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immediately when they encountered severe hypoxia while 
oysters at mild hypoxia often closed later in the low oxygen 
phase of the cycles. When normoxia was reintroduced after 
severe hypoxia, most oysters opened immediately and gaped 
throughout the period. The results indicate that while 1-year-
old oysters responded negatively to diel-cycling low [DO], 
especially to severe hypoxia, they rapidly opened during the 
normoxic period that followed, potentially reducing any neg-
ative effects of a fluctuating environment.

Introduction

Hypoxia, i.e., dissolved oxygen concentrations [DO] 
sufficiently low to negatively affect biological and eco-
logical processes but often functionally defined as 
[DO] of <2  mg  DO  L−1 (Vaquer-Sunyer and Duarte 
2008), and anoxia (functionally defined as [DO] of 0.2–
0.0  mg  DO  L−1) can reduce habitat quality and quantity 
for macrofauna in the world’s estuaries, coastal waters, and 
deep ocean (Diaz and Rosenberg 2008; Levin and Breitburg 
2015). The frequency and intensity of anoxic and hypoxic 
events in estuaries are increasing worldwide as a result of 
anthropogenic nutrient loads (Diaz and Rosenberg 1995; 
Patterson et  al. 2014) and are predicted to increase even 
further due to global climate change (Altieri and Gedan 
2015). Seasonally persistent hypoxic zones are yearly 
occurrences in many stratified, nutrient-enriched estuaries 
such as the Chesapeake Bay, USA (Diaz and Rosenberg 
2008). In addition, diel-cycling hypoxia is common in shal-
low waters, in both the Chesapeake and elsewhere (Tyler 
et al. 2009; Breitburg et al. 2015).

Many studies have examined the tolerance of benthic 
macrofauna to hypoxia and anoxia (e.g., Stickle et al. 1989; 
Gamenick et  al. 1996; Modig and Olafsson 1998; Riedel 
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et  al. 2012; Lombardi et  al. 2013; Jansson et  al. 2015), 
as well as effects on a large scale such as shifts in spe-
cies distributions, abundances, and composition (Diaz and 
Rosenberg 1995; Gooday et  al. 2009). For example, on 
the Louisiana–Texas Shelf, the ecosystem has shifted to a 
younger, smaller-sized, short-lived fauna (Diaz and Rosen-
berg 1995). These types of shifts sometimes occur after 
mass mortality of species that are sensitive to hypoxia and 
anoxia (Montagna and Ritter 2006).

Behavioral changes typically precede community col-
lapse (Villnäs et al. 2012), and various responses of organ-
isms to hypoxia and anoxia have been observed. Mobile 
organisms such as fish respond to low DO conditions by 
moving from low DO regions to water with higher [DO] 
(Breitburg 2002; Costantini et al. 2008; Ludsin et al. 2009; 
Zhang et al. 2009), hypoxia effectively reducing the avail-
able habitat. However, sessile invertebrates and organ-
isms with limited mobility are unable to avoid low DO 
by large-scale movement. Behavioral responses include 
hyper-extended bivalve siphons (Sparks and Strayer 1998), 
abandonment of tubes and burrows (Diaz and Rosenberg 
1995; Montagna and Ritter 2006), movements to the sedi-
ment surface (Llansó 1992; Montagna and Ritter 2006), 
increased vertical and horizontal movements (Riedel et al. 
2008), and reduced burrowing depths (Villnäs et al. 2012). 
Riedel et  al. (2014) experimentally induced hypoxia and 
observed behavioral changes in macroinvertebrates until 
their death and found that macroinvertebrate behavioral 
responses altered community structure and the ecosystem 
processes.

Increasing attention has focused on diel cycling of 
DO. The [DO] in shallow estuarine waters varies over 
the course of a day (Breitburg 1990; Montagna and Ritter 
2006) and can dip to hypoxic levels at the end of the night 
or in the early morning during the summer when low solar 
insolation results in little or no oxygen-producing photo-
synthesis to compensate for oxygen-consuming aerobic 
respiration (Montagna and Ritter 2006; Tyler et al. 2009). 
Baumann et al. (2015) also found that the tides affected the 
diel cycling of low DO conditions with the most extreme 
minima observed when low tides coincided with the end of 
the night. Water can remain hypoxic for hours before [DO] 
increases again to normoxic conditions (Montagna and Rit-
ter 2006; Tyler et al. 2009; Breitburg et al. 2015).

It is not clear how sessile invertebrates such as the East-
ern oyster Crassostrea virginica respond behaviorally to 
the short phases (on the order of hours) of low DO con-
ditions that are frequent in estuaries (Tyler et  al. 2009; 
Breitburg et  al. 2015), and the normoxic periods that fol-
low. Laboratory experiments and field deployments have 
indicated that diel-cycling hypoxia can increase the preva-
lence and intensity of Perkinsus marinus infections in C. 
virginica and reduce growth rates (Clark 2014; Breitburg 

et al. 2015; Keppel et al. 2015). However, behavioral com-
pensation such as increased gape and reduced valve clo-
sure could reduce the food web or the ecosystem effects of 
diel-cycling hypoxia by minimizing the effects on oysters 
themselves and on the phytoplankton they consume. While 
C. virginica in the northeast USA often occur in shallow 
subtidal reefs, in the southeast they are usually intertidal 
(Dame and Patten 1981) and thus accustomed to periods 
of emersion, which can result in internal hypoxia and rela-
tively high temperatures in the summer.

Monitoring valve gape behavior, i.e., the opening and 
closing of valves, is one way of assessing bivalve responses 
to environmental conditions. Valve closure has been used 
as an indicator of adverse conditions such as the presence 
of contaminants (de Zwart et  al. 1995; Kádár et al. 2001; 
Soliman et  al. 2015), toxic algae (Shumway and Cucci 
1987; Basti et al. 2009; Tran et al. 2010), thermal pollution 
(Shumway and Koehn 1982; Nicastro et  al. 2012; Dowd 
and Somero 2013), food quantity (Higgins 1980; Riisgård 
et  al. 2006; Robson et  al. 2010a), feeding regime (Riis-
gård et  al. 2006; Robson et  al. 2010b), emersion (Nica-
stro et  al. 2010; Dowd and Somero 2013), photoperiod 
(Loosanoff and Nomejko 1946; Comeau et  al. 2012), pH 
(Pynönnen and Huebner 1995; Jakubowska and Normant-
Saremba 2015), and combined pH and dissolved oxygen 
(Jakubowska and Normant 2015). A previous study using 
valve gape responses to DO in oysters, specifically Cras-
sostrea virginica, examined responses only to continuous, 
rather than cycling, exposures to hypoxia (Lombardi et al. 
2013).

We continuously measured the gape response to [DO] of 
eastern oysters exposed to the diel cycling of DO. We note 
that valve gape during diel-cycling hypoxia has not previ-
ously been measured on any species. We tested four hypoth-
eses: (1) Oysters close in response to cyclically induced 
mild hypoxia (1.7 mg DO L−1) and oysters are closed even 
longer if hypoxia is more severe (0.6  mg  DO  L−1), and 
(2) more oysters close simultaneously in response to mild 
and severe hypoxia during diel-cycling hypoxia than when 
DO remains near 100  % saturation (normoxia). To deter-
mine the short-term responses of oysters to the cessation of 
hypoxia, we tested the hypotheses that: (3) more oysters are 
open in the normoxic part of the cycle after hypoxia than in 
the control treatment with continuous 100 % DO saturation 
to compensate for the time being closed during hypoxia, 
and (4) oysters open rapidly after a hypoxic event, perhaps 
as an adaptation to a rapidly fluctuating environment.

Materials and methods

Gape responses for 36–65 mm long, 1-year-old oys-
ters, Crassostrea virginica (purchased from Marinetics, 
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Cambridge, Maryland), were measured 2 days week−1 over 
a 6-week period during July–August 2012 at the Smithso-
nian Environmental Research Center, Maryland. Oysters 
were held in 75-L aquaria and exposed to cyclical changes 
in [DO] mimicking diel-cycling hypoxia as found in nature 
(Tyler et  al. 2009; Breitburg et  al. 2015). Oysters were 
acclimated in aquaria June 30–July 4, 2012. DO cycles 
(see below) were started July 5, 2012, and gape experi-
ments took place from July 16–August 22, 2012. Oysters 
were held under a 14-h light:10-h dark photoperiod, 7 days 
per week (Keppel et al. 2015). Disease prevalence was low 
and similar in all treatments (Keppel et al. 2015) during the 
gape experiments.

Supersaturation, normoxia after supersaturation, low 
DO (low plateau) conditions (or normoxia in the case of 
controls), and normoxia after the “low plateau” were run 
consecutively (Fig. 1). For the severely and mildly hypoxic 
diel cycles, values were taken to supersaturated DO val-
ues over 2  h (up-to-supersat), held at high values for 2  h 
(supersaturation plateau), brought back to normoxia over 
2 h (down-to-normoxia) and held at normoxia for 6 h. [DO] 
was decreased over 3  h (ramp down), held at continuous 
low values for 4 h (low plateau), brought back to normoxia 
over 3  h (ramp up), held for 2  h (normoxia), and taken 
to supersaturated DO values (Fig.  1; Keppel et  al. 2015). 
The low plateau phase and the phases ramping up or down 
to it (10  h) were imposed in the dark to simulate nightly 
hypoxia; otherwise, light levels simulated those at a 2-m 

depth in the Rhode River, Maryland, on a sunny day (Kep-
pel et  al. 2015). [DO] was manipulated in each aquarium 
(Fig. 1).

The experimental system included flowing, raw estua-
rine water in which the [DO] was controlled by manipu-
lating the ratio of air, nitrogen and oxygen gases delivered 
to the aquaria; details of the diel-cycling setup and system 
performance can be found in Burrell et  al. (2015). Food 
was added to ambient estuarine water in our experiments 
to minimize any food limitation. Oxyguard Standard DO 
model III probes (Oxyguard International A/S, Birkeroed, 
Denmark) measured the [DO], Durafet III probes (Honey-
well International, Morristown, New Jersey, USA) meas-
ured the pH, and the system was controlled by LabVIEW 
software (National Instruments).

Nightly hypoxia was mimicked by reducing DO condi-
tions over a 3-h period, after which [DO] was held stable at 
0.6 mg DO L−1 (severe hypoxia treatment), 1.7 mg DO L−1 
(mild hypoxia treatment), or holding  the oysters at 
7.3  mg  DO  L−1 (normoxia: control treatment) during 
the low plateau phase of the cycle for 4 h (Fig.  1). Next, 
aquaria were returned to normoxic levels, followed by a 
supersaturation phase and another normoxic phase. The pH 
was also cycled through the controlled addition of CO2 and 
CO2-stripped air. However, the percent time oysters were 
closed was similar under cyclical (pH = 7.8–7.0) and con-
trol (pH = 7.8) pH treatments (nested ANOVA, LSmeans 
comparisons) for the normoxia after the low (F3,13 0.81, 
P =  0.6628), low plateau (F3,13 3.26, P =  0.4309), nor-
moxia after supersaturation (F3,13 0.06, P =  0.6677), and 
supersaturation (F3,13 0.80, P =  0.0582) phases. Thus, all 
data (electronic supplement) for the severe hypoxia treat-
ment were pooled.

Alkalinity ranged from 1450 to 1760 over the course of 
the experiment, salinity ranged from 10 to 14, and tempera-
ture ranged from 22 to 30 °C. Values of all three parameters 
were similar to ambient conditions near the seawater intake. 
Gape duration, frequency, and duration of valve closure 
changed dramatically as water temperatures approached 
and exceeded the normal environmental conditions for the 
freshwater bivalves Anodonta cygnea and Margaritifera 
falcata (Rodland et  al. 2009); however, oysters were well 
within their normal range in shallow water during sum-
mer in Chesapeake Bay and elsewhere. Moreover, for each 
weekly gape experiment, C. virginica from all treatments 
were used. Cycling was maintained 5  days  week−1 alter-
nated with no cycling in all treatments for 2 days week−1 to 
increase realism for systems like Chesapeake Bay in which 
diel-cycling hypoxia is frequently interrupted by winds 
(Breitburg et al. 2015). In addition, when groups of 30–100 
oysters were tested together, total filtration rates were 
reduced while [DO] was low, but sometimes increased 
above those of oysters held under continuous high oxygen 
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concentrations when conditions returned to normoxia 
(Clark 2014; Breitburg et al. 2015). However, the behavio-
ral mechanisms underlying the temporal variation in clear-
ance rates observed at the population level through the high 
and low oxygen phases of diel cycles were not previously 
known.

Gape measurements

We performed valve gape trial runs with 12 oysters in 
August 2011, and then, a full gape experiment from July 
16–August 22, 2012 in tanks described in Keppel et  al. 
(2015). The periods analyzed for valve closure were 
hypoxia (normoxia for controls) plateau phase, normoxia 
plateau phase after hypoxia, supersaturation plateau phase 
(normoxia for controls), and normoxia plateau phase after 
supersaturation (Fig.  1). For the severe hypoxia treatment 
with cyclical pH (pH = 7.8–7.0), we had four tanks with 3, 
3, 3, and 4 oysters with sensors per tank (n = 13, electronic 
supplement). For the severe hypoxia treatment with control 
pH (pH = 7.8), we had four tanks with 3, 3, 2, and 3 oys-
ters with sensors per tank; a fifth tank with just one oyster 
with a sensor was excluded from the analysis (n = 11, elec-
tronic supplement). For the mild hypoxia treatment, we had 
four tanks with 2, 2, 4, and 3 oysters with sensors per tank 
(n = 11, electronic supplement). For the control treatment, 
we had four tanks with 3, 3, 3, and 2 oysters with sensors 
per tank (n = 11, electronic supplement). Different oysters 
were used for each measurement. The overall sample size 
in each aquarium was affected by occasional sensor fail-
ure as well as equipment limitations in deploying sensors 
in the facility. However, we continuously tested 46 oysters, 
36–65 mm long, for 2 days week−1 over a period of 6 weeks 
(except week 4, when other experiments were performed). 
No effect of time (different weeks) was found, and measure-
ments over different weeks were treated as replicates.

For each weekly run, oysters were removed from 
their aquaria (electronic supplement) before the low pla-
teau period. Oysters were numbered with nail polish, the 

shells dried, and sealed strain gauges (SG13/1000–LY43 
or LY41, Omega Engineering Inc., Stanford, Connecticut) 
glued onto the shells with aquarium sealant (Fig. 2). Strain 
gauges have been used in the past to measure valve gape 
(e.g., Higgins 1980; Shumway and Cucci 1987), but were 
attached by a tether instead of directly to the oysters. We 
only removed oysters from the aquaria to equip them with 
sensors, after which we placed them in buckets with ambi-
ent flow-through oxygenated water and reintroduced them 
to their aquaria during the normoxia period after the low 
plateau; logging of valve gape started during the phase 
leading up to supersaturation (Fig. 1). Strain gauge voltage 
is linearly related to the degree of oyster gape (unpublished 
data); however, the relationship varies from sensor to sen-
sor and calibration is time consuming. It was also noted that 
oysters often open very wide very quickly. To minimize the 
time that oysters were not in their aquaria, the relation-
ship was not assessed here and just open versus closed was 
defined for each sensor-equipped oyster. During the experi-
ment, a Campbell CR10X data logger captured readings 
every 2.5 s and averaged readings every 15 s. Thus, there 
were four logged readings min−1 and each reading was the 
average of six data points. With very few exceptions, oys-
ters gaped virtually immediately after reintroduction to the 
aquaria allowing us to assess the signal generated by a gap-
ing oyster before exposing them to hypoxia. Oysters were 
not affected by wearing the sensors (unpublished data), and 
C. virginica gape behavior under normoxia was similar to 
C. virginica gape behavior found in previous studies (e.g., 
Loosanoff and Nomejko 1946; Higgins 1980).

Before the oysters were removed at the end of a run, 
they were triggered to close to determine the magnitude 
and the direction of the closing signal. Data were linearized 
for linear drift (Fig. 3) in signal voltage, and an oyster was 
operationally defined as open when the sensor reading was 
more than half its maximum open voltage. The percent-
age of oysters that were more or less closed (operationally 
defined as a sensor reading less than half of its maximum 
open voltage), as a function of time was determined and 

Fig. 2   a Bivalve gape sensor 
with close-up of strain gauge 
element, b side view of gape 
sensor attached to oyster show-
ing loop of sensor. Photographs 
by Porter
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the fractional time was recorded when more than one-third 
of the oysters with sensors were closed in each treatment. 
Oysters typically opened wide quickly and did not spend 
much time at intermediate values.

Statistical analyses tested for the effect of [DO] treat-
ment on the percent of time oysters were closed during 
each plateau phase of the cycle using a nested ANOVA 
(oysters nested within tanks) in SAS (SAS 9.4). There were 
three DO treatments, four (eight for severe hypoxia) tanks 
per treatment, and 2–4 oysters per tank (for sample sizes 
see electronic appendix).

Results

Oysters exposed to continuously normoxic estuarine water 
(i.e., no hypoxia during the low plateau phase of the daily 
cycle, n  =  11) were open most of the time, with varia-
tion among individuals in the temporal pattern of closures 
(e.g., Figure 4), and no difference between light and dark 
periods. In contrast, most oysters exposed to periodic 
cycles of severe hypoxia (0.6 mg DO L−1, n = 24, cycli-
cal and control pH combined) closed soon after the tar-
get [DO] was reached and remained closed for most of 
the time that severe hypoxia persisted (Fig. 5). With mild 
(1.7 mg DO L−1, n = 11) hypoxia, closings often occurred 

later during the low plateau phase instead of at the point 
when target [DO] was reached (Fig. 6). Analyzing the dif-
ferent phases with a nested ANOVA, we found statisti-
cally significant differences between treatments in the 
low plateau phase (ANOVA, F(2,14) = 5.05, P = 0.0224, 
Fig.  7a). However, we found no significant differences 
between treatments in the normoxia after low plateau phase 
(ANOVA, F(2,14) = 1.22, P = 0.3249, Fig. 7b), the super-
saturation phase (ANOVA, F(2,14) =  0.26, P =  0.7748, 
Fig.  7c), or the normoxia after the supersaturation phase 
(ANOVA, F(2,14)  =  0.01, P  =  0.9914, Fig.  7d). Thus, 
we performed pairwise comparisons of the treatments in 
the low plateau phase and found that while oysters in the 
severely and mildly hypoxic phases were closed a simi-
lar amount of time (P = 0.16, Fig. 7a) and oysters in the 
mildly hypoxic and control were closed a similar amount of 
time (P = 0.26, Fig. 7a), oysters were closed significantly 
longer in severe hypoxia (40.3 ± 5.7 % of the time closed) 
than in the control treatment (4.5  ±  1.7  % of the time) 
(P = 0.001, Fig. 7a).

In addition, in the low plateau phase, up to 75 % of the 
oysters closed simultaneously during severe hypoxia com-
pared to about 50 % during mild hypoxia (Fig. 8a, b) and 
33 % in the control group (Fig. 8c). Using a threshold of 
1/3 of the oysters closed for potential warning purposes, 
more than one-third of the control treatment oysters were 

Fig. 3   Example of how the 
gape data were linearized. A 
2D time series of gape data in a 
treatment with severe hypoxia 
([DO] = 0.6 mg L−1) during 
the hypoxic phase. a Dark–light 
cycle, b [DO] with periods of 
hypoxia. c The gape monitor 
included linear drift in the data 
due to sensor corrosion which 
was d removed in post-process-
ing. For interpretation of open 
and closed segments see text. 
At the end of a run, oyster was 
triggered to close to determine 
magnitude and direction of 
closing spike. Magnitudes 
between different sensors are 
not comparable
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closed for only 3 % of the time in the low plateau phase 
(Table 1, Fig. 8c). In contrast, under severe hypoxic condi-
tions in the low plateau phase, more than a third of the oys-
ters were closed for 51 % of the time (Table 1; Fig. 8a), and 
in the mildly hypoxic treatment more than one-third of the 
oysters were closed for 29 % of the time (Table 1; Fig. 8b).

During the normoxic period that followed the severe 
hypoxic low plateau period, most oysters from all treatments 
gaped (Figs.  7b, 4b, 8a, b, c). Oysters exposed to severe 
hypoxia during the low plateau phase opened up very soon 
after the DO levels began rising, considerably before nor-
moxia was reached (Fig. 5). More than one-third of the oys-
ters from all treatments were closed for only zero (severe 
hypoxia) to five percent of the time (mild hypoxia) during the 
normoxia phase after supersaturation (Table 1). Oysters from 

all treatments remained open most of the time in the super-
saturation and the normoxia period after the supersaturation 
phases (Figs. 5, 6, 7c, d, 8 a, b, c; Table 1). Oysters showed 
this pattern over consecutive diel cycles after the hypoxic 
periods (e.g., Figure 5). The difference in the opening rates 
of oysters (low plateau percent time closed minus normoxia 
after low plateau percent time closed) was about 40 % and 
significantly higher (ANOVA, F(2,14) = 12.33, P = 0.0008) 
for severe hypoxia than mild hypoxia and the control (Fig. 9).

Discussion

Oysters with an ample supply of food responded quickly 
to fluctuating [DO] conditions due to diel-cycling hypoxia. 
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Oysters repeatedly closed during the hypoxic phases, 
especially the severe hypoxia (0.6  mg  DO  L−1), but 
often showed a delayed closing response in mild hypoxia 
(1.7  mg  DO  L−1). All oysters opened again when [DO] 
increased to normoxia. Oysters did not respond to the dif-
ference in dark and light conditions, and all oysters we 
tested survived the 4-h hypoxia exposures.

Behavioral changes are initial macrobenthic responses 
to decreasing [DO] (Villnäs et al. 2012; Riedel et al. 2014). 
As we predicted (hypothesis 1), oysters closed in response 
to cyclically induced mild (1.7  mg  DO  L−1) and severe 
(0.6  mg  DO  L−1) hypoxia. Oysters also remained closed 
significantly longer in severe hypoxia (0.6  mg  DO  L−1) 
compared to the control. Thus, behavioral adjustments 

regulate the time of activity and avoid times of extreme 
conditions as suggested by Huey and Bennett (1990). Rie-
del et  al. (2014) found that macroinvertebrate behavior 
influenced community structure and ecosystem processes. 
In this case, extended closing behavior could have nega-
tive consequences for community structure and the eco-
system. Shell gape responses by bivalves have previously 
been seen in experiments with more prolonged exposure 
to low DO than we tested. For example, shell activity and 
shell gape of the Pearl oyster increased exponentially over 
[DO] of 4 to 1 mg DO L−1 (Dharmamaraj 1983). Lombardi 
et  al. (2013) found that oysters continuously exposed to 
0.5  mg  DO  L−1 were closed for 6  h, but 20  % gaped in 
6–48  h, and 20–50  % gaped from 48  h to the end of the 
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experiment. In contrast to these studies, our experiments 
provide information on gape behavior of oysters exposed 
to cycling conditions that typify shallow water habitat that 
oysters commonly inhabit.

In the present study, oysters did not respond to the 
light:dark photoperiod and the oysters in the control treat-
ment (normoxia throughout, Fig.  1) were open 94  % of 
the time at 22–30 °C. These results are similar to those of 
Loosanoff and Nomejko (1946), who found that fed C. vir-
ginica did not respond to light and were open 94 % of the 
time at 17–28 °C. These authors did not measure [DO]. It 
also compares well to Higgins (1980) who found that fed 
oysters were open 94 % of the time at 22 °C. Comeau et al. 

(2012), however, found that naturally fed oysters were open 
69–80  % of the time, and studies of unfed oysters have 
reported oysters opening between 35 and 71 % of the time 
(Galtsoff 1928; Brown 1954; Higgins 1980). Oysters in our 
control treatment were also open for long periods of time, 
closing only occasionally, with high variability among 
individuals. The high individual variability was previously 
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observed by Higgins (1980). In all treatments, there was 
variability between individuals.

The principle of group closure, where, if more than a 
certain percentage of bivalves closes, an alarm is sounded, 
has been used in early warning systems (Gnyubkin 2009) 
such as the Mosselmonitor® (de Zwart et  al. 1995) or the 
Dreissena-Monitor (Borcherding 2006) to detect adverse 
responses of mussels to pollutants; we found that a larger 
group of oysters closed under severe hypoxia than mild 
hypoxia or control conditions (Fig.  8). These results sug-
gest that studies that examine bivalve gape in the environ-
ment as a way of monitoring pollutants should also con-
sider DO in areas where hypoxia is possible.

Diel-cycling hypoxia often occurs during the late night/
early morning hours in the summer (Tyler et al. 2009; Bre-
itburg et  al. 2015). Patterns of late night bivalve closures 
have also been observed previously although were not 
related to potential hypoxia and DO was not measured. 
Using valve gape measurements over 2  years, Ortmann 
and Grieshaber (2003) reported that Corbicula fluminea 
exhibited a circadian rhythm in summer in the Rhine River 
with extended periods of valve closure, predominantly in 
the late night hours. However, this pattern did not continue 
when they brought the bivalves into the laboratory. They 
explain this pattern as exploitation of the scarce food sup-
ply but did not measure potential hypoxia. Comeau et  al. 
(2012) found a diurnal rhythm in the valve openness of C. 
virginica; whereby, openness was greatest near the end of 
the afternoon and least in the early morning; however, they 
did not measure [DO] and relate this to light. While DO 
has not been the focus in many valve gape studies, some 
bivalve responses may have been due to hypoxia and not 
the target variable. Our results suggest that DO should also 
be measured during valve gape experiments at locations 
where hypoxia is possible.

Previous valve gape studies also have not examined 
bivalve behavior after a hypoxic event is finished within a 
diel cycle. In our experiments, oysters closed repeatedly 
during hypoxic phases but opened again before normoxia 
was reestablished, and closed only occasionally during 
high DO phases of the diel cycle between hypoxic events. 
This behavior was especially pronounced in the severe diel-
cycling hypoxia treatment (Fig.  5). The percent of time 
closed during normoxia after severe hypoxia was similar to 
the control treatment. This is similar to findings based on 
filtration rates of 1-year-old oysters, and different than the 
responses of older oysters in which compensatory filtration 
has been reported following exposure to severe hypoxia 
(Clark 2014; Breitburg et  al. 2015). Small differences in 
valve gape may have been difficult to detect with the small 
number of individuals used for these valve gape measure-
ments. Also, while gape has been related to filtration in 
non-siphonate bivalves (Jørgensen et al. 1988; Riisgård and 

Larsen 2015), the two are not synonymous (Cranford et al. 
2011) and differential pumping rates (Loosanoff 1962) can 
contribute to differences in filtration rates.

We found a dramatic difference among treatments in 
opening rates when shifting from severe hypoxia to nor-
moxia, compared to shifting from mild hypoxia to nor-
moxia. This rapid change in behavior may be adaptive 
in highly fluctuating conditions in nature to compensate 
for adverse conditions. Other invertebrates such as the 
blue crab, Callinectes sapidus, similarly respond quickly 
to [DO] fluctuations, and the feeding rate of C. sapidus 
exposed to a fluctuating diurnal pattern of hypoxia was sig-
nificantly higher than that of blue crabs exposed to constant 
100 or 16 % saturation (Burnett and Stickle 2001).

Other studies have examined oyster mitochondrial 
responses to large fluctuations in DO. For example, mito-
chondria in C. virginica exposed to <0.5 % DO for 6 days 
and then reoxygenated were essentially unchanged (Ivanina 
et al. 2012) and thus adjusted quickly to changing concen-
trations of DO. In addition, Sussarellu et al. (2013) found 
rapid mitochondrial adjustments in response to short-term 
hypoxia and reoxygenation in C. gigas. Thus, oysters not 
only adjust their mitochondrial responses to large fluctua-
tions of DO (Ivanina et al. 2012; Sussarellu et al. 2013) but 
also adjust gape as found in this study.

While Riedel et  al. (2014) found that macroinverte-
brate behavior was related to community structure and 
the ecosystem, ecological disturbance or changes may be 
prevented by such rapid response behavior and promote 
ecosystem resilience in response to diel-cycling hypoxia. 
Scapini (2014) suggested that behavior as an immediate 
response to environmental change may have a major role 
in permitting ecosystem resilience under stressful condi-
tions. Moreover, oysters may have adapted in their behav-
ior to the increased occurrence of diel-cycling hypoxia in 
estuaries as behavioral adaptations contribute to ecosystem 
response to change (Scapini 2014).

In the mildly hypoxic treatment, valve closure was 
delayed which indicates that while oysters closed rapidly 
under severe hypoxia, they often did not close until they 
had been exposed for several hours to mild hypoxia. The 
adjustments animals make to deal with environmental fluc-
tuations can result in various lag times (Huey and Bennett 
1990). The lag we observed would not have been detected 
in typical short-term constant hypoxic exposure experi-
ments. Also, if the mildly hypoxic conditions had persisted 
for a longer time than in this study, it may have affected 
the oysters more strongly. Oysters that closed in the mild 
hypoxia treatment opened rapidly when [DO] increased.

Closed gape has been associated with lowered metabo-
lism and lowered oxygen consumption in Mytilus edu-
lis and Corbicula fluminea (Famme 1980; Ortmann and 
Grieshaber 2003) and initial higher heart rates in Arctica 
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islandica and Mytilus edulis (Taylor 1976; Rovero et  al. 
1999; but see Curtis et al. 2000). These responses were not 
measured in the present study. Riisgård and Larsen (2015) 
suggested that the low rate of oxygen consumption in mus-
sels with reduced gape was a consequence of decreasing 
water flow through the mantle cavity. Ortmann and Gries-
haber (2003) calculated that C. fluminea remained aero-
bic for approximately 4–9 h after valve closure in anoxic 
water, depending on the size of the individual. If this is 
also true for C. virginica, short-term fluctuations with diel-
cycling hypoxia (4  h) should render C. virginica aerobic 
throughout its duration. In our study, C. virginica opened 
their valves as soon as normoxic water was reintroduced 
after the severe hypoxic event. Perhaps, being aerobic 
made the fast opening of the valves possible.

While our findings apply to 1-year-old C. virginica, gape 
patterns may be different for different bivalve age classes 
or species. For example, Clark (2014) and Breitburg et  al. 
(2015) found compensatory filtration rates in 3-year-old oys-
ters, but not on 1-year olds. Lombardi et al. (2013) found dif-
ferent responses of C. virginica and C. ariakensis to hypoxia. 
Thus, this study should be expanded to other age classes of 
C. virginica and other bivalve species. Moreover, we used 
oysters fed at libitum. In future studies, the interactive effect 
of hypoxia and low food concentrations on gape should be 
examined as these conditions may co-occur in nature.

In ecosystems, animals are exposed to temporally var-
ying conditions such as diel-cycling hypoxia and may 
exhibit adaptive responses such as the changing valve gape 
behavior of C. virginica found here. Such rapid response 
behavior may reduce adverse effects both to the oysters 
themselves and to the ecosystem services they provide. 
Future studies should include the effects of diel-cycling 
hypoxia on valve gape behaviors of different bivalve spe-
cies. Moreover, in  situ monitoring of valve gape should 
include measurements of [DO] to determine whether valves 
are closed due to responses to hypoxia.
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0.6 mg L-1

cyclical pH 
at low 

plateaua

0.6 mg L-1

control pH 
at low 

plateaua,b

1.7 mg L-1

at low 
plateau

7.3 mg L-1 

normoxia

aquarium 1 3 3 3 3
aquarium 2 3 3 4 3
aquarium 3 3 2 2 3
aquarium 4 4 3 2 2
# gape 
oysters per 
treatment

13 11 11 11

a 0.6 mg DO L-1 cyclical pH  and control pH treatments were combined (n = 24) 
b 1 additional aquarium with 1 oyster was run but excluded from statistical analysis

Number of oysters with gape sensors used in the different aquaria for each treatment. For diel-cycling severe hypoxia 
(0.6 mg DO L-1) two pH treatments, i.e., control (pH = 7.8) and cyclical (pH = 7.8–7.0), were combined (n = 24 , see 
text). Overall sample size in each aquarium was affected by occasional sensor failure as well as equipment limitations 
in deploying sensors in the facility. 
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