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ABSTRACT: Hypoxia (low dissolved oxygen [DO]) and
CO2-induced acidification are important aquatic stressors that are exacerbated by anthropogenic nutrient
inputs and are expected to increase in severity with
increasing atmospheric CO2 and higher global temperatures. Understanding how species respond to changes
in DO and pH is critical to predicting how climate
change will affect estuarine ecosystems, including the
extreme shallow margins of these systems, where factors such as respiration, photosynthesis, and tides
create daily fluctuations of DO and pH, and strong correlations between the 2 stressors. To determine how
acidification affects the sensitivity to hypoxia of 2 important forage fishes, the silversides Menidia menidia
and M. beryllina, we recorded opercula ventilation
rates, aquatic surface respiration (ASR, where fish
breathe in the oxygenated surface layer during hypoxic
events), and mortality as we lowered either DO or both
DO and pH simultaneously. Fish subjected to low DO
and low pH in the laboratory performed ASR and died
at higher DO concentrations than fish subjected only to
hypoxia. Additionally, fish beat their opercula slower,
which may have contributed to the differences in ASR
and mortality that we saw. These results indicate acidification can increase mortality under hypoxia not only
directly but also indirectly by increasing vulnerability
to predation during increased use of ASR.
KEY WORDS: Diel cycling · Estuaries · Menidia ·
Aquatic surface respiration · Ventilation

INTRODUCTION
Hypoxia and acidification are twin stressors that
occur together worldwide, including in shallow water
habitats such as estuaries. The generally high bio*Corresponding author: millerseth@si.edu

A fish meets its reflection as it comes to the surface to perform
aquatic surface respiration under hypoxic conditions.
Photo: A. Smart

mass in estuarine habitats is often stimulated by
anthropogenic nutrient loads (Rabalais et al. 2014),
and leads to high rates of respiration that can simultaneously deplete dissolved oxygen (DO) and acidify
water through the release of CO2 (Baumann et al.
2015, Breitburg et al. 2015). Both hypoxia and acidification are predicted to worsen as a result of rising
temperatures and increasing atmospheric CO2
(Doney et al. 2012, Bopp et al. 2013). Higher temperatures boost respiration rates, decrease oxygen solubility, and alter hydrodynamics in ways that increase
oxygen depletion, the release of respiratory CO2,
and the impingement of deep, oxygen-depleted,
high-CO2 waters into nearshore habitats (reviewed
in Altieri & Gedan 2015). Increasing acidification
from biological processes, atmospheric CO2, and upwelling is predicted to reduce survival and growth
of a wide range of marine and estuarine species
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(Kroeker et al. 2010), and alter respiration-driven
relationships between DO and CO2 concentrations
(one molecule of CO2 produced for each molecule of
O2 consumed), including in estuaries and the nearshore (Melzner et al. 2013). As hypoxic zones expand
and pH simultaneously declines, understanding how
these stressors interact is crucial (Frieder et al. 2012,
Gobler et al. 2014).
Although hypoxia in some habitats persists for days
to millennia (or even longer in the deep ocean), DO
concentrations can fluctuate rapidly and repeatedly
in the shallow waters of both marine and freshwater
systems. In shallow estuarine waters, for example,
day−night patterns of the net balance between
photosynthesis and respiration, tides, weather, and
restricted circulation can result in a large amplitude
of fluctuations in DO and pH on diel or tidal cycles
(Tyler & Targett 2007, Baumann et al. 2015, Burrell et
al. 2016). In some cases, DO can decline from near
air-saturated to severe hypoxia concentrations in just
a few hours, and pH fluctuations tend to be correlated (see Fig. 1).
Both hypoxia and acidification can cause a wide
range of negative effects in aquatic organisms, ranging from mortality to altered behaviors (Rosa & Seibel
2008, Breitburg et al. 2009, Ferrari et al. 2011, Miller
et al. 2012, Munday et al. 2014). Many fishes exhibit
aquatic surface respiration (ASR), during which fish
breathe in the relatively more oxygenated surface
layer in contact with the atmosphere (Kramer &
McClure 1982). Fish utilizing ASR under hypoxic
conditions can survive longer than those prevented
from accessing the surface layer (Smith & Able 2003,
Stierhoff et al. 2003), but may experience increased
risk of predation, including predation by birds that
are abundant in estuarine systems (Domenici et al.
2007). Fish also alter opercular movements to increase ventilation frequency or amplitude to increase
water flow over the gills in response to hypoxia
(Vulesevic et al. 2006). Increasing water flow in a
high pCO2 environment, however, could potentially
cause acidosis (Esbaugh et al. 2012) or otherwise disrupt the acid−base balance within fishes, possibly
altering behaviors (Heuer & Grosell 2014, Welch et
al. 2014). Understanding how fish respond to hypoxia
when simultaneously exposed to acidification will
provide important insights into how fish currently
behave in hypoxic environments and how they might
respond to worsened conditions under future climate
change (C. J. Gobler & H. Baumann unpubl.). If acidification makes fish more sensitive to hypoxia, current
regulatory minima on aquatic DO may be less protective than assumed, and acidification could have sub-

stantial direct and indirect effects on fish populations
and fitness.
To investigate how acidification affects ASR, ventilation, and survival in estuarine fishes exposed to
hypoxic conditions, we conducted laboratory studies
using 2 ecologically important forage species, the
inland silverside Menidia beryllina and the Atlantic
silverside M. menidia. These species have been used
extensively as model organisms in studies of fundamental concepts of evolution and ecology (Billerbeck
et al. 2000, Clarke et al. 2010) and to examine chemical toxicity and the resilience of an ecosystem to abiotic stressors (Fuller et al. 2004, Brander et al. 2013,
Stefansson et al. 2013). Previous work has shown that
they are sensitive to acidification and hypoxia during
early life stages (Baumann et al. 2012, Murray et al.
2014), and that acidification could make them more
sensitive to hypoxia (DePasquale et al. 2015), though
the sensitivity of adults to these stressors is unknown.
We used pH targets for experimental treatments
because simultaneous measurements of DO and pH
are much more common in the shallow estuarine
habitats we mimicked than DO and pCO2 measurements. However, we estimate pCO2 and discuss the
likelihood that effects are driven by pCO2, rather
than pH.

MATERIALS AND METHODS
Fish collection and system parameters
We collected adult Menidia beryllina (29−69 mm
body length [BL]) and M. menidia (55−75 mm BL) in
mixed schools using a 1.5 mm mesh beach seine in
the Rhode and West subestuaries of Chesapeake
Bay, USA under ambient conditions (Table 1) in September and October 2014 to test ASR behaviors.
From April to July 2015, we collected adult M. beryllina (34−62 mm BL) and M. menidia (24−33 mm BL)
in the same locations (Table 1) to test ASR behaviors;
we also tested M. beryllina for ventilation rates. Fish
were transported to the laboratory in aerated coolers
and kept overnight in small schools in 75 l tanks with
flow-through, aerated estuarine water from the
Rhode River at the Smithsonian Environmental Research Center (SERC), Edgewater, MD, USA.
To help characterize the carbonate system parameters during each trial, we measured total alkalinity
weekly. Water samples were collected in treatment
tanks using a syringe pump or off the SERC dock
from a floating pump located 1 m below the water’s
surface. Samples were immediately syringe-filtered
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Table 1. Abiotic conditions and carbonate chemistry during field collections and laboratory trials using Menidia beryllina
and M. menidia. In trials where we lowered dissolved oxygen (DO), mean low DO and mean low pH represent the mean lowest values at which fish died. No fish died in our control or pH control trials, so those mean low values represent the lowest
values achieved over the duration of the trial. Conditions from field sites show the range of values recorded at sites during
daytime collection trips. n = replicate aquaria (each with 3 fish) for aquatic surface respiration trials and replicate individuals
for ventilation trials
Mean low
DO (mg−1)
Aquatic surface respiration
2014
Control
7.95
Control DO, low pH
7.95
Low DO, control pH
0.64
Low DO, low pH
0.92
Collection site
6.5−8.0
2015
Control
8.05
Control DO, low pH
8.05
Low DO, control pH
0.74
Low DO, low pH
0.85
Collection site
7.8−8.6
Ventilation
2015
Control
Control DO, low pH
Low DO, control pH
Low DO, low pH
Collection site

7.98
7.98
1.21
1.21
7.8−8.6

Mean
low pH

Salinity

Temp. Alkalinity
(°C)
(µmol kg−1)

8.00
5.95
8.00
6.34
7.7−8.0

10−13
10−13
10−13
10−13
11−12

23−25
23−25
23−25
23−25
20−22

1524−1642
1524−1642
1524−1642
1524−1642
–

390−454
48 955−56 081
390−454
19 904−22 807
–

6
12
14
16
–

3
3
3
3
–

8.02
6.54
8.02
6.64
7.5−7.8

7−9
7−9
7−9
7−9
6−9

18−25
18−25
18−25
18−25
19−24

1093−1148
1093−1148
1093−1148
1093−1148
–

288−307
9299−10 201
288−307
7382−8096
–

3
3
17
17
–

3
3
9
9
–

8.05
6.60
8.05
6.60
7.5−7.8

7.5
7.5
7.5
7.5
6−7

23
23
23
23
18−19

1142
1142
1142
1142
–

286
8767
286
8767
–

6
6
6
6
–

–
–
–
–
–

through Whatman GD/X filters (pore size 0.45 µm)
into 500 ml Pyrex glass bottles and stored in the dark
at 4°C prior to analysis.
Total alkalinity titrations were conducted in open
vessels using a Mettler Toledo T-50 autotitrator, DGi
115-SC pH sensor, PT1000 temperature sensor, and
5 ml burette with attached Inmotion Flex autosampler
with waterbath rack kit and thermostat bath. Sample
temperatures averaged 25.3°C ± 0.1 SE during titrations. Three Ricca high-precision NBS buffers (4.00,
7.00, 10.00) were used to calibrate the pH sensor prior
to titrating samples. Total alkalinity was determined
by Gran titration using 0.0998 N HCl and ~60.0 g of
sample water. Sample pH was titrated to 3.0 and
14−16 points between pH 4.0 and 3.0 were used for
the Gran plot. Replicates of certified reference material seawater standards provided by Scripps Institution
of Oceanography were titrated alongside samples to
validate our methods (with an accuracy of 1.0 µmol kg
seawater–1 (SW−1) and SE of ±1.9 µmol kg sw−1). Alkalinity values were combined with salinity, temperature, and pH values recorded by our system using
Durafet III pH probes (Honeywell International) to determine pCO2 values using the CO2SYS program
(Brookhaven National Laboratory version 2.1).

pCO2
(µatm)

n
n
(M. beryllina) (M. menidia)

Aquatic surface respiration (ASR)
After overnight acclimation, fish were placed into
75 l treatment tanks in single-species groups of 3
individuals and allowed to acclimate for 1−3 h before
trials began. Each treatment tank contained 2 airstones for gas delivery and was covered on 3 sides
with contact paper to minimize disturbances. We ran
3 tanks of a single treatment simultaneously, and ran
treatments in successive trials. We randomly assigned tanks 1 of 4 treatments: a benign control; a
low pH treatment, during which we lowered pH but
kept DO high; a low DO, control pH treatment; or a
low DO, low pH treatment, where we lowered both
stressors simultaneously.
During each trial, air, N2 gas, and CO2 gas were added using a continuous-feedback LabVIEW (National Instruments) routine receiving input from DO
(Type III, Oxyguard International) and pH (Durafet
III, Honeywell International) probes to control
hypoxia and acidification conditions in each tank
(Burrell et al. 2016). DO and pH were lowered
steadily from normoxia to hypoxia until the last fish
in a treatment died (approximately 2.5−3.5 h). Except
for one test of pH-only effects on ASR and mortality,
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our low DO and low pH values mimicked those that
currently occur in the field (Table 1, Fig. 1; MDNR
2014).
As each trial started, an observer was assigned to
each tank and recorded the DO and pH when each
fish first performed ASR, when all 3 fish in the tank
consistently performed ASR (never leaving the surface), and when each fish died (counted as cessation
of operculum movement). In 2015, observers also
noted when each fish lost equilibrium, to provide an
additional metric to quantify how fish responded. All
observers recorded data on all treatments during the
experiment and remained stationary throughout the
trial to avoid altering fish behavior. The metric of consistent ASR was not recorded for M. menidia because
we found that the species usually made repeated trips
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Fig. 1. Cycling of dissolved oxygen (DO) and pH in shallow
mesohaline sites in Chesapeake Bay (modified from Breitburg et al. 2015, Burrell et al. 2016). (A) Four days of DO
(solid line) and pH (circles) cycles in a saltmarsh creek in the
Rhode River. The pattern is dominated by the tidal cycle
with the steepest declines in DO and pH during nighttime
ebb tides. (B) Relationship between mean daily minimum
DO and mean daily minimum pH at mesohaline shallow water monitoring sites (from Breitburg et al. 2015; original data
source MDNR 2014)

to the surface to perform ASR, rather than remaining
at the surface consistently performing ASR. This behavior has since been confirmed through several additional trials. Fish body lengths were measured to
the nearest mm at the conclusion of each trial. We analyzed within-tank means for each metric, and tested
for statistical differences between treatments using a
1-way ANOVA; all data met the assumptions of normality and homogeneity of variances. Preliminary
ANCOVA tests indicated that fish length was unrelated to fish behavior or survival, so it was excluded
from final analyses. All analyses were conducted with
JMP 11 statistical software (SAS Institute).

Ventilation rates
After the overnight acclimation period, a single fish
was placed into each observation box to be filmed for
ventilation rate analyses. Each clear acrylic observation box (8 × 8 × 11 cm) had a plastic mesh bottom
and open top, and was covered on 3 sides with white
contact paper. Boxes were attached near the top of
the inside of individual 75 l aquaria filled with estuarine water at benign conditions, and gas lines with airstones were placed adjacent to the boxes to create
water circulation and ensure conditions within the
boxes were the same as in the larger aquaria. Fish
were given a 30 min acclimation period before each
trial began. Tanks were assigned to one of 4 treatments: benign control; low DO, control pH; control
DO, low pH; and low DO, low pH (Table 2). We ran 6
replicates of a single treatment simultaneously and
ran treatments sequentially.
Fish were recorded for at least 2 min at the end of
the initial 30 min acclimation period and during 3
subsequent intervals in each trial, using a Galaxy S4
(Samsung) or iPhone 6 (Apple) cellular phone attached to the end of a selfie stick. During preliminary
trials, we found that using selfie sticks allowed us to
film the fish closely with minimal disturbance. Our
continuous-feedback software program modified the
ratio of air, N2 gas, and CO2 gas to control hypoxia
and acidification conditions in each tank according to
the assigned treatments (Burrell et al. 2016). DO and
pH were lowered (or held constant when appropriate) for 15 min, followed by a 15 min interval during
which all fish were recorded. Each fish was recorded
4 times over a period of 2.25 h, including the initial
acclimation period (Table 2). After the final recording, fish were removed from the observation boxes,
measured to the nearest mm, and weighed to the
nearest mg.
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Table 2. Dissolved oxygen (DO) saturation and pH target values at each time point during ventilation trials for each of 4
treatments. Fish were filmed for at least 2 min during each interval. n = number of replicates
Treatment

n

Control
Control DO, low pH
Low DO, control pH
Low DO, low pH

6
6
6
6

Interval 1
DO (%)
pH
100
100
100
100

8.05
8.05
8.05
8.05

To analyze ventilation rates, each video was
slowed to half speed and an observer counted the
operculum beats per minute (BPM) in 3 haphazardly
chosen 10 s periods using a computer widget to calculate rates (www.all8.com/tools/bpm.htm). To account for individual variability in basal ventilation
rate, we report all data as percent change in BPM
from initial. We tested for statistical differences
among treatments using a repeated-measures
ANOVA; all data met the assumptions of normality
and homogeneity of variances. Fish lengths and
weights had no significant effect on ventilation rates,
so they were excluded from final analyses. All analyses were conducted using JMP 11 (SAS Institute).

RESULTS
Aquatic surface respiration
In both species in 2014, fish exposed to combined
low pH and low DO initiated ASR and died at significantly higher DO concentrations than fish that were
only exposed to low DO (Table 3, Fig. 2). Menidia
beryllina also exhibited ASR consistently at a higher
DO concentration when pH was simultaneously lowered than when only DO was reduced. None of the
fish in our benign control or low pH-only treatments
died during the trials (data not shown). Fish in the
low pH-only treatment sporadically performed ASR,
but only at dramatically lower pH levels than the fish
in our low pH and low DO trials (Table 1).
In 2015, results were similar, and M. beryllina exposed to combined low pH and low DO first performed ASR, consistently performed ASR, and exhibited loss of equilibrium at higher DO concentrations
than fish that were only exposed to low DO (Table 3,
Fig. 2). Fish in the combined low pH and low DO
treatment showed a trend towards dying at higher
DO concentrations than fish only exposed to low DO,
though it was marginally non-significant (Table 3,
Fig. 2). M. menidia exposed to combined low pH and

Interval 2
DO (%)
pH
100
100
75
75

Interval 3
DO (%)
pH

8.05
7.50
8.05
7.50

100
100
50
50

Interval 4
DO (%) pH

8.05
7.00
8.05
7.00

100
100
25
25

8.05
6.60
8.05
6.60

Table 3. ANOVA results for aquatic surface respiration
(ASR) trials using Menidia menidia and M. beryllina in 2014
and 2015
Source

df

F

p

2014
M. menidia
First ASR
Death

1, 4
1, 4

43.253
28.737

0.0028
0.0058

M. beryllina
First ASR
Consistent ASR
Death

1, 28
1, 28
1, 28

24.953
5.452
11.940

< 0.0001
0.0279
0.0018

2015
M. menidia
First ASR
Loss of equilibrium
Death

1,16
1,16
1,16

7.220
26.590
10.080

0.0162
< 0.0001
0.0059

M. beryllina
First ASR
Consistent ASR
Loss of equilibrium
Death

1, 32
1, 32
1, 32
1, 32

7.449
4.269
7.612
3.253

0.0121
0.0475
0.0117
0.0807

low DO first performed ASR, exhibited loss of equilibrium, and died at higher DO concentrations than
fish that were only exposed to low DO (Table 3,
Fig. 2).

Ventilation
Fish exposed to combined low pH and low DO performed fewer operculum BPM at low DO levels than
fish exposed to only low DO (F3, 32 = 38.02, p < 0.0001,
Fig. 3). Fish exposed to only low pH performed the
fewest operculum BPM at low pH levels out of any of
our treatments, including the control (F3, 32 = 38.02,
p < 0.0001, Fig. 3). Control fish did not significantly
change their ventilation rates over the duration of
each trial (Fig. 3).
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Fig. 2. Mean dissolved oxygen
(DO) at which (A) Menidia beryllina in 2014, (B) M. menidia in
2014, (C) M. beryllina in 2015,
and (D) M. menidia in 2015 first
performed aquatic surface respiration (ASR), consistently performed ASR (M. beryllina only),
exhibited loss of equilibrium
(2015 only), and died during our
trials. White bars represent trials
during which we only lowered
DO, while gray bars represent trials during which we lowered both
DO and pH. Differences between
treatments are significant (p <
0.05) for every metric except
death of M. beryllina in 2015
(panel C). Data are mean ±1 SE

Fig. 3. Percent change in ventilation rate in Menidia beryllina at each timepoint during our ventilation trials. Fish exposed to only low dissolved oxygen (DO) beat their opercula
at significantly higher rates than fish exposed to low DO and
low pH (p < 0.0001), and both rates were higher than control
fish (p < 0.0001). Fish exposed to only low pH beat their
opercula significantly slower than all other treatments
(p < 0.0001). Data are mean ±1 SE

DISCUSSION
Our study shows that acidification can make fish
more sensitive to hypoxia, causing them to perform
ASR and die at higher DO concentrations. These
results were somewhat surprising, as adult fishes had
been widely expected to be minimally affected by
increases in acidification, particularly because their
blood is considered to be well buffered against external changes in pH (Melzner et al. 2009, Heuer &
Grosell 2014). The direct link between CO2-driven

acidification and death in adult fish found in our
study may have an especially strong impact on species inhabiting estuaries and the nearshore, where
pH is more variable and can be lower — and pCO2
higher — than oceanic environments, and acidification from atmospheric CO2 will be combined with
respiration-driven acidification. It is possible that
acidification may also increase sensitivity to low DO
in other habitats, such as oxygen minimum and limiting zones, that are expanding and experiencing
increasingly severe deoxygenation with climate
change (Keeling et al. 2010).
The combination of hypoxia and increasing acidification may not only cause direct mortality of fishes,
but also have important indirect effects on their populations. Performing ASR at higher DO concentrations and for longer periods of time could substantially increase a fish’s risk of predation, causing
increased mortality under hypoxic conditions that the
fish might otherwise survive. Increased acidification
could also render uninhabitable some locations that
are currently considered marginal, reducing the
amount of habitat available for these forage species.
Our investigation of ventilation rates revealed a
potential mechanism for the change in ASR behavior
and mortality we observed in our study. Fish exposed
to low pH actually slowed their ventilation, beating
their opercula less frequently than control fish, without any change in DO concentrations (Fig. 3). When
we lowered DO as well as pH, fish beat their opercula less than fish exposed to only low DO (Fig. 3),
indicating that low pH is likely suppressing ventilation in some way. It is therefore possible that fish
exposed to low DO and low pH in our ASR trials were
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receiving less water over their gills due to suppressed ventilation, which caused them to perform
ASR and die at higher DO concentrations than fish
that were not exposed to low pH. Although we consider it likely that there is a mechanistic link between
reduced ventilation rates and other responses we
measured, we cannot rule out the possibility that the
fish were increasing the amplitude of operculum
beats (Mikheev et al. 2014) and therefore maintaining or increasing water flow over their gills.
In addition to the decline in ventilation rates we
observed under acidification, there are a number of
other potential physiological mechanisms that could
explain the mortality and performance of ASR at
higher DO concentrations which we observed in fish
exposed to both acidification and hypoxia. Coping
with the physiological problems associated with
increased CO2, such as respiratory acidosis (Esbaugh
et al. 2012) or increased blood pressure (Perry et al.
1999), may make individuals more susceptible to
hypoxia by raising their overall energy requirements.
Oxygen levels in the blood could be reduced through
Bohr or Root effects, whereby increased CO2 in the
bloodstream causes a reduction in the oxygen-binding capability and carrying capacity of hemoglobin
(Berenbrink et al. 2011, Zaprudnova et al. 2015).
Additionally, receptors on fish gills sense DO concentrations, triggering responses such as ASR or increased ventilation when levels decline past a
threshold (Florindo et al. 2006, Zeraik et al. 2013),
and most species likely have additional receptors
that are sensitive to CO2 or pH, potentially similarly
prompting a response (Burleson & Smatresk 2000,
Gilmour 2011, Milsom 2012). Without further study
on the location and sensitivity of these receptors,
however, the physiological mechanism behind our
results is unclear.
This study demonstrates the importance of testing
multiple stressors when investigating the impact of
climate change and other human effects on marine
and estuarine organisms. Fish in our study showed
no differences in ASR behavior when only subjected
to pH stress, surviving pH values as low as 5.8 (the
lowest our system could produce) without any loss of
equilibrium. If we had investigated only the effect of
acidification, we could have concluded that it will
have no effect on fish survival, though it likely will
have substantial direct and indirect effects when
combined with other common stressors.
Finally, though most acidification research has
focused on larvae or juveniles, our research indicates
that all life stages should be considered when determining how species will respond to climate change,
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and that there may be no ‘refuge’ life stage, where an
individual becomes relatively immune to acidification. Instead, acidification appears to be a stressor
capable of directly and indirectly disrupting all life
stages of organisms, even hardy adult estuarine fish
living in abiotically stressful environments that experience natural daily fluctuations in pH.
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