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Hypoxia and Acidification Have Additive and Synergistic
Negative Effects on the Growth, Survival, and
Metamorphosis of Early Life Stage Bivalves
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Abstract

Low oxygen zones in coastal and open ocean ecosystems have expanded in recent decades, a trend that will accelerate with
climatic warming. There is growing recognition that low oxygen regions of the ocean are also acidified, a condition that will
intensify with rising levels of atmospheric CO,. Presently, however, the concurrent effects of low oxygen and acidification on
marine organisms are largely unknown, as most prior studies of marine hypoxia have not considered pH levels. We
experimentally assessed the consequences of hypoxic and acidified water for early life stage bivalves (bay scallops,
Argopecten irradians, and hard clams, Mercenaria mercenaria), marine organisms of significant economic and ecological
value and sensitive to climate change. In larval scallops, experimental and naturally-occurring acidification (pH, total scale
=7.4-7.6) reduced survivorship (by >50%), low oxygen (30-50 uM) inhibited growth and metamorphosis (by >50%), and
the two stressors combined produced additively negative outcomes. In early life stage clams, however, hypoxic waters led
to 30% higher mortality, while acidified waters significantly reduced growth (by 60%). Later stage clams were resistant to
hypoxia or acidification separately but experienced significantly (40%) reduced growth rates when exposed to both
conditions simultaneously. Collectively, these findings demonstrate that the consequences of low oxygen and acidification
for early life stage bivalves, and likely other marine organisms, are more severe than would be predicted by either individual
stressor and thus must be considered together when assessing how ocean animals respond to these conditions both today

and under future climate change scenarios.
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Introduction

Low oxygen zones are ubiquitous features in coastal and open
ocean environments. Within coastal zones, the excessive delivery
of nutrients from agriculture and urban centers stimulates algal
productivity, and the subsequent microbial degradation of this
organic matter reduces oxygen levels, contributing towards
hypoxia [1]. Hypoxic regions of coastal zones have expanded in
recent decades [1,2] to the detriment of resident organisms and
fisheries [2-6]. In the open ocean, oxygen minimum zones are
persistent features of subsurface waters with rates of microbial
oxygen consumption that exceed oxygen ventilation rates and are
expanding due to ocean warming [7-9]. A less frequently
considered consequence of microbial respiration is the production
of COy and the resultant reduction in pH through the formation
and dissociation of carbonic acid. Through the process of
respiration, levels of COq and O, are stoichiometrically linked in
marine ecosystems, being subsequently altered by differences in
gas exchange and chemical equilibria. Recent studies have indeed
shown a close correspondence between low oxygen and acidifi-
cation in many coastal and open ocean systems [10-13], with
pCOq levels in low oxygen zones often of a magnitude greater than
predicted  for  surface  oceans later  this  century
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(>1,000 patm)(10,11,14]. The continued combustion of fossil
fuels and subsequent warming of the planet are expected to
expand low oxygen and acidified regions in the world’s oceans this
century [15-17].

Despite the common co-occurrence of hypoxia and acidification
in marine systems, their concurrent effects on ocean life are poorly
understood. Acidification negatively impacts an array of marine
organisms [17-19]. Oxygen is required to sustain aerobic life, and
the thresholds at which low dissolved oxygen causes mortality
and/or harm have been established for many marine organisms
[2-6]. However, the large majority of laboratory studies assessing
the effects of low oxygen on marine organisms have manipulated
oxygen levels by administering nitrogen gas [e.g. 21-27], a process
that reduces both oxygen and pCOy levels and thus significantly
increases, rather than decreases seawater pH (Figure 1). Hence,
the majority of hypoxia studies performed to date have created a
laboratory condition (low oxygen, low COj, high pH) that does
not reflect the actual physiological challenges to marine life in low
oxygen zones (Figure 1).

Here, we examine the concurrent impacts of acidification and
low oxygen on the early life stages of two calcifying bivalves: bay
scallops, Argopecten irradians, and hard clams, Mercenaria mercenaria.
As foundational species within coastal ecosystems [28], calcifying
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Figure 1. Changes in pHy (total scale) and dissolved oxygen obtained via bubbling estuarine seawater (salinity =30) with N, gas
(black circles) and found naturally (white circles) in the Forge River, NY, USA, during summer 2012.

doi:10.1371/journal.pone.0083648.g001

bivalves such as those studied here are of substantial value to man:
mollusk harvests approach one billion USD annually in the US
alone [29] with ecosystem services far exceeding that value [30].
The negative impacts of climate change on the early life history
stages such as those studied here may promote population
bottlenecks in bivalve populations [31]. While early life stage
clams and scallops are sensitive to ocean acidification [19,20], the
effects of low oxygen on these organisms under acidified conditions
have yet to be examined. For this study, we specifically
hypothesized that early life growth, development (metamorphosis),
and survival of these bivalves would be differently affected by
hypoxic vs. acidified conditions, and that concurrent hypoxia and
acidification would have additive negative effects. During exper-
iments, levels of dissolved oxygen, pCOy, and pHy (pH measured
on the total scale) in seawater were achieved by mixing air, COo,
and N, gases, as well as by amending naturally hypoxic and
acidified coastal water from the Forge River Estuary, NY, USA,
with aeration and sodium carbonate (Figure 2; Tables S1, S2, S3,
S4).

Methods

Two types of experiments are presented in this manuscript. The
first experiments involved the exposure of early life stage bivalves
(larvac and first year juveniles) to normal and low pH/low
dissolved oxygen conditions achieved via the delivery of varying
mixtures of COy gas, Ny gas, and air. The second experiment
involved the exposure of larval bivalves to water low in low pH
and low dissolved oxygen obtained from a hypoxic and acidified
ecosystem that was subsequently manipulated via aeration and the
addition of sodium carbonate. The first experiment was performed
on larval stage bay scallops (4. #radians) and two different stages of
juvenile hard clams (M. mercenaria), whereas the second experiment
was performed on larval stage A. wradians. For all experiments,
replicate (n=4) experimental vessels with early life stage bivalves
(described below) were maintained at 24+ 1°C using commercially
available aquarium heaters and chillers (Aquatic Eco-systems, Inc.,
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Florida, USA). This temperature is optimal for growth and
survival of early life stages of the two species used here [32,33].

Manipulating pH and dissolved oxygen levels with

tanked gas

A series of gas proportionators (Cole Parmer Flowmeter system,
multitube frame) were used to deliver COq gas, Ny gas, and air to
seawater at different rates to maintain conditions that were
normoxic with a normal pH (air only), hypoxic with a normal pH
(tanked Ny gas pre-mixed with ~390 patm COy gas), normoxic
but acidified (tanked 5% COg gas only), and hypoxic and acidified
(tanked Ny gas, tanked 5% COj gas, and air; Figure 2A). The gas
proportionators delivered these gases to experimental vessels filled
with 0.2 um filtered seawater from eastern Shinnecock Bay, New
York, USA, to yield the levels of pH and dissolved oxygen desired
for experiments using volumetric flow rates that turned over the
volume of experimental vessels >100 times daily preventing
equilibration with atmospheric COs and oxygen. For experiments
with larvae, the gas mixtures from the proportionator system were
continuously delivered to the bottom of 1 L high density
polyethylene beakers with polycarbonate lids whereas 10 L
polyethylene vessels with polyethylene lids were used for exper-
iments with juvenile bivalves. Vessels were bubbled for least 24 h
prior to commencing experiments. Dissolved oxygen levels were
quantified with a Clark-type electrode YSI 5100 oxygen meter,
which provided an analytical precision of =4% and was calibrated
daily. Dissolved oxygen measurements made with this probe were
nearly identical to, and never significantly different from, those
obtained via Winkler titrations [34]. To quantify precise levels of
total dissolved inorganic carbon attained in experimental treat-
ments, water samples were analyzed during experiments with an
EGM-4, Environmental Gas Analyzer® (PP Systems) system that
quantified total dissolved inorganic carbon levels after separating
the gas phase from seawater using a Liqui-Cel® Membrane
(Membrana). This instrument provided a methodological precision
*3% for replicated measurements of total dissolved inorganic
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Figure 2. Levels of dissolved oxygen and pH; during experiments. A. Experiments delivering N, gas, CO, gas, and air to seawater with A.
irradians larvae (black squares), two month old M. mercenaria (red diamonds), or four month old M. mercenaria (blue circles) as presented in Figures 2,
4 and 5. Points are means =1 S.D. B. Experiment with water from the Forge River, NY, USA, and A. irradians larvae left unamended (red), amended
with sodium carbonate (yellow), or aerated (green). Points are means of measurements during individual days of the experiment. Crosses present the

mean *S.D. for the entire experiment.
doi:10.1371/journal.pone.0083648.9g002

carbon and provided full recovery (104%=5%) of Dr. Andrew
Dickson’s (University of California San Diego, Scripps Institution
of Oceanography) certified reference material for total inorganic
carbon in seawater (Batch 117=DIC 2009.99 pmol dissolved
inorganic carbon kg seawater '), Levels of CO, were calculated
based on measured levels of total inorganic carbon, pHr (mol kg
seawater '), temperature, salinity, phosphate, silicate, and first
and second dissociation constants of carbonic acid in seawater [35]
using the program CO2SYS (http://cdiac.ornl.gov/ftp/co2sys/).
Daily measurements of pH used a Honeywell Durafet Ion
Sensitive Iield Effect Transistor (ISFET)-based pH sensor
calibrated with Dr. Dickson’s seawater pH standard [36], which
indicated that experimental vessels maintained target pH levels
throughout experiments (<0.1% relative standard deviation
within treatments). Spectrophotometric measurements of pH
made using m-cresol purple as described by Dickson et al. [37]
were nearly identical to, and never significantly different from,
those obtained with the Durafet pH sensor.

Experiments with naturally hypoxic and acidified water
The Forge River estuary (40°47'71"N, 72°49'85"W) is a small
(3 km?), shallow (2-4 m), microtidal (0.7 m) system exchanging
with Moriches Bay, a part of Long Island’s south shore lagoonal
system in NY, USA [38]. The Forge River receives excessive
nutrient loads from dense residential populations and duck farms
and experiences hypoxia during summer months [38]. While the
two bivalves studied here (M. mercenaria, A. irradians) can be found
along the entire eastern shore of North America including
estuaries that exchange with and surround the Forge River such
as such as Moriches Bay and the Peconic Estuary (see below),
benthic surveys reveal these organism do not persist in the Forge
River (C. Gobler, pers. obs.). For experiments, water from the
Forge River was collected ten times during July and August of
2012 from the Town of Brookhaven (NY, USA) public dock at
dawn from a depth of ~2 m with a horizontal Van Dorn bottle.
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Water was transferred without bubbling to 20 L carboys and
transported to the Stony Brook-Southampton Marine Sciences
Center. Specific permission was not needed for this activity since
this was a public location and seawater collection is not regulated
by any municipal government. The pH and dissolved oxygen of
the water was measured as described above and the salinity of the
water was determined using a YSI© 556 sonde. Water from
carboys was transferred by gravity, without bubbling to replicate
(n=4) 1 L high density polyethylene beakers with polycarbonate
lids for experiments. Experimental water was manipulated with
sodium carbonate or aeration to contrast changes in pH
(carbonate addition only) to changes in dissolved oxygen and pH
concurrently (aeration). Specifically, replicate vessels (n =4) were
left unamended as a control, acrated at 50 ml min ™! with ambient
air, or administered 26 uM sodium carbonate per 0.1 pH unit
difference between the experimental water and a pH value of 8.0.
Prior to manipulation, water was always low in oxygen (15—
90 uM) and pH (7.1-7.7). The addition of sodium carbonate
brought pH, carbonate ion, and aragonite saturation states to
values nearly identical to the aeration treatment but did not alter
dissolved oxygen while bubbling typically brought pH to ~8 and
dissolved oxygen to ~250 pM (Figure 2B). Dissolved oxygen, pH,
and precise carbonate chemistry levels were monitored as
described above and are reported in the results section and Table
S2. Water was exchanged ~ every three days, and levels of
dissolved oxygen and pH generally rose between water changes.

Larval experiments

Larval bay scallops (4. #rradians) were obtained from broodstock
collected from the eastern Peconic Estuary that experiences levels
of pH, dissolved oxygen, and salinity common for a meso-trophic
estuary (pHngs range: 7.8-8.2, mean =S.D. = 8.0%0.16; dissolved
oxygen: 170-380 uM, mean =250%=60 puM; salinity =24.6-30.8,
mean = 28.1*1.34; [39]). Broodstock were collected by the East
Hampton Town Shellfish Hatchery via use of their New York
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State Department of Environmental Conservation Collector’s
Permit that gives them permission for such activity. Neither
bivalve species investigated here is endangered or protected.
Scallops were spawned at the East Hampton Town Shellfish
Hatchery located in Montauk, NY, which uses water from
Gardiner’s Bay, a meso- to oligotrophic, open water body that
exchanges with the Atlantic Ocean (pHynps range: 7.8-8.2, mean
=8.0£0.14; dissolved oxygen: 210-380 uM, mean
=280%60 pM; salinity =25.9-31.1, mean =28.4*1.42; [39].
These pH and dissolved oxygen levels are significantly higher than
those found in more eutrophic systems such as the Forge River
(Figure 2B) and will be considered ‘normal’ for the purposes of this
study. For larval experiments, experimental vessels (1 L) were
filled with 0.2 um filtered seawater from eastern Shinnecock Bay,
New York, USA, and within hours of fertilization, larvae were
distributed to each treatment beaker at a concentration of ~400
individuals L~', consistent with post-spawning densitics in
estuaries [40]. Larvae were fed an ideal food source, Isochrysis
galbana, (Tahitian strain, T-Iso) at a rate known to be ad libitum
4x10* cells ml~' d™!) and to yield maximal bivalve larval growth
and survivorship through metamorphosis [32,33]. Indeed, I
galbana densities declined daily demonstrating that larvae were
feeding, but never declined by more than 50%. Cultures of L
galbana were maintained in exponential phase growth using
standard algal culture conditions. To promote high survivorship,
containers in contact with larvae were never exposed to chemicals
[41]. To discourage the growth of bacteria during experiments, an
antibiotic solution (Sigma-Aldrich No. 4083, penicillin, strepto-
mycin, neomycin) was administered to each beaker at 1% its
original concentration at the beginning of each experiment and
during each water change. This antibiotic mixture at this
concentration has been shown to have no negative effects on the
growth and survivorship of shellfish larvae [42]. Every three days,
larvae were gently poured onto a 64 yum mesh, and condition (live
or dead) and developmental stage (veliger, pediveliger, or
metamorphosed) of all larvae were recorded. The percent of the
population that had metamorphosed at each stage was calculated
for surviving individuals only. Dead larvae were identified by a
lack of swimming and movement of the velum as well as a loss of
pigmentation and/or fully open valves. Surviving larvae from each
beaker were transferred into a new vessel with new filtered
secawater, food, and antibiotics within a 30 minute period.
Experiments lasted 30-40 days post-spawning, thereby covering
the early, most critical period in bivalve ontogeny [31,43,44]. At
the end of the experiments, the diameter of surviving individuals
was determined using a dissecting microscope equipped with a
Nikon DigiSight Color Digital Camera System (DSVil) and
Image] software. Precise COq levels, dissolved oxygen levels, and
complete carbonate chemistry from larval experiments appear in

Tables S1 and S2.

Juvenile experiments

For experiments with juvenile M. mercenaria, individuals spawned
from eastern Peconic Estuary broodstock (estuarine chemistry as
described above) were raised on an algal diet under normal pH
and dissolved oxygen conditions (levels as described above) at the
East Hampton Town Shellfish Hatchery until experiments were
performed. Individuals were transferred to seawater matching the
salinity and temperature of the experiment for at least 48 h prior
to the start of experiments. M. mercenaria of two ages and size
classes (two month old =6.09%£0.65 mm and four month old
=8.51%0.21 mm) were used for experiments with acidified and
low oxygen water achieved via tanked gases. Fifteen individuals of
each species were placed into replicate (n=4), 10 L, high-density
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polyethylene vessels that were maintained at 201°C as described
above. Survival of individuals and water chemistry were assessed
daily; any dead individuals were removed within <18 h of
expiring. Precise GOy levels, dissolved oxygen levels, and complete
carbonate chemistry from these experiments appear in Tables S3
and S4. M. mercenaria were fed Isochrysis galbana, (Tahitian strain, T-
Iso) at a density of 4x10* cells ml™" daily. Initial and final shell
lengths (distance from the umbo to the ventral edge) of small
individuals were determined by means of image capture and
digital imaging software (Image]), whereas lengths of larger
individuals were determined with calipers. Length-based growth
rates were calculated by dividing the change in height by the days
of the experiment.

Statistical analyses

Statistical analyses were performed with SigmaStat 4.0 Percent
values were arc-sin square root transformed before analyses. Two-
way ANOVAs were performed to assess differences among
survival, metamorphosis, and growth rates at each COy and
dissolved oxygen level, and were followed by Tukey’s multiple
comparison tests. One-way ANOVAs were performed to assess the
effects of aeration and sodium carbonate on the survival,
metamorphosis, growth rates on scallop larvae and were followed
by Tukey’s multiple comparison tests. Standard or Kruskal-Wallis
ANOVAs were performed to assess differences in dissolved oxygen
and pH attained in each experiment and were followed by Tukey’s
multiple comparison tests. Linear regression models of larval
scallop survival during experiments were developed to derive daily
mortality rates. Values reported in the results sections are means =
one standard deviation.

Results

In experiments where air, COy, and Ny gases were mixed to
create hypoxic and acidified conditions for A. irradians larvae, levels
of dissolved oxygen were significantly lower in the hypoxic and
combined low oxygen and acidified treatment (36.5%=8.93 uM)
relative to the other treatments (26023.5 pM), while levels of pH
were significantly lower in the acidified and combined low oxygen
and acidified treatments (pHt=7.53%0.04) relative to the other
treatments (8.00%+0.03; p<<0.03; Figure 2A). These lower pH levels
were accompanied by aragonite saturation states (0.79%0.06) that
were significantly lower than the control and low oxygen
treatments (1.94%0.14; p<<0.05; Table S1). Under these condi-
tions, larval scallops (4. irradians) experienced significantly reduced
survival (Figure 3A; p<<0.05; Table S5) in response to acidification
but not hypoxia (Figure 2A), and there was no interaction between
the treatments (Table S5). Specifically, daily mortality rates of
individuals exposed to normal pH and oxygen, low oxygen, low
pH, and low oxygen combined with low pH treatments were 1.5,
1.5, 1.9, and 1.8% per day while total survivorship after 40 d was
42%, 41%, 24%, and 20%, respectively (Figure 3A). In contrast to
survival, low oxygen levels significantly reduced the size and
delayed metamorphosis of scallop larvae (Figures 3B, 4A; p<<0.001
for each, respectively Tables S6, S7), while low pH alone did not.
The treatments interacted to yield less than additive percentage of
metamorphosed larvae while there was no interaction with regard
to size (Tables S6, S7). After 25 d, 72% and 56% of surviving
individuals had metamorphosed in the control and acidified
treatments, while none had metamorphosed in the low oxygen
treatments with or without low pH (Figure 3B). After 40 d, 97%
and 91% of individuals had metamorphosed in the control and
acidified treatments, while only 9% and 2% had done so in the
low oxygen treatments with or without low pH (Figure 3B).
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Metamorphosed individuals from normal oxygen treatments at
normal and low pH conditions measured 1,130+16.8 ym and
996*36.7 um in length, respectively, whereas metamorphosed
individuals from low oxygen treatments at normal or low pH
conditions were only 445+32.0 and 447%35.0 um, respectively.
Individuals that failed to metamorphose after 40 d in these
treatments were even smaller (175*10.9 and 177*14.1 um;
Figure 4A).

Water from Forge River Estuary used for experiments had
levels of dissolved oxygen (140%£56 uM), pHy (7.37£0.21),
carbonate ion (15%£9.3 uM), and aragonite saturation
(0.23%0.15) that were all significantly lower than the levels
produced via the aeration of this water (26022 uM, 7.91%0.08,
12024 uM, 1.89£0.15, respectively; p<<0.03; Figure 2B; Table
S2). Aeration did not alter the alkalinity of the water
(1848+119 uM for aerated and unamended treatments). The
addition of sodium carbonate created water with levels of pHr
(7.93%0.08), carbonate  ion (98x14 M), alkalinity
(2360£186 uM), and aragonite saturation (1.51*£0.24) that were
all significantly greater than the unamended Forge River water
(»<<0.05; Figure 2B; Tables S2), but this treatment did not
significantly alter levels of dissolved oxygen (142257 uM;
Figure 2B; Tables S2).

Exposure of larval scallops to estuarine waters that were
naturally acidified and low in oxygen caused low rates of growth,
survival, and metamorphosis, while raising pH or oxygen levels
significantly improved different aspects of their performance. For
example, while only 10% of larvae survived a 33 d exposure to
water with naturally low pH and low oxygen (Figure 2B), the
addition of sodium carbonate (pH increase) and aeration (oxygen
and pH increase) each significantly increased larval survival ~
four-fold (to ~40%; Figure 3C; p<<0.005; Table S8). During the
month long experiment, population mortality rates were 3.2, 2.2,
and 2.1% d~! in the unamended, carbonate addition, and
aeration treatments, respectively. In contrast, aeration alone
significantly increased the size and metamorphic rates of scallop
larvae, while sodium carbonate alone did not (Figure 3D, 4B;
$<<0.001; Table S9, S10). Specifically, while >95% of surviving
individuals in aerated treatments had metamorphosed after 33 d,
0 and 10% had in the unamended and sodium carbonate
treatments (Figure 3D). Similarly, while individuals that were
aerated had metamorphosed and grown to 835 um in length after
33 d, those in the unamended and sodium carbonate treatments
had not metamorphosed and were <100 pm (Figure 4B).

Hypoxia and acidification had contrasting and age-dependent
effects on juvenile hard clams (M. mercenaria). In experiments with
early stage juveniles (two-month old), levels of dissolved oxygen
were significantly lower in the hypoxic and combined low oxygen
and acidified treatment (51.5%£6.86 uM) relative to the other
treatments (26226.86 uM), while levels of pH were significantly
lower in the acidified and combined low oxygen and acidified
treatments (pH1=7.51%0.01) relative to the other treatments
(7.88£0.04; p<<0.05; Figure 2a). These lower pH levels were
accompanied by aragonite saturation states (0.71+0.01) that were
significantly lower than the control and low oxygen treatments
(1.93%£0.07; p<<0.05; Table S3). Exposure of two-month old
juvenile clams to low oxygen significantly reduced their survival
(from 87 to 60%; p<<0.05), while low pH (Figure 2A) did not, and
there was no interaction between these treatments (Figure 5A;
$<<0.05, Table S11). In contrast, the low pH water significantly
reduced the growth of surviving clams by 60% (from 19 to 7.9 um
d™'; Figure 5B; p<<0.05; Table S12), while low oxygen did not,
and there was no interaction between treatments (Table S12).
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In experiments with later stage juvenile clams (four months old),
levels of dissolved oxygen were significantly lower in the hypoxic
and combined low oxygen and acidified treatment
(44.3£4.31 uM) relative to the other treatments (289*£4.31 uM)
while levels of pH were significantly lower in the acidified and
combined low oxygen and acidified treatments (pHt=7.51%0.01)
relative to the other treatments (7.96%0.03; p<<0.05; Figure 2a).
These lower pH levels were accompanied by aragonite saturation
states (0.70%0.01) that were significantly lower than the control
and low oxygen treatments (2.08%+0.14; p<<0.05; Table S4). Four
month old clams were more resistant to low oxygen and pH
conditions, experiencing high survival in all treatments (>95%).
Although their growth rates were not altered by either low oxygen
or low pH when administered alone, there was a synergistically
negative interaction between these factors as the combined
exposure to low oxygen and low pH reduced their growth rates
by 40% from 12 um d~' to 7.3 um d~' (Figure 5C; p<<0.05;
Table S13).

Discussion

Regions of the world’s oceans with low levels of dissolved
oxygen and pH have become increasingly common and will
continue to expand in the near future [16,17], yet the concurrent
effects of these two stressors on marine life are largely unknown.
Acidification has been shown to inhibit the performance of many
calcifying invertebrates [18-20] as well as some vertebrates,
including fish [45—48]. Our findings suggest that the true impact of
low oxygen zones on marine life likely requires re-evaluation, as
most laboratory studies to date have manipulated oxygen with by
administering nitrogen gas [e.g. 21-27] resulting in concurrent
basification rather than acidification (Figure 1). Given that this
approach misrepresents natural marine ecosystems (Figure 1), it
may mask the true effects of low oxygen zones on marine animals.
For example, while low oxygen severely delayed the metamor-
phosis and greatly restricted the growth of larval scallops, their
survival was only compromised when they were concurrently
exposed to the acidified conditions. While juvenile clams
responded differently to hypoxia and acidification, the full effects
of these processes could not have been predicted by considering
only one of these treatments alone. For example, while early stage
juvenile clams suffered enhanced mortality under hypoxic
conditions, their growth rates were depressed by acidification.
More surprising was the synergistically negative effect of concur-
rent acidification and hypoxia on the growth rates of late stage
clams, which was not detected in either individual treatment.
While the two species of bivalves studied here have been shown to
be differentially susceptible to acidification [19], the present study
demonstrates that they also respond differentially to hypoxia and
acidification. As such, it is likely that making broad predictions
regarding the response of ocean animals to these stressors will
prove challenging.

Prior ecosystem studies investigating the distribution of coastal
marine organisms within low oxygen zones have often not
measured pH or carbonate chemistry and have interpreted
findings solely through the lens of oxygen concentrations [e.g.
49-52]. By not concurrently considering acidification within these
systems, the processes driving distribution patterns may be
misinterpreted. In contrast, a recent open ocean study of oxygen
minimum zones (OMZs) found that pteropods migrating into
OMZs are more resistant to acidification than those that do not
[53], suggesting that acidification may be as important as oxygen
in shaping the distribution of these organisms within and around
these zones.
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Recent research has robustly demonstrated the sensitive nature
of early life stage bivalves to the levels of ocean acidification
projected for the end of this century [19,20]. Concurrently, it has
been established that some eutrophic coastal waters are already
experiencing seasonal acidification [10-14]. Our novel experi-
ments with water naturally low oxygen and low pH demonstrate
that these conditions negatively impact larval shellfish. For
example, consistent with our experiments using mixed gases,
increasing the pH of acidified coastal waters with sodium
carbonate significantly improved larval survival, thereby suggest-
ing that contemporary acidification in eutrophic coastal zones may
already be reducing the survival of bivalve larvae and perhaps
other organisms. Water used for experiments had levels of pH and
pCOy (7.36%0.21 and 2620%781 patm, respectively; Table S2)
that are projected to occur in open ocean surface waters under
‘business-as-usual’ scenarios in hundreds of years [54,55]. As such,
eutrophic coastal zones may be relatively less impacted by future
atmospheric COy driven acidification than open ocean environ-
ments [56] but may also provide early insight into the manner in
which future climate change may shape the distribution and
abundance of ocean animals [14,57,58]. Interestingly, mean
oxygen levels during our experiment with eutrophic coastal water
were low (<140 uM) but higher than levels achieved during our
mixed gas experiments, yet they still reduced the size and delayed
the metamorphosis of larval scallops. Given that larval bivalves
with extended metamorphosis times or of smaller sizes are

PLOS ONE | www.plosone.org

susceptible to higher cumulative predation rates [59,60], mortality
rates of larvae exposed to low oxygen conditions in the wild may
be even greater than those observed during our experiments. Such
elevated mortality among early life stages of bivalves would be
expected to influence the distribution and abundance of adult
populations [31,44]. While ammonium in the Forge River was not
at levels known to be toxic (<25 pM), additional stressors present
in hypoxic waters such as sulfides may have further inhibited the
performance of scallop larvae. Hence, future research regarding
the effects of hypoxic zones on marine life may need to consider
stressors beyond oxygen and pH such as elevated sulfides,
ammonium, and temperature [3,61,62].

Our findings coupled with prior studies provide insight
regarding the differing physiological mechanisms by which
hypoxia and acidification may impact early life stage bivalves.
Marine invertebrates commonly adapt to environmental stressors
by reducing their metabolic rate, and over an extended period of
time this can translate in lowered growth rates and smaller sizes
[63,64]. Accordingly, acidification and hypoxia both contributed
toward smaller individuals in the experiments presented here. In a
manner consistent with prior studies [21,22], it was exposure of
larval stages to low oxygen, however, that had the largest negative
effect on the growth of individuals. Larvae also experienced
delayed metamorphosis suggesting these processes are linked and
that the lower metabolic state induced by hypoxia does not afford
larvae the aerobic scope to initiate metamorphosis. Interestingly,

January 2014 | Volume 9 | Issue 1 | 83648



Hypoxia and Acidification Effects on Bivalves

1400 - A.
O Metamorphosed
1200 . @ a P
I OlLarvae
__ 1000 - s
£
2 800 -
=
g 600 - b b
= 400 - t 1
200 - H_| —x—‘
0 T
Control Low pH Low oxygen Low oxygen,
low pH
1000 B.
a
o
800 - L
=
Z 600 -
<
o
§ 400 -
|
200 - b b
O T T
Aeration Sodium carbonate Unammended

Figure 4. Size of early life stage A. irradians larvae, grown under two levels of pH and dissolved oxygen. A. Experiment with mixing
gases, and B. Experiment manipulating naturally low oxygen and low pH water with aeration and sodium carbonate Bars are means *=S.D. Complete
carbonate chemistry from experiments appear in Tables S1 and S2 while statistical analyses appear in Tables S7 and S10. Shared lower case letters
indicate treatments that are not significantly different (p>0.05). Statistical comparisons were among metamorphosed individuals only in panel A, but
was between individuals of the same cohort that were metamorphosed individuals in the aerated treatment and larvae in other treatments in panel B

as no individuals had metamorphosed in those treatments.
doi:10.1371/journal.pone.0083648.g004

larvae exposed to hypoxia (but not anoxia) commonly do not suffer
enhanced mortality [21,22, this study]|, suggesting that the
physiological response of reduced metabolism, growth, and
metamorphosis are sufficient for sustaining individuals during
extended hypoxia, at least during the larval stage.

Regarding acidification, research has demonstrated that low-
ered pH and the associated reduction in carbonate ion availability
can impact multiple physiological pathways in bivalves beginning
with calcification [65,66]. Lowered rates of calcification can have
cascading effects on larval physiology, inhibiting other biochemical
processes such as RNA synthesis and lipid content [19,66] as well
as more general indicators of metabolism such as growth and size
[20,40]. For some species of bivalve larvae, including A. wradians
examined here, exposure to undersaturated levels of calcium
carbonate during their first week of development can elicit
depressed rates of survival [19,66-68]. Consistent with this
finding, the largest differences between survival in acidification
and normal pH treatments were observed during exposure of
larval stage bivalve to acidification. Hence, simply lowering
metabolic rates may not be a sufficient physiological response to
overcome the compromised calcification associated with acidifi-
cation in the early stages of some larval bivalves.

There may be a physiological feedback and synergy between
low oxygen and low pH in marine invertebrates [63]. As
environmental acidification and low oxygen slow metabolic rates,
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internal gas exchange may slow, intracellular oxygen levels may be
reduced, and COy from respiration may accumulate, potentially
exacerbating hypercapnia and thus further lowering metabolism.
This is consistent with our finding that the combination of low
oxygen and low pH, but not either factor alone, inhibited the
growth of the later stage hard clams. Finally, our results suggest
that, in a manner consistent with the age-dependent effects of
ocean acidification on early life stage bivalves [69], the effects of
hypoxia and acidification on early life stage bivalves are also age
dependent. While larvae exposed to both stressors experienced, up
to 75% reduction in survival, early stage juvenile survival was
more modestly reduced by the two stressors (20%). The two
stressors combined only reduced growth (by 20%) not survival, in
later stage juveniles.

Hypoxia and acidification are increasingly co-occurring in the
ocean [10,11,14, this study], and understanding the effects of such
climate change stressors on marine animals is a significant
challenge. In low oxygen regions of the ocean, the tissue demand
for oxygen of marine animals is often not met by ambient supply,
and thus the ability of these organisms to tolerate secondary
stressors such as acidification could be compromised [63,64].
Thus, it is possible that even animals insensitive to acidification
alone could be negatively affected by low pH when concurrently
exposed to hypoxic conditions. Given that fish are generally more
vulnerable to low oxygen than mollusks such as the bivalves
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studied here [4] and that some early life stage fish have already
been shown to be sensitive to acidification [45—47], the dual effects
of hypoxia and acidification on marine teleosts may be profound.

Because hypoxia threatens fisheries and biodiversity in coastal
ecosystems [2,4], environmental regulatory agencies often set
management goals for dissolved oxygen to protect estuarine
animals based on levels known to negatively affect marine life (e.g.,
2mg L7' 0,).[4,70-72]. Given our finding that concurrent
acidification and low oxygen significantly and independently
depressed growth and survival rates of estuarine bivalves, it is
plausible that coastal managerial criteria based strictly on oxygen
levels, but not pH, may not adequately protect marine life in some
ecosystems. Therefore, future environmental regulations devel-
oped to protect estuarine organisms in regions prone to hypoxia
should consider the concurrent effects of acidification on these
animals, particularly as climate change accelerates the intensity of
acidification in coastal zones.
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The expansion of hypoxic zones in coastal and open oceans is
one of many predicted consequences of intensifying global climate
change [9,15,17]. While microbial processes will continue to
promote acidification in these regions [11], this will be exacerbat-
ed by the loading of anthropogenic CO, [16-18]. We suggest that
recently discovered high COy sensitivities in many finfish and
shellfish [20,45-47], and the compounded effects of high CO4 and
low Og in bivalves relative to each individual parameter should
prompt a re-alignment of future studies. A comprehensive
evaluation of the combined effects of low oxygen and acidification
on marine life is critical for understanding how ocean ecosystems
respond to these conditions both today and under future climate
change scenarios.

Supporting Information

Table S1 Mean temperature, pH, dissolved oxygen,
carbonate chemistry, alkalinity, and salinity (*1 SD)
during the experiment exposing larval stage Argopecten
irradians to differing levels of pH and dissolved oxygen
achieved via mixing tanked gases.

(DOC)

Table S2 Mean temperature, pH, dissolved oxygen,
carbonate chemistry, alkalinity, and salinity (*1 SD)
during the experiment exposing larval stage Argopecten
irradians to differing levels of pH and dissolved oxygen
achieved via the addition of aeration and sodium
carbonate to estuarine water with naturally low oxygen
and low pH.

DOC)

Table $S3 Mean temperature, pH, dissolved oxygen,
carbonate chemistry, alkalinity, and salinity (£1 SD)
during the experiment exposing two month old Merce-
naria mercenaria to differing levels of pH and dissolved
oxygen achieved via mixing tanked gases.

DOC)

Table S$4 Mean temperature, pH, dissolved oxygen,
carbonate chemistry, alkalinity, and salinity (£1 SD)
during the experiment exposing four month old Merce-
naria mercenaria to differing levels of pH and dissolved
oxygen achieved via mixing tanked gases.

DOC)

Table S5 Two-way analysis of variance for Argopecten
trradians larval survival when exposed to two levels of
dissolved oxygen and pH.

(DOC)

Table S6 Two-way analysis of variance for Argopecten
irradians larval metamorphosis when exposed to two
levels of dissolved oxygen and pH.

(DOC)

Table 87 Two-way analysis of variance for Argopecten
irradians larval size when exposed to two levels of
dissolved oxygen and pH.

(DOC)

Table S8 One-way analysis of variance for Argopecten
irradians larval survival when exposed to hypoxic and
acidified Forge River water amended with sodium
carbonate or aeration.

DOC)

Table S9 Omne-way analysis of variance for Argopecten
trradians larval metamorphosis when exposed to

January 2014 | Volume 9 | Issue 1 | 83648



hypoxic and acidified Forge River water amended with
sodium carbonate or aeration.

(DOC)

Table S10 One-way analysis of variance for Argopecten
irradians larval size when exposed to hypoxic and
acidified Forge River water amended with sodium
carbonate or aeration.

DOC)

Table S11 Two-way analysis of variance for survival of
two-month old Mercenaria mercenaria exposed to two
levels of dissolved oxygen and pH.

DOC)

Table S12 Two-way analysis of variance for growth
rates of two-month old Mercenaria mercenaria exposed
to two levels of dissolved oxygen and pH.

DOC)

References

1. Rabalais NN, Turner RE, Wiseman W] (2002) Gulf of Mexico hypoxia, AKA
“The dead zone” Annual Review of Ecology and Systematics 33: 235-263.

2. Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences for
marine ecosystems. Science 321: 926-929.

3. Gray JS, Wu RSS, Or YY (2002) Effects of hypoxia and organic enrichment on
the coastal marine environment. Marine Ecology Progress Series 238: 249-279.

4. Vaquer-Sunyer R, Duarte CM (2008) Thresholds of hypoxia for marine
biodiversity. Proceedings of the National Academy of Sciences of the USA 105:
15452-15457.

5. Levin LA, Ekau W, Gooday AJ, Jorissen F, Middelburg ], et al. (2009) Effects of
natural and human-induced hypoxia on coastal benthos. Biogeosciences 6:
2063-2098.

6. Ekau W, Auel H, Portner HO, Gilbert D (2010) Impacts of hypoxia on the
structure and processes in pelagic communities (zooplankton, macro-inverte-
brates and fish. Biogeosciences 7: 1669-1699.

7. Stramma L, Johnson G, Sprintall J, Mohrholz V (2008) Expanding oxygen-
minimum zones in the tropical oceans. Science 320: 655-658.

8. Shaffer G, Olsen SM, Pedersen JOP (2009) Long-term ocean oxygen depletion
in response to carbon dioxide emissions from fossil fuels. Nature Geoscience 2:
105-109.

9. Keeling RF, Kortzinger A, Gruber N (2010) Ocean deoxygenation in a warming
world. Annual Review of Marine Science 2: 199-229.

10. Feely RA, Aline SR, Newton J, Sabine CL, Warner M, et al. (2010) The
combined effects of ocean acidification, mixing, and respiration on pH and
carbonate saturation in an urbanized estuary. Estuarine, Coastal, and Shelf
Science 88: 442-449.

11. Cai WJ, Hu XP, Huang W], Murrell MC, Lehrter JC, et al. (2011) Acidification
of subsurface coastal waters enhanced by eutrophication. Nature Geoscience 4:
766-770.

12. Paulmier A, Ruiz-Pino D, Garcon V (2011) CO2 maximum in the oxygen
minimum zone (OMZ). Biogeosciences 8: 239-252.

13. Waldbusser GG, Voigt EP, Bergschneider H, Green MA, Newell RIE (2011)
Biocalcification in the Eastern Oyster (Crassostrea virginica) in relation to long-
term trends in Chesapeake Bay pH. Estuaries and Coasts 34: 221-231.

14. Melzner F, Thomsen J, Koeve W, Oschlies A, Gutowska MA, et al. (2012)
Future ocean acidification will be amplified by hypoxia in coastal habitats.
Marine Biology DOI: 10.1007/500227-012-1954-1.

15. Justic D, Rabalais NN, Turner RE (1996) Effects of climate change on hypoxia
in coastal waters: a doubled CO2 scenario for the northern Gulf of Mexico.
Limnology and Oceanography 41: 992-1003.

16. Gruber N (2011). Warming up, turning sour and losing breath: Ocean
biogeochemistry under global change. Philosophical Transactions of the Royal
Society of London Series A 369: 1980-1996.

17. Doney SC, Ruckelshaus M, Duffy JE, et al. (2012) Climate change impacts on
marine ecosystems. Annual Review of Marine Science 4: 11-37.

18. Doney SC, Fabry V], Feely RA, Kleypas JA (2009) Ocean acidification: the
other CO2 problem. Annual Review of Marine Science 1: 169-192.

19. Talmage SC, Gobler CJ (2010) Effects of past, present, and future ocean carbon
dioxide concentrations on the growth and survival of larval shellfish. Proceedings
of the National Academy of Sciences of the USA 107: 17246-17251.

20. Gazeau F, Parker LM, Comeau S, Gattuso J-P, O’Connor WA, et al. (2013)
Impacts of ocean acidification on marine shelled molluscs. Marine Biology DOI
10.1007/500227-013-2219-3.

21. Baker SM, Mann R (1994) Description of metamorphic phases in the oyster
Crassostrea virginica and effects of hypoxia on metamorphosis. Marine Ecology
Progress Series 104: 91-99.

PLOS ONE | www.plosone.org

Hypoxia and Acidification Effects on Bivalves

Table S13 Two-way analysis of variance for growth
rates of four-month old Mercenaria mercenaria exposed
to two levels of dissolved oxygen and pH.

(DOC)

Acknowledgments

We gratefully acknowledge the assistance of H. Mittelsdorf and J. Goleski.
We are grateful for the supply of Mercenaria mercenaria and Aigopecten irradians
from Cornell Cooperative Extension, Southold, NY and from the East
Hampton Shellfish Hatchery, East Hampton, NY.

Author Contributions

Conceived and designed the experiments: CJG ED. Performed the
experiments: GJG ELD AWG. Analyzed the data: CJG ELD AWG HB.
Contributed reagents/materials/analysis tools: CJG. Wrote the paper:
CJG ELD AWG HB.

22. Wang W, Widdows J (1991) Physiological responses of mussel larvae Mytilus
edulis to environmental hypoxia and anoxia. Marine Ecology Progress Series 70:
223-236.

23. Breitburg DL, Loher T, Pacey CA, Gerstein A (1997) Varying effects of low
dissolved oxygen on trophic interactions in an estuarine food web. Ecological
Monographs 67: 489-507.

24. Gracey AY, Troll JV, Somero GN (2001) Hypoxia-induced gene expression
profiling in the euryoxic fish Gillichthys mirabilis. Proceedings of the National
Academy of Sciences of the USA 98: 1993-1998.

25. Norkko J, Pilditch CA, Thrush SF, Wells RMG (2005) Effects of food availability
and hypoxia on bivalves: the value of using multiple parameters to measure
bivalve condition in environmental studies. Marine Ecology Progress Series 298:
205-218.

26. Wang YJ, Hu MH, Cheung SG, Shin PKS, Lu WQ, et al. (2013) Antipredatory
responses of Perna viridis (Linnaeus, 1758) under acute hypoxia and low salinity.
Journal of Molluscan Studies 79: 42-50.

27. Clark MS, Husmann G, Thorne MAS, Burns G, Truebano M, et al. (2013)
Hypoxia impacts large adults first: consequences in a warming world. Global
Change Biology 19: 2251-2263.

28. Newell RIE (2004) Ecosystem influences of natural and cultivated populations of
suspension-feeding bivalve molluscs: A review. Journal of Shellfish Research 23:
51-61.

29. Cooley SR, Doney SC (2009) Anticipating ocean acidification’s economic
consequences for commercial fisheries. Environmental Research Letters 4:
024007.

30. Costanza R, Darge R, Degroot R, Farber S, Grasso M, et al. (1997) The value of
the world’s ecosystem services and natural capital. Nature 387: 253-260.

31. Dupont S, Dorey N, Thorndyke M (2010) What meta-analysis can tell us about
vulnerability of marine biodiversity to ocean acidification? Estuarine, Coastal,
and Shelf Science 89:182-185.

32. Carriker MR (2001) Embryogenesis and organogenesis of veligers and early
juveniles, p. 77-115. In J. N. Kraeuter and M. Castagna [eds.], Biology of the
Hard Clam. Elsevier Science.

33. Cragg SM (2006) Development, physiology, behaviour, and ecology of scallop
larvae. In: Shumway SE, Parsons GJ Scallops: Biology, ecology, and
aquaculture. Elsevier, pp 45-122.

34. Grashoff K, Ehrhardt M, Kremling K 1983) Methods of seawater analysis.
Weinheim, Deerfield Beach, Florida, p 419. ISBN:3-527-2599-8 (Weinheim) 0—
89573-7 (Deerfield Beach).

35. Roy RN, Roy LN, Vogel KM, Porter-Moore C, Pearson T, et al. (1993) The
dissociation constants of carbonic acid in seawater at salinities 5 to 45 and
temperatures 0 to 45 C. Marine Chemistry 44: 249-267.

36. Dickson AG (1993) pH buffers for sea-water media based on the total hydrogen-
ion concentration scale. Deep-Sea Research I 40: 107-118.

37. Dickson AG, Sabine CL, Christian JR (2007) Guide to best practices for ocean
CO2 measurements. PICES Special Publication 3, 191 pp.

38. Swanson RL, Brownawell B, Wilson RE, O’Connell C (2010) What history
reveals about Forge River pollution on Long Island, New York’s south shore.
Marine Pollution Bulletin 60: 804-818.

39. S.C.D.H.S. (2010) Suffolk County Department of Health Services, Annual
Report of Surface Water Quality. Suffolk County, NY, USA.

40. Kraeuter JN, Castagna M (2001) Biology of the Hard Clam. Elsevier.
Amsterdam, Netherlands.

41. Padilla DK, Doall MH, Gobler CJ, Hartson A, O’Boyle K (2006) Brown tide
alga, Aureococcus anophagefferens, can affect growth but not survivorship of
Mercenaria mercenaria larvae. Harmful Algae 5: 736-748.

42. Talmage SC, Gobler CJ (2009) The effects of elevated carbon dioxide

concentrations on the metamorphosis, size, and survival of larval hard clams

January 2014 | Volume 9 | Issue 1 | 83648



43.

44.

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

(Mercenaria mercenara), bay scallops (drgopecten irradians), and Eastern oysters
(Crassostrea virginica). Limnology and Oceanography 54: 2072-2080.

Arnold WS (2008) Application of larval release for restocking and stock
enhancement of coastal marine bivalve populations. Reviews in Fisheries
Sciences 16: 65-71.

Grosberg RK, Levitan DR (1992) For adults only? Supply-side ecology and the
history of larval biology. Trends in Ecology and Evolution 7: 130-133.

. Munday PL, Dixson DL, Donelson JM, Jones GP, Pratchett MS, et al. (2010)

Replenishment of fish populations is threatened by ocean acidification.
Proceedings of the National Academy of Sciences of the USA 107: 12930
12934.

Baumann H, Talmage SC, Gobler CJ (2012) Reduced early life growth and
survival in a fish as a direct response to elevated CO2 levels. Nature Climate
Change 2: 38-41.

Frommel AY, Maneja R, Lowe D, Malzahn AM, Geffen AJ, et al. (2012) Severe
tissue damage in Atlantic cod larvae under increasing ocean acidification.
Nature Climate Change 2: 35-37.

Bignami S, Enochs IC, Manzello DP, Sponaugle S, Cowen RK (2013) Ocean
acidification alters the otoliths of a pantropical fish species with implications for
sensory function. Proceedings of the National Academy of Sciences of the USA
110: 7366-7370.

Pihl L, Baden SP, Diaz R] (1991) Effects of periodic hypoxia on the distribution
of demersal fish and crustaceans. Marine Biology 108: 349-360.

Wannamaker CM, Rice JA (2000) Effects of hypoxia on movements and
behavior of selected estuarine organisms from the southeastern United States.
Journal of Experimental Marine Biology and Ecology 249: 145-163.

. Grantham BA, Chan F, Nielsen KJ, et al. (2004) Upwelling-driven nearshore

hypoxia signals ecosystem and oceanographic changes in the northeast Pacific.
Nature 429: 749-754.

Eerkes-Medrano D, Menge BA, Sislak C, Langdon CJ (2013) Contrasting effects
of hypoxic conditions on survivorship of planktonic larvae of rocky intertidal
invertebrates. Marine Ecology Progress Series 478: 139-151.

Maas AE, Wishner KF, Seibel BA (2012) The metabolic response of pteropods
to acidification reflects natural CO2-exposure in oxygen minimum zones.
Biogeosciences 9: 747-757.

IPCC (2007) Intergovernmental Panel on Climate Change. Summary for
Policymakers. In The Physical Sciences Basis. Working Group I Contribution to
the Fourth Assessment Report of the IPCC. Solomon et al. Cambridge
University Press, Cambridge.

. Le Quere C, Raupach MR, Canadell JG, Marland G, et al. (2009) Trends in the

sources and sinks of carbon dioxide. Nature Geoscience 2: 831-836.

Duarte CM (2013) Is ocean acidification an open-ocean syndrome? Under-
standing anthropogenic impacts on seawater pH. Estuaries and Coasts 36: 221~
236.

Hofmann GE, Smith JE, Johnson KS, Send U, Levin LA, et al. (2011) High-
frequency dynamics of ocean pH: A multi-ecosystem comparison. PLoS One 6:
€28983.

PLOS ONE | www.plosone.org

10

58.

59.

60.

61.

62.

63.

66.

67.

68.

70.

71.

72.

Hypoxia and Acidification Effects on Bivalves

Kelly MW, Padilla-Gamifio JL, Hofmann GE (2013) Natural variation and the
capacity to adapt to ocean acidification in the keystone sea urchin
Strongylocentrotus purpuratus. Global Change Biology 19: 2536-2546.

Tamburri MN, Zimmer-Faust RK (1996) Suspension feeding: Basic mechanisms
controlling recognition and ingestion of larvae. Limnology and Oceanography
41: 1188-1197.

Gosselin LA, Qian PY (1997) Juvenile mortality in benthic marine invertebrates.
Marine Ecology Progress Series 146: 265-282.

Parker LM, Ross PM, O’Connor WA (2010) Comparing the effect of elevated
pCO2 and temperature on the fertilization and early development of two species
of oysters. Marine Biology 157: 2435-2452.

Talmage SC, Gobler CJ (2011) Effects of elevated temperature and carbon
dioxide on the growth and survival of larvae and juveniles of three species of
Northwest Atlantic bivalves. PLoS One 6: €26941.

Portner HO, Langenbuch M, Michaelidis B (2005) Synergistic effects of
temperature extremes, hypoxia, and increases in CO2 on marine animals: From
earth history to global change. Journal of Geophysical Research — Oceans 110:
C09S10.

. Sokolova IM (2013) Energy-limited tolerance to stress as a conceptual

framework to integrate the effects of multiple stressors. Integrative and
Comparative Biology DOI: 10.1093/icb/ict028.

. Waldbusser GG, Brunner EL, Haley BA, Hales B, Langdon CJ, et al. (2013) A

developmental and energetic basis linking larval 1 oyster shell formation to
ocean acidification. In press with Journal of Geophysical Research — Oceans.
Gobler CJ, Talmage SC (2013) Short and long term consequences of larval stage
exposure to constantly and ephemerally elevated carbon dioxide for marine
bivalve populations. Biogeosciences 10: 2241-2253.

Barton A, Hales B, Waldbusser GG, Langdon C, Feely RA (2012) The Pacific
oyster, Crassostrea gigas, shows negative correlation to naturally elevated carbon
dioxide levels: implications for near-term ocean acidification effects. Limnology
Oceanography 57: 698-710.

Parker LM, Ross PM, O’Connor WA, Borysko L, Raftos DA, et al. (2012) Adult
exposure influences offspring response to ocean acidification in oysters. Global

Change Biology (2012) 18, 82-92.

. Waldbusser GG, Bergschneider H, Green MA (2010) Size-dependent pH effect

on calcification in post-larval hard clam Mercenaria spp. Marine Ecology
Progress Series 417: 171-182.

Renaud ML (1986) Hypoxia in Louisiana coastal waters during 1983:
Implications for fisheries. Fisheries Bulletin 84:19-26.

USEPA (2000) Ambient Aquatic Life Water Quality Criteria for Dissolved
Oxygen (Saltwater): Cape Cod to Cape Hatteras. United States Environmental
Protection Agency. Report EPA-822-R-00-012. Washington DC, USA.

Llanso RJ, Scott LC, Hyland L, Hyland JL, Russell DE (2002) An estuarine
benthic index of biotic integrity for the Mid-Atlantic region of the United States.
II. Index Development. Estuaries. 25:1231-1242.

January 2014 | Volume 9 | Issue 1 | 83648



