2 weeks post-settlement — 2.5-5.5 week Instantan€oowth Rate
ANCOVA Source and Factor df F p
Starting shell area 1,22.57 1.69 0.207
Treatment 6, 22.04 0.66 0.679
Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 22 098. 0.939
Severe cycling hypoxia vs. Normoxia 22 0.92 0.369
Severe cycling hypoxia vs. Moderate cycling hypoxia 22 0.79 0.437
Moderate cycling hypoxia vs. Normoxia 22 1.13 0.270
Cycling pH vs. Normcapnia 22 0.07 0.944
Constant moderate hypoxia vs. Cycling moderate kigpo 22 0.66 0.519
Constant moderate hypoxia vs. Normoxia 22 0.28 .78
Constant moderate pH vs. Normcapnia 22 0.95 0.351
Constant moderate pH vs. Cycling pH 22 0.88 0.389
F) 1 week post-settlement — 2.5-5.5 week Instantan€ooaeth Rate
ANOVA Source and Factor df F p
Treatment 6, 23 0.31 0.926
Contrast df t p
Severe cycling hypoxia*Cycling pH Interaction 23 03. 0.304
Severe cycling hypoxia vs. Normoxia 23 0.35 0.728
Severe cycling hypoxia vs. Moderate cycling hypoxia 23 0.38 0.709
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Moderate cycling hypoxia vs. Normoxia 23 0.26 0.795
Cycling pH vs. Normcapnia 23 1.03 0.316
Constant moderate hypoxia vs. Cycling moderate kigpo 23 0.58 0.565
Constant moderate hypoxia vs. Normoxia 23 0.8p D.43
Constant moderate pH vs. Normcapnia 23 0.0b 0.941
Constant moderate pH vs. Cycling pH 23 0.83 0.415
G) 4 weeks post settlement — 5.5 week instantaneawsgtigrrate
ANCOVA Source and Factor df F p
Starting shell area 1,22.73 25.15 <0.001
Treatment 6, 20.66 2.43 0.062
Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 20 10Q. 0.284
Severe cycling hypoxia vs. Normoxia 20 0.23 0.82(
Severe cycling hypoxia vs. Moderate cycling hypoxia 20 0.22 0.827
Moderate cycling hypoxia vs. Normoxia 20 0.20 0.842
Cycling pH vs. Normcapnia 20 1.00 0.330
Constant moderate hypoxia vs. Cycling moderate kigpo 20 2.58 0.018
Constant moderate hypoxia vs. Normoxia 20 2.1p 0.049
Constant moderate pH vs. Normcapnia 20 0.96 0.348
Constant moderate pH vs. Cycling pH 20 0.03 0.974
H) 2 weeks post-settlement — 5.5 week Instantaneocost@GiRate
ANCOVA Source and Factor df F p
Starting shell area 1,23.55 27.35 <0.001
Treatment 6,22.12 5.02 0.002
Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 22 71. 0.102
Severe cycling hypoxia vs. Normoxia 22 0.41] 0.684
Severe cycling hypoxia vs. Moderate cycling hypoxia 22 0.96 0.346
Moderate cycling hypoxia vs. Normoxia 22 0.20 0.844
Cycling pH vs. Normcapnia 22 1.58 0.129
Constant moderate hypoxia vs. Cycling moderate kigpo 22 4.71 <0.001
Constant moderate hypoxia vs. Normoxia 22 3.76 0.001
Constant moderate pH vs. Normcapnia 22 0.44 0.668
Constant moderate pH vs. Cycling pH 22 2.03 0.055
I) 1 week post-settlement — 5.5 week InstantaneousiBraate
ANOVA Source and Factor df F p
Treatment 6, 23 8.28 <0.001
Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 23 48. 0.673
Severe cycling hypoxia vs. Normoxia 23 1.95 0.063
Severe cycling hypoxia vs. Moderate cycling hypoxia 23 0.93 0.360
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Moderate cycling hypoxia vs. Normoxia 23 1.02 0.318
Cycling pH vs. Normcapnia 23 0.70 0.492
Constant moderate hypoxia vs. Cycling moderate kigpo 23 5.01 <0.001
Constant moderate hypoxia vs. Normoxia 23 5.84 <0.001
Constant moderate pH vs. Normcapnia 23 1.16 0.25
Constant moderate pH vs. Cycling pH 23 1.26 0.22
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Table 14. 2014 spat growth experiment. Randominedplete block design 2-way ANOVA of DO/pH
treatment by food treatment interaction (ANOVA hpaANOVA of shell area (ANOVA 2) from the end
of the two week laboratory exposure. Tests arasidened significant a&=0.05 and significant p values

are bolded.
2 week shell area

ANOVA 1 Source and Factor df F p
Food Treatment*DO/pH Treatment 5, 33 0.54 0.747
DO/pH Treatment 5, 33 3.68 0.009
Food Treatment 1,33 4.13 0.050

ANOVA 2 Source and Factor df F P
DO/pH Treatment 5,41 3.90 0.006

Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 41 84. 0.033
Severe cycling hypoxia vs. Normoxia under Normcapni 41 13.58 <0.001
Severe cycling hypoxia vs. Normoxia under Cyclit) p 41 1.33 0.256
Constant mild hypoxia vs. Normoxia under Normcapnia 41 11.79 0.001
Constant mild hypoxia vs. Cycling moderate hypoxia 41 1.57 0.217
Cycling pH vs. Normcapnia under Normoxia 41 5.78 0.021
Cycling pH vs. Normcapnia under Severe cycling hy@o 41 0.02 0.898
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Table 15. 2013 Adult growth experiment feedingilssstatistics. Clalmeasured in all tanks on 3 days at
the end of normoxia/normcapnia (simulated duskjags at the end of the low plateau (simulated da&n)
days at the return to normoxia/normcapnia (simdlatéd-morning), and 5 days at supersaturated oxygen
(simulated mid-afternoon). Tests are considereqifiignt ata=0.05 and significant p values are bolded.

A) Low Plateau
ANOVA Source and Factor df F P
Julian 7,235 543.51 <0.001
Treatment 5, 235 92.44 <0.001
Treatment*Julian 35, 235 9.94 <0.001
Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 235 .0D 0.988
Severe cycling hypoxia vs. Normoxia 235 19.20 <0.001
Moderate cycling hypoxia vs. Normoxia 235 3.95 <0.001
Cycling pH vs. Normcapnia 235 3.34 0.001
Constant pH vs. Normcapnia 235 1.16 0.246
B) Normoxia PM
ANOVA Source and Factor df F p
Julian 4, 165 561.86 <0.001
Treatment 5, 165 3.44 0.006
Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 165 .80 0.401
Severe cycling hypoxia vs. Normoxia 165 2.11 0.036
Moderate cycling hypoxia vs. Normoxia 165 1.67 g.09
Cycling pH vs. Normcapnia 165 0.06 0.955
Constant pH vs. Normcapnia 165 0.30 0.766
C) Supersaturation
ANOVA Source and Factor df F P
Julian 4,143 317.60 <0.001
Treatment 5, 143 6.66 <0.001
Treatment*Julian 20, 143 2.41 0.002
Contrasts df t P
Severe cycling hypoxia*Cycling pH Interaction 143 51 0.133
Severe cycling hypoxia vs. Normoxia 143 4.67 <0.001
Moderate cycling hypoxia vs. Normoxia 143 0.00 .99
Cycling pH vs. Normcapnia 143 0.45 0.650
Constant pH vs. Normcapnia 143 0.98 0.331
D) Normoxia AM
ANOVA Source and Factor df F p
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Julian 2,61 292.22 <0.001
Treatment 3,61 1.94 0.133
Contrasts df t p
Severe cycling hypoxia*Cycling pH Interaction 61 6D. 0.547
Severe cycling hypoxia vs. Normoxia 61 2.16 0.035
Cycling pH vs. Normcapnia 61 1.03 0.308
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Table 16. Summary of water quality conditions agglilts from five oyster growth experiments. Qalci
saturation states are for the pH control treatmetitsindicate significant results at p=0.05 whitks
represent trends with 0.05<p<0.1. Empty boxe<atdi effect was not examined in that experiment.

2012 2013 2012 Spat| 2013 Spat| 2013 2013 2014 Spat
Adult Adult Growth Growth — | Spat Spat Growth
Growth Growth Set 1 Growth | Growth
—Set 2 —Set 3
Calcite 1.08 0.95 1.05 1.87 1.87 1.87 0.69
Saturation State ) ’ ’ ’ ) ) )
Decreased *
growth — " . .
Severe cycling no effect no effect (first #
hypoxia half)
Decreased
grOVVth - * * * *
Constant
hypoxia
Decreased
growth — no effect * no effect no effectf no effe¢t noeffect *
Cycling pH
* *
*
DO*pH (same as (same as
interaction no effect (same as| control in no effect | no effectf no effect cycling
control) second pH or
half) cycling
hypoxia)
Decreased
growth — * no effect | no effectt no effect
constant
hypercapnia
Acclimation no effect no effect * no effec * #
Compensation no effect no effeq * no effect  neeff| no effect

98




0.004

0.003 -

0.002 - ‘

0.001 -

0.000 -

0.003
0.002
0.001 - \% | 1'\

0.000 -

0.003 -

Instantaneous rate of growth shell height (In(mm) day'l)

0.002 -

0.001 - \

0.000 - T . -
mmmm Severe cycling hypoxia - Normcapnia
mmmm Severe cycling hypoxia - Cycling pH
—===3 Moderate cycling hypoxia - Cycling pH
——— Normoxia - Normcapnia

=== Normoxia - Cycling pH

Figure 8. 2012 adult growth experiment. Mea8E-instantaneous rate of growth in shell height by
treatment of adult oysters exposed to diel cyclesdawk® during (A) the first six weeks, (B) the full
twelve weeks, and (C) a nine month field deployment

99



0.0016

A
o E 0.0014 1 |
= O
© E & 0.0012 | | | |
= & 0.0010 -
523
EG g 0.0008
8 c
cg £ 0.0006 -
S o £
» 2 = 0.0004 -
co
5 0.0002
00000 - T T T T
0.0016
B
o % 0.0014 -
© E & 0.0012 -
SZ % 00010 1 i :
OO T
Q= T 0.0008 - | :
8 c N
cg £ 0.0006 -
83 c
n = T 0.0004 -
c o
5 0.0002 -
0.0000 -
0.14
— C T
S 0.12 - | N 1
£ 0.10 A
=
2 0.08 -
>
5 0.06 -
L 0.04 -
w0
7]
= 0.02
0.00 -

mmmm Severe cycling hypoxia - Normcapnia
B Severe cycling hypoxia - Cycling pH
/3 Moderate cycling hypoxia - Normcapnia
C— Normoxia - Normcapnia

XX Normoxia - Cycling pH

E== Normoxia - Constant moderate pH
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Appendix A. Mean$E immune response parameters as measured by ytometry.

N=12 samples.

Severe Severe Moderate . .
. . . Normoxia Normoxia
hypoxia hypoxia hypoxia
Normcapnia | Cycling pH Cycling pH | Normcapnia | Cycling pH
62.82+ 57.83+ 58.58+ 58.75+
92+2. - - - -
Shell Height (mm) 61.92% 2.45 2.61) 1.33) (1.23) (1.80)
Infection Intensity 0.54+0.12 0.64+0.23 0.71+0.35 0.96+0.39 0.25+0.17
Percent granular 0.20+0.00 | 0.12+0.00 | 0.13+0.00 | 0.13+0.00 | 0.16+0.00
hemocytes - - - - -
Percent dead 0.09+0.00 | 0.14+0.00 | 0.11+0.00 | 0.15+0.00 | 0.10+0.00
granular hemocytes
Percent agranular 0.70+0.00 | 0.75+0.00 | 0.75+0.00 | 0.72+0.00 | 0.71+0.00
hemocytes
Percent dead 0.03+0.00 | 0.04+0.00 | 0.03+0.00 | 0.05+0.00 | 0.03+0.00
agranular hemocytes
Percent phagocytic 0.2740.00 | 0.25+0.00 | 0.17+0.00 | 0.13+0.00 | 0.24+0.00
granular hemocytes
P t ph ti
ercent phagocytic 0.13+0.00 | 0.12+0.00 | 0.09+0.00 | 0.07+0.00 | 0.13+0.00
hemocytes
Reactive oxygen
species (ROS) 9268.77+ 8505.69+ 8928.92+ 7900.61+ 9357.10+
production - granular 1315.08 708.06 945.56 489.09 785.06
population 1
Reactive oxygen
species (ROS) 359.28+ 364.95+ 318.51+ 343.40+ 278.53+
production - granular 17.95 21.08 26.16 21.08 12.29
population 2
Apoptotic dead cells 0.04+0.00 0.05+0.00 0.06+0.00 0.10+0.00 0.06+0.00
Apoptotic live cells 0.02+0.00 0.03+0.00 0.04+0.00 0.07+0.00 0.04+0.00
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