
Context-dependent carryover effects of hypoxia and warming in a
coastal ecosystem engineer

SARAH C. DONELAN ,1 DENISE BREITBURG, AND MATTHEW B. OGBURN

Smithsonian Environmental Research Center, 647 Contees Wharf Road, Edgewater, Maryland 21037 USA

Citation: Donelan, S. C., D. Breitburg, and M. B. Ogburn. 2021. Context-dependent carryover effects of
hypoxia and warming in a coastal ecosystem engineer. Ecological Applications 31(4):e02315. 10.1002/eap.
2315

Abstract. Organisms are increasingly likely to be exposed to multiple stressors repeatedly
across ontogeny as climate change and other anthropogenic stressors intensify. Early life stages
can be particularly sensitive to environmental stress, such that experiences early in life can
“carry over” to have long-term effects on organism fitness. Despite the potential importance of
these within-generation carryover effects, we have little understanding of how they vary across
ecological contexts, particularly when organisms are re-exposed to the same stressors later in
life. In coastal marine systems, anthropogenic nutrients and warming water temperatures are
reducing average dissolved oxygen (DO) concentrations while also increasing the severity of
naturally occurring daily fluctuations in DO. Combined effects of warming and diel-cycling
DO can strongly affect the fitness and survival of coastal organisms, including the eastern oys-
ter (Crassostrea virginica), a critical ecosystem engineer and fishery species. However, whether
early life exposure to hypoxia and warming affects oysters’ subsequent response to these stres-
sors is unknown. Using a multiphase laboratory experiment, we explored how early life expo-
sure to diel-cycling hypoxia and warming affected oyster growth when oysters were exposed to
these same stressors 8 weeks later. We found strong, interactive effects of early life exposure to
diel-cycling hypoxia and warming on oyster tissue : shell growth, and these effects were context-
dependent, only manifesting when oysters were exposed to these stressors again two months
later. This change in energy allocation based on early life stress exposure may have important
impacts on oyster fitness. Exposure to hypoxia and warming also influenced oyster tissue and
shell growth, but only later in life. Our results show that organisms’ responses to current stress
can be strongly shaped by their previous stress exposure, and that context-dependent carryover
effects may influence the fitness, production, and restoration of species of management con-
cern, particularly for sessile species such as oysters.
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INTRODUCTION

Efforts to predict the responses of organisms to envi-
ronmental stress such as climate change often focus on
the impact of a single stressful event and extrapolate
potential effects on populations and communities (e.g.,
Kroeker et al. 2010). A growing body of work, however,
suggests that environmental stress experienced during
one stage of life can “carry over” to affect the fitness and
performance of organisms later in life (Crean et al. 2011,
O’Connor et al. 2014). Within-generation carryover
effects have been shown in a diverse array of organisms
and in response to a variety of environmental conditions
(Harrison et al. 2011). For example, sea urchins that are
exposed to low pH during larval development produce
fewer spines post-settlement than urchins in control

conditions (Byrne et al. 2011), and songbirds with less
developed wings prior to fledging have higher mortality
after fledging (Jones and Ward 2020). Carryover effects
of early life (e.g., embryonic, larval, or juvenile) experi-
ences are especially common (Kasumovic 2013), likely
because early life experiences can constrain phenotypic
plasticity later in life (i.e., the epiphenotype problem;
DeWitt et al. 1998) or affect irreversible early life history
decisions (e.g., dispersal; Stamps et al. 2009). Much of
the work on carryover effects has focused on how poor
environmental conditions early in life have lifelong, neg-
ative effects on organism performance (Pechenik 2006)
or vice versa (e.g., the silver spoon effect; Madsen and
Shine 2000) regardless of an organism’s future environ-
ment. However, the impact of early life experiences may
depend on an individual’s future environmental context;
specifically, how organisms perform when they re-en-
counter the same stressors later in life. For example, in
Tribolium beetles, low larval habitat quality significantly
reduced adult survival, but only when adults dispersed
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to low, and not high, quality habitats (Van Allen and
Rudolf 2013). The importance of such environmental
matching has been well-documented in other latent
effects (e.g., parental effects; Sheriff and Love 2013), but
is rarely tested for within-generation carryover effects
(but see Hettinger et al. 2012, Donelan and Trussell
2019). Indeed, we know surprisingly little about the
potential for early life stressors to modify the response
of organisms to those same stressors later in life, particu-
larly in species of management concern.
Ocean deoxygenation is one of the primary conse-

quences of climate change in marine systems, but efforts
to study its effects on marine organisms have lagged
behind those for other climate change stressors such as
ocean acidification (Levin and Breitburg 2015). Dis-
solved oxygen (DO) concentrations have declined shar-
ply in recent decades in both coastal and open seas
(Diaz and Rosenberg 2008, Breitburg et al. 2018),
spurred by local processes such as coastal eutrophication
(Rabalais et al. 2010) and global processes including
increased atmospheric CO2 (Bopp et al. 2013). In addi-
tion to long-term declines in coastal oxygen (Diaz and
Rosenberg 2008), coastal DO commonly fluctuates over
shorter (e.g., daily) timescales (Baumann et al. 2015).
Diel-cycling hypoxia (typically defined as DO < 2 mg/L,
Diaz and Rosenberg 2008) frequently occurs during the
summer in poorly mixed, shallow water because of vari-
ation in photosynthetic and respiration rates of phyto-
plankton and algae that corresponds with the day/night
cycle (Tyler et al. 2009, Baumann et al. 2015). For exam-
ple, in shallow water tributaries of the Chesapeake Bay,
USA, DO can range from 0 mg/L (anoxic) to over 9 mg/
L (supersaturated) over a single day, and these daily
cycles can last for weeks during the summer months
(Breitburg et al. 2015). Even this relatively brief, episodic
exposure to hypoxia can affect organisms’ survival
(Davidson et al. 2016), while also modifying behavior
and growth (Tyler et al. 2009), reproduction (Flint et al.
2018), and pathogen loads (Keppel et al. 2015).
The negative effects of diel-cycling hypoxia may be

further exacerbated by warming water temperatures
associated with climate change (Altieri and Gedan
2015). Shallow, coastal waters are likely to warm faster
than well-mixed, deeper water bodies, especially in rela-
tively enclosed estuaries (Rabalais et al. 2010, Altieri
and Gedan 2015), reducing overall oxygen solubility and
enhancing water column stratification, which limits oxy-
gen supply at depth (Rabalais et al. 2010). Warm tem-
peratures can also increase metabolic rates of organisms,
especially of ectotherms (Deutsch et al. 2008), such that
many coastal organisms require more oxygen for basal
metabolic processes at the same time as less oxygen is
available. The negative effects of hypoxia on survival can
be intensified at warm temperatures: marine benthic
organisms exposed simultanoeusly to hypoxia and
warming had 35% lower survival compared to those
exposed to hypoxia alone (Vaquer-Sunyer and Duarte
2011). Because warming and deoxygenation are two key

climate change stressors in marine environments that are
likely to have interactive effects (Doney et al. 2011), it is
critical to explore their combined effects simultaneously.
The ability of organisms to acclimate and adapt to these
combined stressors, and their potential to carry over
across life stages, may substantially affect the structure
and function of coastal communities and ecosystems as
climate change intensifies.
Climate change and local anthropogenic activities are

simultaneously impacting coastal ecosystems, with dra-
matic effects on critical estuarine species such as the
eastern oyster (Crassostrea virginica, hereafter “oys-
ters”). Oysters are an important fishery species and key
ecosystem engineer throughout their range, and provide
a multitude of ecosystem services including shoreline
stabilization, water filtration, and habitat for other com-
mercially harvested species (Coen et al. 2007). Oysters
are sessile except for a two-week planktonic life stage, so
they have limited capacity to behaviorally avoid stressful
conditions. Summertime hypoxic events (~5 d at <2 mg/
L) can cause mass mortality of oysters on natural reefs
(Lenihan and Peterson 1998), and diel-cycling hypoxia
may also be a strong selective force for oysters. Diel-cy-
cling hypoxia can reduce oyster valve-gaping behavior
(Porter and Breitburg 2016), in turn limiting foraging
rates and reducing shell growth (Keppel et al. 2016), but
its effect on oyster tissue growth, a strong proxy for oys-
ter fitness (Thompson et al. 1996) and critical trait in
aquaculture, is unknown. In contrast, warm water tem-
peratures can increase oyster filtration rates (Loosanoff
1958) and are associated with higher growth rates in the
field (Lowe et al. 2017). In some cases, however, warm-
ing has little effect on juvenile oyster growth or mortality
(Talmage and Gobler 2011), though it can reduce oys-
ters’ tolerance of other stressors such as low salinity
(Rybovich et al. 2016). Oysters have a wide temperature
tolerance (Shumway 1996), so warming temperatures
associated with climate change may only prove stressful
if temperatures exceed oysters’ tolerance or if oysters are
simultaneously exposed to another stressor (e.g., hypox-
ia). While carryover effects have been shown to operate
in other species of oyster in response to single climate
changes stressors (e.g., pH; Hettinger et al. 2012), the
potential for multiple climate change stressors to carry-
over to affect the response of eastern oysters to these
same stressors later in life is unexplored. If operating,
multi-stressor carryover effects have the potential to
affect the growth of oysters in aquaculture or on reefs
restored by coastal managers, thereby affecting oyster
production and conservation outcomes.
We conducted a multiphase laboratory experiment to

quantify how early life exposure to sublethal diel-cycling
hypoxia and warming affected the tissue and shell
growth of juvenile oysters when oysters were exposed to
these same conditions ~8 weeks later. Our results
revealed within-generation carryover effects of diel-cy-
cling hypoxia and warming on oyster tissue : shell
growth. Early life exposure to diel-cycling hypoxia and
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warming interactively influenced oyster growth, but
these effects were context-dependent. Specifically, oys-
ters grew less tissue relative to shell if they were exposed
to both hypoxia and warming both early and later in life,
but these effects only manifested in the presence of mul-
tiple stressors. Moreover, diel-cycling hypoxia and
warming did not affect oyster tissue or shell size early in
life, but did affect oyster tissue and shell growth later in
life. These results suggest that early life exposure to cli-
mate change stressors can have context-dependent
effects on organisms later in life. Because oyster aquacul-
ture and restoration often occur in shallow-water estuar-
ies where diel-cycling hypoxia is increasingly common,
carryover effects may further reduce oyster fitness to the
detriment of these important ecological and economic
activities.

MATERIALS AND METHODS

Study system

Three- to four-month-old eastern oysters (C. vir-
ginica, 3–5 mm shell height) were purchased from
Horn Point Oyster Hatchery in Cambridge, Mary-
land, USA. Oysters were spawned from adult
(>7.6 cm shell height, nfemale = 39, nmale = 16) brood-
stock collected from two sites (Sandy Hill and Chlora
Point) in the Choptank River, a tributary of the Che-
sapeake Bay. Broodstock were maintained in a single
tank on unfiltered, flowing seawater at 20°C for an
average of 67 d (range: 61–78 d) prior to spawning.
Spawning was induced in a separate, static tank by
quickly (1–2 h) raising the water temperature to
30°C. The resulting larvae were held in 32,000-L
tanks of filtered, aerated water that was changed
every 2–3 d and fed a mixture of algae (Isochyrsis
sp., Chaetoceros calcitrans, Chaetoceros muelleri, Tet-
raselmis chui). Once competent (15–18 d post-spawn),
larvae were set on microcultch (300-lm ground oyster
shell; Baywatch Oyster Seed, Reedville, Virginia,
USA) and placed in a downweller system for two
weeks with ad libitum food (same algal species as
above). They were then transitioned to ambient flow-
ing water for ~3 months until they were purchased
and moved to the flow-through facilities at the
Smithsonian Environmental Research Center (SERC)
on the Rhode River, another tributary of the Chesa-
peake Bay, in Edgewater, Maryland.
At SERC, oysters were acclimated for 6 d in ambient,

flowing water from the Rhode River (salinity 4.5 ppt,
temperature 28.5°C) before being placed into Phase 1 of
our experiment, described below. During acclimation,
salinity and temperature were within 2 ppt and 1.5°C,
respectively, of conditions at Horn Point at the time of
purchase; this variability should not elicit changes in
oyster physiology (Matoo et al. 2013, McFarland et al.
2013). Salinity was unusually low throughout the Chesa-
peake Bay during our experiment due to high spring

rainfall, and while low salinity can affect oyster growth
(Shumway 1996; and see Discussion), salinity was simi-
larly low across both phases of our experiment.

Experimental design and manipulation of temperature and
diel-cycling dissolved oxygen

We conducted a multiphase experiment (Fig. 1) to
explore how early life exposure (Phase 1) to diel-cycling
dissolved oxygen (DO, normoxic/hypoxic) and tempera-
ture (ambient/warm) affected the tissue, shell, and rela-
tive tissue : shell growth of juvenile eastern oysters
exposed to diel-cycling DO (normoxic/hypoxic) and tem-
perature (ambient/warm) later in life (Phase 2). Both
Phase 1 and Phase 2 had four treatment combinations
(normoxic/ambient, normoxic/warm, hypoxic/ambient,
hypoxic/warm) for a total of 16 treatment combinations
and an orthogonal design. Target DO concentrations in
the diel-cycling hypoxia treatment level ranged from
near 100% saturation (Table 1) to hypoxic (0.5 mg/L, 7–
8% saturation) over the course of a day; this low DO
concentration was chosen because it affects oyster
growth without affecting survival (Keppel et al. 2016)
and is similar to the diel-cycling conditions in some shal-
low water tributaries in the Chesapeake Bay (Breitburg
et al. 2015). Target water temperatures in the warm
treatment level were 2.5°C above ambient to match the
predictions of the 2014 IPCC RCP6.0 scenario (Pachauri
et al. 2014). Oysters in the Chesapeake Bay routinely
experience temperatures within this range (Table 1;
Southworth et al. 2017), and the temperatures in the
warm treatment are well within oysters’ thermal toler-
ance (Shumway 1996).
We manipulated temperature and diel-cycling DO in

an indoor aquarium facility that received unfiltered,
ambient water from the Rhode River. Water flowed into
a series of five 568 L fiberglass holding tanks; tanks 1–3
allowed sediment from the unfiltered water to settle
before being dispensed into the experimental aquaria. In
one of the two remaining holding tanks, we increased
the target water temperature to 2.5°C above ambient.
Warm water temperature was dynamically maintained
through a custom integrated microprocessor feedback
control (Rich et al. 2015) that manipulated power to
3,000 watts of aquarium heaters (500 W heaters; Aqua-
top, Brea, California, USA). Water was pumped from
the warm holding tank and the remaining ambient hold-
ing tank to 24 experimental aquarium tanks (75 L,
n = 6 per treatment combination) through vinyl aquar-
ium tubing at a rate of 300 mL/minute. Each aquarium
tank received two vinyl tubes to distribute flowing water
and gas and was covered with a tight-fitting Plexiglas lid
to minimize ambient gas exchange.
DO concentrations were manipulated in the diel-cy-

cling hypoxia treatment level over a 24-h cycle. Each
cycle consisted of a 3-h draw down of DO from nor-
moxia (~100% saturation) to hypoxia (0.5 mg/L O2, 7–
8% saturation), a 4-h “low plateau” period when hypoxia
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was maintained, a 3-h ramp up from hypoxia to nor-
moxia, and a 14-h period at normoxia (Fig. 2a,b). DO
concentrations in the normoxic treatment levels were
maintained at normoxia throughout the day. We manip-
ulated diel-cycling DO using custom designed LabView
software (detailed in Burrell et al. 2016) that uses input
from dissolved oxygen (Oxyguard, Birkeroed, Denmark)
and pH sensors (Durafet III, Honeywell, Fort Washing-
ton, Pennsylvania, USA) to mix a combination of four
gases (nitrogen, carbon dioxide, air, and CO2-stripped
air) to achieve target DO concentrations. pH was main-
tained at constant levels in the diel-cycling DO tanks by
adding CO2 gas as needed, and was similar to ambient
conditions in the Rhode River during each phase of the
experiment (target pH: Phase 1 8.10, Phase 2 8.14). DO
and pH levels were constantly monitored through four
DO and four pH sensors, one for each treatment combi-
nation in both Phase 1 and Phase 2. Based on the read-
ings from these sensors, gases were mixed as necessary to
create one gas mixture per treatment combination.
Gases were dispensed to each replicate aquarium at a
rate of 25 L/minute through mass flow controllers
(Dakota Instruments, Orangeburg, New York, USA),
gas manifolds, vinyl tubing, and silica air stones.
We checked and calibrated the continuously monitor-

ing DO and pH sensors each morning using an external
probe (Orion Star A326, Thermo Scientific, Waltham,
Massachusetts, USA). This morning external probe

reading was used in our water quality analysis as the
daily normoxic reading (nPhase1 = 13, nPhase2 = 14). We
used this same external probe to measure DO concentra-
tion, temperature, and pH each day in each tank at the
start and end of a hypoxic plateau period (i.e., twice each
day, nPhase1 = 26, nPhase2 = 28) to verify that the target
DO concentrations (4 h at 0.5 mg/L O2, 7–8% satura-
tion) and temperatures (warming, +2.5°C above ambi-
ent) were achieved. These readings at the start and end
of a hypoxic plateau were used in our water quality anal-
ysis as the hypoxic DO and temperature readings. We
used pH readings from both the normoxic and hypoxic
tank readings (i.e., three times each day, nPhase1 = 39,
nPhase2 = 42) in our water-quality analysis.
For both Phase 1 and 2, DO was cycled 5 d per week

in the diel-cycling treatment and kept at normoxia on
the remaining 2 d. This cycling pattern was primarily
done for logistical reasons, but also mimics natural vari-
ability in DO conditions in Chesapeake Bay (Breitburg
et al. 2015). Temperature treatments were applied 7 d
per week, again mimicking natural patterns. Photope-
riod was manipulated on a 14 h light :10 h dark cycle
using incandescent 5 V rope lighting to simulate condi-
tions at ~2 m depth (approximate depth of oyster reefs)
in the Rhode River (Keppel et al. 2015). We also mea-
sured alkalinity once per week (nPhase1 = 3, nPhase 2 = 2)
in one replicate of the normoxic/ambient and normoxic/
warm treatment combinations, and used this to calculate

Phase 1:
Early life exposure

18 d (August 8 25, 2018)
n = 150, N = 3600

Phase 2:
Later exposure

growth measured in this phase

18 d (October 23 November 9, 2018)
n = 48, 2 from each Phase 1 tank

N = 1152

Ambient conditions 
for 60 days

Ambient Warm

Normoxia Diel-cycling hypoxia

Ambient Warm

Ambient Warm

Ambient Warm

Normoxia Diel-cycling hypoxia

Ambient Warm

Ambient Warm

fully-factorial

FIG. 1. Schematic of experimental design. Juvenile Crassostrea virginica oysters were exposed to diel-cycling dissolved oxygen
(DO; normoxic/hypoxic) and temperature (ambient/warm) treatments in a fully factorial design (Phase 1, Early life exposure,
August 2018). Oysters were then held in ambient conditions before being placed into the same treatments 60 d later (Phase 2, later
exposure, October–November 2018) in a fully factorial design (16 treatment combinations). Two oysters from each Phase 1 aquar-
ium tank replicate (N = 24) were placed into each Phase 2 aquarium tank replicate (N = 24) such that there were 48 oysters in each
Phase 2 replicate (N = 1152). See Table 1 for average treatment conditions. Colors match those used in Figs. 2–4.
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pCO2 (latm) using the seacarb package in R (Gattuso
et al. 2020).

Oyster tissue and shell growth

In Phase 1 (August 2018), 150 experimental oysters
(3–5 mm shell height) were randomly placed together in
a perforated plastic container (16 9 16 9 9.5 cm,
length 9 width 9 height) that was placed individually
in an aquarium tank. Plastic containers were held off the
bottom of tanks by baskets to minimize sedimentation
effects. There were 24 total tanks and each treatment
combination was replicated six times (N = 3,600 oysters,
Fig. 1). Temperature and diel-cycling DO were manipu-
lated as previously described. Oysters remained in Phase
1 for 18 d (13 d of diel-cycling DO, 18 d of temperature

treatment) after which time they were removed from the
tanks and held in ambient, aerated, running water until
the start of Phase 2.
Sixty days after the end of Phase 1, half of the oysters

from Phase 1 were placed back into the experimental
array for a secondary exposure (Phase 2, October–
November 2018, Fig. 1). Two oysters from each of the
six Phase 1 replicate tanks were placed into each Phase 2
replicate tank to create a fully factorial, nested design
with 16 treatment combinations. There were 24 Phase 2
tanks with 12 oysters from each Phase 1 treatment com-
bination in each tank (n = 48 oysters per tank,
N = 1,152). Oysters began Phase 2 at the same size
regardless of Phase 1 treatment (for measurement meth-
ods; initial tissue mass 76.0 � 1.3 mg [mean � SE],
P = 0.3; initial shell mass 200.7 � 2.5 mg, P = 0.08).

TABLE 1. Summary of water quality measurements in Phase 1 (early life exposure) and Phase 2 (later exposure) treatment
combinations.

Measurement

Treatments

Normoxia Diel-cycling hypoxia

Ambient Warm Ambient Warm

Phase 1: Early life exposure
Dissolved oxygen (mg/L)
Normoxia 6.77A � 0.16 6.51B � 0.14 6.75A � 0.19 6.56B � 0.10
Hypoxic plateau 6.92A � 0.21 6.52B � 0.16 0.56C � 0.19 0.54C � 0.27

Dissolved oxygen (percent saturation)
Normoxia 88.9A � 2.1 89.1B � 1.9 88.6A � 2.5 89.5B � 1.4
Hypoxic plateau 91.1A � 2.0 89.3B � 1.5 7.15C � 0.07 7.12C � 0.06

Temperature (°C) 28.30A � 0.81 30.67B � 0.79 28.27A � 0.86 30.51B � 0.84
pH 8.13A � 0.03 8.11B � 0.03 8.14A � 0.02 8.11B � 0.05
Salinity (ppt) 4.00 � 0.13 4.00 � 0.13 4.00 � 0.13 4.00 � 0.13
Alkalinity (lmol/kg seawater) 1315.3A � 3.1 1305.3A � 5.6
pCO2 (latm) 360.7A � 6.4 376.8A � 20.5

Phase 2: Later exposure
Dissolved oxygen (mg/L)
Normoxia 9.10A � 0.18 8.55B � 0.19 9.18A � 0.19 8.52B � 0.25
Hypoxic plateau 9.22A � 0.23 8.66B � 0.23 0.77C � 0.15 0.71C � 0.14

Dissolved oxygen (percent saturation)
Normoxia 94.3A � 1.9 93.1B � 2.1 95.0A � 2.0 92.7B � 2.7
Hypoxic plateau 97.3A � 1.5 96.0B � 1.7 7.80C � 0.06 7.61C � 0.07

Temperature (°C) 15.90A � 0.70 18.31B � 0.68 15.88A � 0.70 18.28B � 0.69
pH 8.15A,C � 0.04 8.11A,D � 0.04 8.17B,C � 0.05 8.16B,D � 0.04
Salinity (ppt) 3.70 � 0.20 3.70 � 0.20 3.70 � 0.20 3.70 � 0.20
Alkalinity (lmol/kg seawater) 1144.7A � 95.6 1133.2A � 98.8
pCO2 (latm) 291.9A � 28.4 296.4A � 24.2

Notes: Values are mean � SE. Dissolved oxygen (DO) was measured by one method during the normoxic phase and another
method during the hypoxic phase of a diel cycle: at normoxia, data were taken from one replicate of each treatment combination
once daily using an external probe (Thermo Scientific Orion Star A326, nPhase1 = 13, nPhase2 = 14); at hypoxia, data were taken at
the beginning and end of a hypoxic plateau in each replicate aquarium tank (both those that cycled to hypoxia and those that did
not) with the same external probe (nPhase1 = 26, nPhase2 = 28). Dissolved oxygen was measured in mg/L, but we also report average
percent saturation. Temperature (°C) was measured twice daily in each tank with the same external probe at the same time as the
hypoxic DO readings (nPhase1 = 26, nPhase2 = 28), and pH was measured three times daily with the same external probe at the same
time as the normoxic and hypoxic DO readings. Salinity (parts per thousand, ppt) data were taken from an external probe (EXO2
sonde, YSI, Yellow Springs, Ohio, USA) mounted in the Rhode River at the same depth (~2 m) as the intake pipe for the flowing
water system that recorded conditions every 6 minutes (nPhase1 = 4079, nPhase2 = 4355). Finally, water samples were taken for alka-
linity (lmol/kg seawater) three times in Phase 1 and two times in Phase 2 and processed according to the methods described in
APHA (1992). Different letters indicate significant differences (P < 0.05) based on ANOVAs (see Results).
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Temperature and diel-cycling DO were manipulated as
previously described. Oysters remained in Phase 2 for
18 d (14 d of diel-cycling dissolved oxygen, 18 d of tem-
perature treatment). The duration of (18 d) and time
between (60 d) the exposure phases were chosen to max-
imize the chances of observing an experimental effect
while mimicking possible conditions that oysters would
be exposed to in the field (Breitburg et al. 2015). See
Appendix S3: Fig. S1 for calendar of cycling days.
Immediately prior to the start of Phase 2, we individu-

ally tagged each experimental oyster with a plastic bee
tag (Betterbee, Greenwich, NY, USA) and measured
oyster tissue and shell growth using the buoyant weigh-
ing technique (Palmer 1982). Oysters were placed in a
hanging basket submerged in room temperature, Rhode

River water to measure approximate oyster shell mass.
Oysters were then placed on a paper towel to dry at
room temperature for 1 h, after which time they were
weighed in air to measure their total dry mass (tis-
sue + shell). Using an empirically derived equation (ac-
tual shell mass = 1.4315 9 submerged mass + 0.0188;
R2 = 0.9875) obtained through a destructive regression,
we calculated actual oyster shell mass (mg) from the
approximate oyster shell mass obtained through buoyant
weighing (see Appendix S1: Section S1 for methods).
We calculated oyster tissue mass (mg) by subtracting
actual shell mass from total dry mass. Oysters were mea-
sured immediately before and after Phase 2, and tissue
and shell growth were calculated as final � initial mass.
Tissue growth : shell growth ratios were calculated by
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FIG. 2. Hourly dissolved oxygen concentrations (mean � SE) in (a) Phase 1 (August 2018) and (b) Phase 2 (October–November
2018) of the experiment. Data are from the one replicate of each treatment combination that contained continuously sampling pH
and DO probes used by the LabView software program to actively monitor and cycle DO concentrations. The gray box represents
the 10 h period of darkness when rope lights in the experimental array were turned off. Error bars are almost always smaller than
symbols.
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dividing individual tissue by individual shell growth.
Five oysters were excluded from the analyses due to
death during Phase 2 of the experiment (n = 2) or mea-
surement error (n = 3).

Statistical analyses

We analyzed DO concentration, temperature, and pH
to verify differences between our experimental treat-
ments using separate two-way ANOVAs that considered
diel-cycling dissolved oxygen and temperature as fixed
effects. We also included replicate nested within diel-cy-
cling dissolved oxygen and temperature to account for
potential non-independence among readings. Alkalinity
and pCO2 were analyzed using a one-way ANOVA that
considered temperature as a fixed effect. Phase 1 and
Phase 2 conditions were analyzed separately.
We analyzed oyster tissue, shell, and tissue : shell

growth using separate four-way nested ANOVAs (with
REML variance estimates). Each ANOVA had four
fixed effects: Phase 1 diel-cycling dissolved oxygen
(Phase 1 DO), Phase 1 temperature (Phase 1 Temp),
Phase 2 diel-cycling dissolved oxygen (Phase 2 DO), and
Phase 2 temperature (Phase 2 Temp). We also included
the following random factors to account for the nested
design and non-independence among individuals in
Phase 1 and 2: Phase 1 replicate was nested within Phase
1 DO and Phase 1 Temp; Phase 2 replicate was nested
within Phase 2 DO and Phase 2 Temp; and Phase 2 repli-
cate was separately crossed with Phase 1 DO, Phase 1
Temp, and Phase 1 DO 9 Phase 1 Temp and nested
within Phase 2 DO and Phase 2 Temp (see Appendix S2:
Table S1 for ANOVA table). Analyses were conducted in
R (v.3.4.3) and R Studio (v. 1.1.463). We used lme4 (v.
1.1.23, Bates et al. 2015) to run the overall mixed model,
car (v. 3.0.7; Fox and Weisburg 2019) to produce the
ANOVA table, and emmeans (v. 1.4.6; Lenth 2020) to
run the pairwise least square contrasts. Data are avail-
able on FigShare (Donelan et al. 2020b).

RESULTS

Water quality

The diel pattern of DO concentrations measured by
the continuously recording sensors in one replicate of
each treatment is shown in Fig. 2. DO concentrations
were also separately measured during normoxia and at
the start and end of the hypoxic plateau, and we used
these data in the water quality analyses here. Table 1
presents means of each individual treatment combina-
tion; here, we report analyses across treatments and
means of groups that were statistically different. During
the hypoxic plateau, DO concentrations were signifi-
cantly lower in the diel-cycling hypoxia (Phase 1,
0.55 � 0.19 mg/L; Phase 2, 0.74 � 0.15 mg/L) than
normoxia (Phase 1, 6.65 � 0.15 mg/L; Phase 2,
8.85 � 0.22 mg/L) treatment levels (Phase 1 DO,

F1,20 = 74149.5, P < 0.0001; Phase 2 DO, F1,19.9 =
117589.1, P < 0.0001). These values closely matched our
target hypoxia value (0.5 mg/L, 7–8% saturation). Dur-
ing normoxia, warming treatments (Phase 1,
6.53 � 0.12 mg/L; Phase 2, 8.54 � 0.22 mg/L) had sig-
nificantly lower DO concentrations than ambient tem-
perature treatments (Phase 1, 6.76 � 0.18 mg/L; Phase
2, 9.14 � 0.19 mg/L; Phase 1 Temp, F1,40 = 25.08,
P < 0.0001; Phase 2 Temp, F1,47 = 106.1, P < 0.0001)
regardless of diel-cycling DO (both Phase 1 DO and
Phase 2 DO P > 0.6). This effect of temperature on DO
concentration persisted during the hypoxic plateau, but
only in the normoxia treatment tanks (normoxia/
ambient, Phase 1, 6.92 � 0.21 mg/L, Phase 2,
9.22 � 0.23 mg/L; normoxia/warm, Phase 1,
6.52 � 0.16 mg/L, Phase 2, 8.66 � 0.23 mg/L, Phase 1
DO 9 Phase 1 Temp, F1,20 = 73.5, P < 0.0001, Phase 2
DO 9 Phase 2 Temp, F1,19.9 = 111.5, P < 0.0001; nor-
moxia least square [ls] contrasts P < 0.0001). While sta-
tistically significant, these differences in dissolved
oxygen were very small (<2% saturation) and therefore
unlikely to be biologically meaningful at the high nor-
moxic oxygen levels (~90% saturation; Keppel et al.
2016). DO concentrations were similarly low in both the
hypoxic/warm and hypoxic/ambient treatment combina-
tions (hypoxia ls contrasts, P > 0.1).
Temperatures in the warming treatment level (Phase 1,

30.6° � 0.8°C; Phase 2, 18.3° � 0.7°C) were signifi-
cantly higher than those in the ambient treatment (Phase
1, 28.3° � 0.8°C; Phase 2, 15.9° � 0.7°C) level (Phase 1
Temp, F1,20 = 1042.8, P < 0.0001; Phase 2 Temp,
F1,19.9 = 3663.1, P < 0.0001, Table 1). Warm tempera-
ture treatment levels were 2.3°C and 2.4°C higher than
ambient temperatures in Phase 1 and Phase 2, respec-
tively, and closely matched our target temperature differ-
ence (2.5°C).
Temperature also significantly affected pH in both

Phase 1 (F1,20.2 = 37.3, P < 0.0001) and Phase 2
(F1,21.8 = 13.6, P = 0.001), with lower pH in the warm-
ing vs. ambient temperature treatment levels (Table 1).
Diel-cycling DO also affected pH in Phase 2
(F1,21.8 = 22.8, P < 0.0001), with lower pH in the nor-
moxia vs. diel-cycling hypoxia treatment level. However,
these differences were in the <0.05 unit range, which is
an order of magnitude lower than levels needed to elicit
changes in growth in this system (Waldbusser et al. 2011,
Keppel et al. 2016). Finally, alkalinity and pCO2 were
similar across all treatments in both Phase 1 (alkalinity,
F1,4 = 6.9, P = 0.07; pCO2, F1,4 = 0.57, P = 0.49) and
Phase 2 (alkalinity, F1,2 = 0.01, P = 0.92; pCO2,
F1,2 = 0.01, P = 0.91; Table 1).

Oyster growth

Early life exposure to diel-cycling hypoxia and warm-
ing did not affect oyster tissue (Phase 1 DO,
F1,14.9 = 0.00, P = 0.9; Phase 1 Temp, F1,17.2 = 1.46,
P = 0.2) or shell (Phase 1 DO, F1,10.9 = 0.72, P = 0.4;
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Phase 1 Temp, F1,15.7 = 1.61, P = 0.2) growth in any
Phase 2 treatment (Fig. 3a–h). However, we found an
interactive effect of Phase 2 exposure to diel-cycling
hypoxia and temperature on oyster tissue growth (Phase
2 DO 9 Phase 2 Temp, F1,20.0 = 8.38, P = 0.009). Expo-
sure to diel-cycling hypoxia in Phase 2 reduced oyster
tissue growth by 22% at ambient (ls contrast, P = 0.02,
Fig. 3c), but not warm (ls contrast, P = 0.13, Fig. 3d),
temperatures. Oysters grew 59% more tissue at warm vs.
ambient Phase 2 temperatures (Phase 2 Temp,
F1,20.0 = 68.8, P < 0.0001, Fig. 3a–d). Shell growth was
not affected by DO concentrations in Phase 2 (Phase 2
DO, F1,20.0 = 3.7, P = 0.07, Fig. 3e–h), though trends
suggested a negative effect of diel-cycling hypoxia
(Fig. 3e,g). Oysters produced 42% more shell at warm
vs. ambient temperatures (Phase 2 Temp, F1,20.0 = 60.9,
P < 0.0001, Fig. 3e–h).
While early life exposure to diel-cycling hypoxia and

warming did not directly affect oyster tissue or shell
growth, we found carryover effects of diel-cycling
hypoxia and warming on relative tissue : shell growth.
These carryover effects were context-dependent, mani-
festing only in certain Phase 2 treatment combinations
(Phase 1 DO 9 Phase 1 Temp 9 Phase 2 DO 9 Phase
2 Temp, F1,20.0 = 5.37, P = 0.03). There was no effect of
early life exposure to diel-cycling hypoxia on oyster tis-
sue : shell growth at ambient temperatures (Fig. 4a, blue
circles, ls contrast, P = 0.52, Fig. 4c, blue diamonds, ls
contrast, P = 0.63). However, at warm temperatures
(both Phase 1 and 2), early life exposure to diel-cycling
hypoxia reduced oyster tissue : shell growth, but only if
oysters were re-exposed to hypoxia in Phase 2 (Fig. 4d,
red triangles, ls contrast, P = 0.01, 106% difference;
Fig. 4b,d, filled red symbols, ls contrast, P = 0.04, 108%
difference). Similarly, there was no effect of early life
exposure to warming when oysters were at normoxia
(Fig. 4a, open circles, ls contrast, P = 0.68; Fig. 4b,
open squares, ls contrast, P = 0.25). However, in diel-cy-
cling hypoxia treatments (both Phase 1 and 2), early life
exposure to warming reduced oyster tissue : shell growth,
but only if oysters were re-exposed to warming in Phase
2 (Fig. 4d, filled triangles, ls contrast, P = 0.03, 108%
difference; Fig. 4c,d, filled red symbols, ls contrast,
P = 0.002, 104% difference). Full ANOVA table given in
Appendix S2: Table S1.

DISCUSSION

We found within-generation carryover effects of early
life experience with diel-cycling DO and warming on tis-
sue : shell growth in juvenile oysters, but these effects
depended on oysters’ subsequent exposure to these con-
ditions. At warm temperatures, early life exposure to
diel-cycling hypoxia substantially reduced oyster tissue :
shell growth if oysters were re-exposed to diel-cycling
hypoxia 8 weeks later (Fig. 4d, red triangles). In con-
trast, there was no effect of early life exposure to diel-cy-
cling hypoxia at ambient temperatures or if oysters were

not re-exposed to diel-cycling hypoxia (Fig. 4a–c). Simi-
larly, in diel-cycling hypoxia treatments, early life expo-
sure to warming substantially reduced oyster tissue : shell
growth if oysters were re-exposed to warming 8 weeks
later (Fig. 4d, filled symbols). In contrast, there was no
effect of early life exposure to warming in normoxic con-
ditions or if oysters were not re-exposed to warming
(Fig. 4a–c).
Because oysters began Phase 2 of the experiment at

the same size regardless of their previous exposure to
hypoxia and warming, these carryover effects do not
appear to be driven by changes in overall energetic state.
Rather, we hypothesize that early life exposure to these
combined stressors may irreversibly affect oyster physio-
logical development such that performance is reduced in
response to re-exposure to both stressors. Similar physi-
ological carryover effects have been shown in embryonic
salmon: early life exposure to hypoxia reduces subse-
quent tolerance to hypoxia and to warming, and early
life exposure to both hypoxia and warming reduces over-
all fry condition (Del Rio et al. 2020). Moreover, early
life exposure to hypoxia can affect biochemical
responses (Bianchini and Wright 2013) in rainbow trout,
and limit maximum swimming speed later in life (John-
ston et al. 2013). While these experiments manipulated
larval exposure to stress and larval development is likely
to be an especially sensitive life stage (Burggren and
Reyna 2011), our results highlight that even juvenile
exposure can have persistent effects on organism perfor-
mance. Moreover, a potential reduction in physiological
functioning affected how oysters allocated their energy
toward tissue or shell growth: oysters grew relatively less
tissue to shell if they were exposed to multiple stressors
early in life and then encountered these stressors later in
life. In many calcifying species, tissue growth is more
energetically costly than shell growth (Watson et al.
2017) and is more closely tied to fitness (Thompson
et al. 1996). Because of its effects on relative tissue
growth, any loss of physiological function that may have
occurred in oysters as a result of early life exposure to
diel-cycling hypoxia and warming may therefore have
especially strong effects on subsequent growth and
reproductive output. Such physiological changes may
occur, for example, through environmentally induced
changes in epigenetic patterning (Eirin-Lopez and Put-
nam 2019) or behavioral changes directly caused by pre-
vious experiences (English et al. 2016); future work
should explore the potential mechanisms driving this
relationship.
The carryover effects we observed on relative oyster

tissue : shell growth were context-dependent: early life
exposure only affected oysters when they were re-ex-
posed to those conditions 8 weeks later. Context-depen-
dent carryover effects may be particularly influential in
systems such as oysters where organisms have little
behavioral capacity to avoid stress (e.g., sessile organ-
isms). Moreover, context dependency can be critical in
evaluating the role of other types of latent effects (e.g.,
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transgenerational effects; Sheriff and Love 2013), and
our results suggest it is also critical here. For example,
previous exposure (either direct or indirect) to an envi-
ronmental stressor can reduce the performance of organ-
isms in later in life if their past and future environments
are mismatched, but enhance fitness if the environments
are matched (Sheriff and Love 2013, Bateson et al.
2014). While some previous studies have evaluated the

potential context-dependency of early life carryover
effects (e.g., Marshall et al. 2010, Garcia et al. 2017,
Donelan and Trussell 2019), most explore these patterns
without considering organisms’ later environmental con-
text, particularly whether current conditions match early
life conditions (see O’Connor et al. 2014). We therefore
have limited understanding of how and when carryover
effects are likely to be adaptive (Moore and Martin
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FIG. 3. (a–d) Tissue and (e–h) shell growth (mg, mean � SE) of juvenile oysters (Crassostrea virginica) exposed in Phase 2 to
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ment combinations in Phase 1 (x-axis), 60 d prior to the start of Phase 2. The four-way interaction is not significant for either tissue
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and Phase 2 diel-cycling dissolved oxygen and temperature (see Fig. 4). Phase 2 means � SE are shown in gray points.
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2019), particularly with respect to stressors associated
with climate change. In our system, matching between
previous and subsequent environments (e.g., diel-cycling
hypoxia and warming in both Phase 1 and 2) reduced
oyster tissue : shell growth, but only in the most stressful
conditions. Hence, the importance of matching/mis-
matching between early life and future environments
may depend on the mechanism through which carryover
effects act. If early life exposure to hypoxia or warming
creates irreversible changes in phenotype (e.g., through
effects on physiological functioning), re-exposure to
these stressors may exploit these changes and enhance
the negative impacts of effects of early life exposure. In
contrast, if carryover effects manifest in traits that are
more easily reversed (e.g., behavior), early life exposure
to stress may provide information to organisms that bet-
ter prepares them for future stress and that improves fit-
ness outcomes (Ferrari et al. 2019). While we do not
know the mechanism by which carryover effects influ-
ence fitness in this system, exploring these hypotheses
will improve our understanding of the adaptive potential
of carryover effects.
We also only observed carryover effects in our experi-

ment in response to multiple, simultaneously acting
stressors: early life exposure to hypoxia affected oyster
tissue : shell growth only if oysters were exposed to
warming and early life exposure to warming only
affected oysters if they were exposed to hypoxia. Because
warm water holds less oxygen and limits oxygen supply
at depth, diel-cycling hypoxia and warming are stressors
that will co-occur frequently (Rabalais et al. 2010) and
will simultaneously affect respiration, as ectotherms

require more oxygen at higher temperature (Deutsch
et al. 2008). Quantifying their synergistic effects is there-
fore critical to accurately predicting how they will influ-
ence coastal and aquatic species.
The importance of testing multiple stressors is well-

documented (e.g., Boyd et al. 2015), but rarely consid-
ered for context-dependent within-generation carryover
effects in which organisms are re-exposed to the same
stressors across ontogeny (but see Fischer and Phillips
2014). Manipulating multiple stressors simultaneously is
particularly challenging with regard to context-depen-
dent carryover effects because of the logistical con-
straints of factorial experimental designs involving an
initial and subsequent exposure to stress. However, our
results highlight that every effort should be made to test
multi-stressor carryover effects, especially if those stres-
sors co-occur in the field. Diel-cycling hypoxia and
warming do frequently co-occur worldwide and
throughout the geographic range of oysters. For exam-
ple, in Delaware Bay, USA, mean daily water tempera-
ture was the strongest predictor of the severity of
summertime diel-cycling hypoxia (<2 mg/L DO), and
small increases in temperature above 26°C resulted in
relatively large impacts on the duration of hypoxia (Tyler
et al. 2009). Moreover, summertime monitoring in tribu-
taries of Chesapeake Bay from 2001 to 2011 found daily
minimum dissolved oxygen concentrations of <0.5 mg/L
DO (the same as used in our experiment) at ~50% of
sites, with occurrences at the most severe sites for as
much as ~60% of the summer (Breitburg et al. 2015).
Temperatures in our warming treatments are routinely
reached in tributaries of Chesapeake Bay (Southworth
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et al. 2017). Because these shallow-water tributaries are
often the location of oyster restoration and aquaculture,
our experimental oysters were likely exposed to condi-
tions similar to those they would experience in the field,
suggesting that similar carryover effects may be operat-
ing in field-reared populations.
While the carryover effects we observed were present 8

weeks after oysters’ initial exposure, whether these
effects persist throughout oyster ontogeny to affect adult
(~1 yr old) fitness is unknown. The growth disparities
we observed in oysters as a result of being exposed and
re-exposed to diel-cycling hypoxia and warming suggest
that these effects could have lifelong impacts. For exam-
ple, oysters that were exposed to diel-cycling hypoxia
and warming both early and later in life had substan-
tially lower tissue : shell growth compared to those that
were exposed to normoxia early in life. This substantial
decrease in tissue mass may have persistent, detrimental
effects on fitness later in life, as has been shown in other
systems (T€uz€un and Stoks 2018). Moreover, even if smal-
ler sized oysters are able to “catch up” once the stressors
subside (Keppel et al. 2016), such compensatory growth
can have lifelong negative effects through decreased
adult size, fecundity, and longevity (Metcalfe and Mon-
aghan 2001). Finally, carryover effects of early life expe-
riences can persist to affect the response of adult
organisms to future stress (Donelan and Trussell 2018),
and similar patterns may be operating here.
Carryover effects add complexity to previously

reported impacts of diel-cycling DO and warming that
were also observed here, namely that oyster growth is
also strongly affected by exposure to diel-cycling DO
and warming regardless of early life exposure. Oysters
grew 59% more tissue and 42% more shell at warm vs.
ambient temperatures in Phase 2 of the experiment
(Fig. 3a–h). Many ectotherms, including oysters (Jones
et al. 2019), increase their metabolic rate as temperature
increases, at least until a thermal maximum is reached
and performance declines (Torossian et al. 2020), and
this increase in metabolic rates could explain the increase
in growth since food is not limiting in this system. In our
experiments, temperatures in the warm treatment level
were well within oysters’ thermal tolerance (Shumway
1996). Oysters in the shallow water tributaries of Chesa-
peake Bay are frequently exposed to temperatures well
above those in our experiment (Southworth et al. 2017).
Because food was provided ad libitum (via flowing river
water), oysters likely had enough food to keep pace with
their increased metabolic demands at these warm tem-
peratures, allowing them to convert more energy into tis-
sue and shell growth. In contrast, diel-cycling hypoxia
reduced oyster tissue growth and tended to decrease
shell growth (though P = 0.07), but only at ambient
temperatures. These results support previous work that
found a negative effect of diel-cycling hypoxia on growth
in this (Keppel et al. 2016) and other (Davidson et al.
2016) systems. However, diel-cycling hypoxia had stron-
ger effects on tissue vs. shell growth, suggesting that even

short-term exposure to hypoxia (~5 h/d for 2 weeks) can
have strong effects on oyster fitness. It is interesting that
diel-cycling hypoxia did not affect oyster tissue growth
at warm temperatures, and patterns suggested that it
actually increased growth (but P = 0.13). Previous work
suggests that oysters reduce their foraging rates in
response to diel-cycling hypoxia, potentially in order to
limit their exposure to oxidative stress (Sussarellu et al.
2010), but compensate for these reductions by feeding
more as normoxia is restored (Breitburg et al. 2015, Por-
ter and Breitburg 2016). We hypothesize that similar
behavior occurred in our experiment, but only affected
oysters at warm temperatures, when filtration rates are
especially high (Loosanoff 1958), and allowed oysters to
make up for the lost foraging incurred during hypoxia.
Alternatively, exposure to hypoxia can induce upregula-
tion in genes associated with respiration (Sussarellu
et al. 2010), so these growth effects may also manifest
through changes in oyster physiology. Overall, our
results suggest that the effects of diel-cycling hypoxia on
oyster growth may be weaker at warmer temperatures, at
least over short timescales such as those we observed in
this experiment.
Both phases of our experiment took place in 2018, a

year of record rainfall for the Chesapeake Bay region
(Chesapeake Bay Foundation 2019). As such, salinities
during our experiment were far lower (<4.0 ppt) than
average in the summer and fall in the Upper Chesapeake
Bay (~10–15 ppt; Maryland Department of Natural
Resources 2020). Similarly low salinities (3 ppt) can
reduce oyster clearance rates by as much as 95% in some
populations (Casas et al. 2018), so it is likely that these
low salinities reduced oyster growth overall in our exper-
iment, as found in Keppel et al. (2016). Moreover, low
salinity may itself affect how oysters allocate energy to
tissue or shell growth. It is possible, for example, that
energetic deficits caused by low salinity cause oysters to
preferentially grow shell, which is less energetically
costly, at the expense of tissue growth, as has been
shown in other bivalves (Kumar et al. 2015). We have no
evidence that low salinity conditions influenced the con-
text-dependent carryover effects seen in this study. How-
ever, if it did, the implication could be important. Low
salinity areas provide important refuge habitat from two
salinity-sensitive pathogens that cause widespread mor-
tality of oysters in Chesapeake Bay and elsewhere
(Perkinsus marinus and Haplosporidium nelson; Burreson
and Ragone Calvo 1996). If these habitats are particu-
larly susceptible to the multiple stressor carryover effects
seen here, their value as refuge habitat could be dimin-
ished.

CONCLUSIONS AND IMPLICATIONS

Organisms are increasingly likely to encounter multi-
ple, interacting stressors repeatedly throughout their
lives as climate change and other anthropogenic stres-
sors intensify. Because exposure to early life stress can

June 2021 CARRYOVER EFFECTS IN OYSTERS Article e02315; page 11



influence subsequent responses of organisms to the same
stressors, carryover effects may strengthen the negative
impacts of climate change in some systems (Donelan
et al. 2020a), as we observed here. In our system, carry-
over effects of hypoxia and warming reduced relative tis-
sue to shell growth. Since oyster aquaculture, harvest,
and restoration are often concentrated in shallow-water
tributaries where seasonal warming and diel-cycling
hypoxia are common (Tyler et al. 2009), early life expo-
sure to these stressors is likely to occur. If carryover
effects are operating in these field-raised populations,
growth deficits associated with early life exposure and
re-exposure to multiple stressors may ultimately reduce
oyster size and limit their economic value since oysters
with similar shell sizes would contain less meat (tissue).
Moreover, because oyster fecundity is correlated with
size (Marshall et al. 2020), carryover effects of stress
may affect wild oyster population size or hatchery pro-
duction, while also affecting oysters’ ability to provide
key ecosystem services such as denitrification (Kellogg
et al. 2014). Finally, oysters are protandrous hermaphro-
dites (larger individuals are female Thompson et al.
1996), so these size effects may impact oyster sex ratios
in the field, further influencing population dynamics.
The experimental oysters used here were produced by

(wild-caught) broodstock that were spawned in a hatch-
ery setting. Hatchery-produced cohorts are often less
genetically diverse than those produced in the wild (e.g.,
Li et al. 2004, Araki et al. 2007, but see Hornick and
Plough 2019), so they may have reduced performance in
key traits such as initial size and subsequent survival
(Hughes et al. 2019). A smaller size at settlement may,
for example, make hatchery-bred cohorts less resilient to
stress (Metcalfe and Monaghan 2001) and therefore
potentially more likely to exhibit adverse within-genera-
tion carryover effects of early life stress than wild-bred
stocks. Moreover, stress associated with captive-rearing
can itself elicit negative carryover effects that reduce the
success of hatchery-reared individuals once they are
released into the wild. For example, captive-bred salmon
exhibit much lower survival than wild salmon, and these
differences are associated with epigenetic modifications
that are induced by hatchery rearing (Le Luyer et al.
2017). Hence, hatchery spawning may itself contribute
to the prevalence of within-generation carryover effects
in bivalves such as oysters; if these carryover effects
reduce oyster fitness, they may detrimentally affect the
success of aquaculture operations and restoration. As
such, efforts should be made to limit early life exposure
to stress in hatchery-bred and -reared bivalves, particu-
larly those in which subsequent exposure to stressors is
likely to occur such as when wild stocks are supple-
mented with hatchery-raised organisms.
Adopting longer-term perspectives on the effects of

stress may be critical in evaluating the impacts of
anthropogenic change on species of conservation con-
cern (O’Connor and Cooke 2015, Spencer et al. 2020).
Eastern oysters are a key fishery and species of

management concern throughout their range (Beck et al.
2011). Oysters are ecosystem engineers whose popula-
tions are near 1% of historic levels (Wilberg et al. 2011)
and whose performance is strongly affected by exposure
to climate change stress (Keppel et al. 2016). Our results
show that early life exposure to climate change stressors
can reduce oyster performance when they are exposed to
multiple stressors later in life, and may contribute to
reductions in oyster growth and production. Overall, we
suggest that incorporating carryover effects into our
understanding of the responses of organisms to climate
change is key to predicting the long-term effects of these
persistent stressors in both natural and farmed systems.
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