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1.  INTRODUCTION

Coastal ecosystems such as estuaries, saltmarshes,
and mangroves naturally experience wide ranges of
acidity and have the capacity to temper the physical
and chemical conditions of the environment (Gutiér-
rez et al. 2011). The carbonate chemistry parameters
(pH, partial pressure of CO2 [pCO2], total alkalinity,
and dissolved inorganic carbon) of estuarine envi-
ronments are driven largely by processes such as pri-
mary production, respiration, and calcification.
Greater changes in pH levels occur frequently in

these environments through these processes com-
pared to acidification caused by atmospheric deposi-
tion alone. Additionally, tidal influence, river input,
and residence time influence the variability of pH in
these ecosystems (Borges & Gypens 2010, Cai et al.
2011, Duarte et al. 2013, Baumann et al. 2015, Hen-
driks et al. 2015). Furthermore, the influence of nutri-
ent-enhanced acidification in coastal systems, i.e. a
decrease in pH caused by the enhanced release of
CO2 from microbes feeding upon phytoplankton and
organic matter, has been widely documented (Borges
& Gypens 2010, Doney 2010, Cai et al. 2011, Hof-
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mann et al. 2011, Duarte et al. 2013). Studies in -
vestigating the impacts of coastal acidification on
estuarine organisms have mainly focused on or -
ganismal survival, growth, and embryonic hatch
rates, whereas the physiological responses and po -
tential compensation mechanisms of these organisms
to environmental perturbations remain largely
unexplored.

Dissolved oxygen (DO) and pH levels naturally
change concomitantly in coastal systems, and anthro-
pogenic influences can exacerbate this interaction
(Rabalais et al. 2009, Howarth et al. 2011, Baumann
et al. 2015). Organismal and microbial respiration
lower DO levels, creating hypoxic zones, that are
coupled with the decline in pH caused by the release
of CO2 during respiration (Cochran & Burnett 1996,
Pörtner et al. 2005, Melzner et al. 2013, Baumann et
al. 2015). Hypoxic events that are linked to increased
levels of CO2 and dissolved inorganic carbon can
reduce the pH of coastal waters by 0.5 pH units or
more (Howarth et al. 2011). Nutrient pollution can
cause eutrophication and may exacerbate hypoxia
and pH declines (Rabalais et al. 2009, Borges &
Gypens 2010, Howarth et al. 2011). These changes in
DO and pH can occur over a matter of hours to days
(Baumann et al. 2015, Miller et al. 2016) and often
occur more frequently over summer months when
temperatures are highest (Rabalais et al. 2009, Cai et
al. 2011, Baumann et al. 2015). Coastal estuaries
have been shown to experience diel changes in pH of
over 1 unit a day, and fluctuations in DO up to 6 mg
l−1 over the course of a day (Baumann et al. 2015,
Miller et al. 2016). Human activities that amplify
acidic conditions and the subsequent hypoxic zones
in coastal waters are projected to increase over the
coming decades (IPCC 2013), and extreme decreases
in DO and pH levels currently seen in summer
months are projected to become more frequent
(Rabalais et al. 2009, Duarte et al. 2013).

Organisms that reside either permanently or sea-
sonally in an estuarine environment are adapted to
dynamic fluctuations in environmental variables
including temperature, salinity, and, in some cases,
DO (Jensen et al. 1993). These adaptations allow
estuaries to serve as a refuge from predators that
may be less able to tolerate environmental extremes.
Therefore, organisms that reside in an estuary may
possess the capacity to physiologically adjust to
changes in pCO2 and hypoxia levels under projected
eutrophication scenarios. However, predicting the
interactive effects of hypoxia and elevated pCO2 in
estuarine organisms can be challenging because of
the opposing physiological responses these stressors

can elicit. Hypoxia typically causes an increase in
ventilation and/or metabolic depression, and in some
cases, causes organisms to use anaerobic energy
sources (Hochachka 1986, Burnett & Stickle 2001,
Mandic et al. 2009, Ekau et al. 2010). In teleost fishes,
elevated pCO2 exposure typically causes an alter-
ation of blood CO2 chemistry, followed by respiratory
acidosis, which in turn is alleviated by retaining
additional HCO3

− in the blood (Evans et al. 2005,
Perry & Gilmour 2006, Esbaugh et al. 2016, Esbaugh
2018). The additional bicarbonate is sequestered by
direct transfer of this base for an acid (H+) across the
gill, kidney, and intestinal epithelia (Heisler 1984,
Karnaky 1986), by way of Na+/K+ ATP-ase (NKA)
pumps, and catalyzation of HCO3

− and H+ from water
and CO2 via carbonic anhydrase (Claiborne et al.
2002, Deigweiher et al. 2008). Additionally, both
stressors have been known to increase the oxidative
stress within an organism, and subsequently can
enhance damage from reactive oxygen species
(Abele & Puntarulo 2004). The combination of ele-
vated pCO2 and hypoxia can affect organisms either
additively or synergistically, increasing physiological
stress and decreasing organism survival (DePasquale
et al. 2015, Gobler & Baumann 2016).

Sheepshead minnows Cyprinodon variegatus Lacé -
pède, 1803 are teleost fish that permanently inhabit
estuaries and can withstand a wide array of environ-
mental parameters. These fish can tolerate tempera-
tures ranging from −1.9 to 45°C, salinities from 0 to
>125‰, and DO levels below 1 mg l−1 (see Nordlie
2006 for review). Sheepshead minnows occupy an
intermediate trophic step between zooplankton and
larger predators (Pikitch et al. 2014), functioning as
both predator and prey, making them an important
link in estuarine food webs. Given the range of en -
vironmental conditions these fish can tolerate,
sheepshead minnows were selected as a model spe-
cies to determine how the interactive effects of
hypoxia and acidification affect estuarine organism
development and physiological homeostasis.

We tested hypoxia (low DO, ~2 mg l−1) and acidifi-
cation (elevated pCO2, ~2000 μatm) occasionally seen
during summer months in estuaries in the northern
Gulf of Mexico (Cai et al. 2011, IPCC 2013, Baumann
et al. 2015) (www.nerrsdata.org; accessed August 1,
2018). To investigate the interactive effects of acidifi-
cation and hypoxia on development, we ex posed fish
over a 42 d period that included embryo (<24 h old)
through juvenile life stages. For each life stage,
we investigated how treatment exposure affected
acid−base regulatory enzymes (carbonic anhydrase
and NKA activities), anaerobic path way use (lactate
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dehydrogenase activity), and the oxidative stress
response (protein carbonyl formation, superoxide
dismutase, and catalase activities) of fish.

2.  MATERIALS AND METHODS

2.1.  Sheepshead minnow culture

Adult sheepshead minnows were collected from
local saltmarsh swales in Santa Rosa Sound, north-
west Florida, USA, transported to the laboratory,
and quarantined for 1 mo. Culture waters were con-
tinuously renewed from a water intake in Santa
Rosa Sound and maintained at approximately 25 ±
0.5°C by titanium heaters. Salinity was maintained
at 20 ± 1‰ by the addition of fresh water or high-
salinity seawater. DO (mg l−1) and pH levels were
checked once a month in culture tanks (average DO
of ~7 mg l−1/95% air saturation and pH ~7.9), and
these tanks were monitored for DO and pH daily for
1 wk before experiments were started. Fish were
fed Tetramin® flake food and frozen brine shrimp.
At the end of the quarantine period, fish were
spawned by placing 2 males and 3 females into a
6 mm mesh-bottom spawning chamber (20.5 cm ×
26.5 cm × 22.5 cm) positioned atop a separate
450 μm mesh screen to which released eggs ad -
hered. Fertilized eggs were collected each morning
and hatched in aquaria. This F1 generation was
reared in ambient laboratory conditions, then
spawned as described above to initiate the stressor
exposures (F2 generation). Due to a low number of
available embryos, the first experiment (herein ‘lar-
val-juvenile’) measured effects only on the larval
and juvenile stages, although embryos were reared
in treatment waters. A second experiment (‘embryo-
only’) monitored only the embryonic stage. Each
experiment was performed separately, using em -
bryos from the same parental stock of fish.

2.2.  Experimental design

The effects of elevated pCO2 and hypoxia were in-
vestigated over a 42 d exposure using a 2 × 2 factorial
experimental design. The exposure system was com-
prised of 4 polymer fiberglass headboxes (250 l, Aquatic
Ecosystems) that served as gas mixing reservoirs for
treatment waters. The system was maintained at 25°C
and 20‰ salinity as described above, supplied with
the same Santa Rosa Sound water as culture tanks.
Each headbox gravity-fed 5 flow-through experimen-

tal chambers that served as treatment replicates. Each
experimental chamber (7.8 l) was constructed of glass
and housed 20 organisms in glass mason jars with 300
μm mesh bottoms to allow for water and gas exchange
across embryos. Experimental chambers were ran-
domly distributed within a water bath. Flow to each
chamber (300 ml min−1) was independently controlled
and monitored 3 times a week. Target DO levels of
6−7 mg l−1 (ambient, ~95% air saturation) and 2 mg l−1

(low DO; hypoxic, ~27−28% air saturation), and target
pCO2 levels of 300−400 μatm (ambient) and 2000 μatm
(elevated) were used to create the following 4 treat-
ments: (1) ambient conditions, (2) ambient DO/elevated
pCO2, (3) low DO/ambient pCO2, and (4) low DO/
elevated pCO2.

We used a pCO2 generation system first described
by Fangue et al. (2010) to create elevated pCO2 and
low DO treatments. To create elevated pCO2 levels,
air was stripped of moisture (using Drierite®) and
carbon dioxide (using Sodasorb®) and blended with
pure CO2 using digital mass flow controllers (Aal-
borg Instruments). The air/CO2 blend was infused
into headboxes via Venturi injectors. For the low DO
treatments, nitrogen gas was metered using mass
flow controllers and bubbled using Venturi injectors
to displace oxygen. Air without nitrogen or CO2 addi-
tion was bubbled with a Venturi injector into the con-
trol treatment headbox. Headboxes and experimen-
tal chambers were set up at least 24 h prior to each
test to ensure DO and pCO2 were at target levels
before organisms were loaded into chambers.

Water samples were collected twice a week from
experimental chambers at the same time each morn-
ing from 2 randomly selected chambers which served
as replicates for carbonate chemistry measurements
for each treatment. The pH from each chamber was
measured using the m-cresol spectrophotometric
method (Dickson et al. 2007: SOP 6b; UV-Vis 1700,
Shimadzu) adjusted for lower salinities (Hammer et
al. 2014). Total alkalinity (potentiometric titration;
Dickson et al. 2007: SOP 3b) was measured and used
to evaluate carbonate chemistry. Alkalinity titrations
were verified using certified reference materials
(provided by Andrew Dickson, Scripps Institution of
Oceanography), and all samples were run on a
Metrohm Titrando 905 titrator. pCO2 values were
calculated using the program CO2Calc and using the
CO2 constants from Mehrbach et al. (1973) refit by
Dickson & Millero (1987). Measured pH and total
alkalinity values were combined with measurements
of DO and temperature (PreSens FIBOX 4 DO meter)
as well as salinity (YSI Pro2030) to assess experimen-
tal DO and pCO2 levels. Mean water quality parame-
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ters measured over the course of the experiments for
each treatment are shown in Table 1.

2.3.  Fish condition

To determine if treatments had any effect on fish con -
dition and growth, standard length (mm) and weight
(g) were measured on all juvenile fish at the end of
the experiment. Fulton’s condition index, K, was cal-
culated using the following equation (Hopkins 1992):

(1)

where W = fish wet weight (g) and L = standard
length (mm).

2.4.  Biochemical analyses

To evaluate how fish were responding on a cellular
level to treatments, measurements of anaerobic
 pathways (lactate dehydrogenase activity), acid−
base regulatory enzymes (carbonic anhydrase and
NKA activity), and oxidative stress and antioxidant
re sponse (protein carbonyl formation, total superox-
ide dismutase activity, catalase activity) were quanti-
fied on protein extracts from all 3 life stages. A pro-
tein extract was prepared from flash-frozen samples
(6 d post fertilization embryos, 14 d post hatch larval
fish, and 42 d old juvenile fish) with approximately
100 mg of whole embryos or whole fish. Samples
were homogenized with 100 mM phosphate buffer
containing a protease inhibitor (cOmpleteTM EDTA-
free tablets, Roche Diagnostics), then centrifuged for
5 min at 13 000 × g. To evaluate NKA activity, samples
were homogenized with 50 mM Imidazole buffer

(pH = 7.3), then centrifuged for 2 min at 2000 × g.
Aliquots of supernatants were stored at −20°C until
ready for use in individual assays. Protein content of
samples was analyzed using the Bradford method for
protein quantification (Bradford 1976) on a Spectra-
Max 190 Microplate reader (Molecular Devices).

2.5.  Lactate dehydrogenase activity

Specific lactate dehydrogenase (LDH) activity was
quantified using a spectrophotometric method adapted
from Yancey & Somero (1978). Total enzyme activity
was measured by combining 5 μl of protein extract
with 2.00 ml of LDH cocktail (0.2 M imidazole/HCl
buffer, pH = 7.00, 5.5 mM nicotinamide adenine dinu-
cleotide [NADH], 2.00 mM sodium pyruvate), and the
change of absorbance at 340 nm was measured over
3 min. Absorbances were used to calculate enzyme
activity using the following equation:

(2)

where S = the slope describing the rate of conversion,
V = volume of LDH cocktail buffer added to each
cuvette (2 ml), and ε = micromolar extinction coeffi-
cient for NADH (6.22 μmol cm−1 at 340 nm). All sam-
ples were processed in duplicate, and the averaged
activities are reported as International Units (IU) per
gram fresh tissue weight (gfw).

2.6.  Measurement of oxidative stress and 
antioxidant response

Protein carbonyl (PC) formation was quantified
as an indicator of oxidative stress in extracted pro-

K
W

L
= ×100000

3

Activity = × ⎛
⎝

⎞
⎠S

V
ε
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Treatment Temperature (°C) Salinity (ppt) DO (mg l−1) pH (total scale) TA (μmol kg−1 SW) pCO2 (μatm)

Larval-juvenile
Control 25.00 ± 0.14 20.64 ± 0.38 7.03 ± 0.48 7.97 ± 0.01 1700.97 ± 28.96 422.97 ± 10.23
Elevated pCO2 25.16 ± 0.24 20.64 ± 0.35 7.01 ± 0.04 7.37 ± 0.05 1704.53 ± 25.81 1923.31 ± 211.24
Low DO 25.14 ± 0.15 20.65 ± 0.33 2.03 ± 0.13 7.94 ± 0.01 1698.58 ± 30.37 457.12 ± 7.61
Multi-stress 25.19 ± 0.21 20.71 ± 0.33 2.04 ± 0.15 7.36 ± 0.02 1705.79 ± 26.76 1940.82 ± 94.11

Embryo-only
Control 24.88 ± 0.17 20.85 ± 0.43 7.02 ± 0.02 8.00 ± 0.00 1689.29 ± 34.82 390.85 ± 6.20
Elevated pCO2 24.89 ± 0.14 21.07 ± 0.34 7.02 ± 0.01 7.38 ± 0.07 1704.44 ± 37.42 1888.64 ± 264.90
Low DO 24.88 ± 0.10 21.07 ± 0.34 2.09 ± 0.32 7.97 ± 0.00 1696.82 ± 30.82 421.47 ± 4.59
Multi-stress 24.97 ± 0.11 21.09 ± 0.32 2.00 ± 0.07 7.39 ± 0.05 1710.34 ± 27.48 1843.28 ± 197.304

Table 1. Mean (±SD) temperature, salinity, dissolved oxygen (DO), pH, total alkalinity (TA; SW: seawater), and pCO2 in control
(400 μatm; DO: 7 mg l−1), elevated pCO2 (2000 μatm; DO: 7 mg l−1), low DO (2 mg l−1; pCO2: 400 μatm), and multi-stress treat-
ments (pCO2: 2000 μatm; DO: 2 mg l−1) during larval-juvenile and embryo-only experiments
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tein samples using the alkaline method from
Mesquita et al. (2014) at 450 nm. The PC concen-
trations were based on the average absorbances
and the micro molar extinction coefficient of 2,4-
dinitrophenylhydrazine reagent under alkaline
conditions (0.022308 μmol cm−1 at 450 nm) and
reported as nmol PC (mg protein)−1. All samples
were processed in duplicate and averaged activities
were normalized by gfw.

Total superoxide dismutase (SOD) activity was
measured as the first step in the antioxidant pathway
in response to oxidative stress. SOD activity was
quantified in extracted protein samples at 560 nm
using the 96-well spectrophotometric assay de -
scribed by Ewing & Janero (1995). Each sample was
processed in duplicate with averaged activities nor-
malized to units of SOD gfw−1, where 1 unit of SOD is
defined as the amount required to give 50% of maxi-
mal inhibition of nitro-blue tetrazolium reduction.

Catalase activity was measured as a second meas-
ure of changes to antioxidant capacity using the
spectrophotometric method of Beers & Sizer (1952).
Protein extracts were run in quartz cuvettes due to
the low absorption wavelength (240 nm) used to
measure enzyme activities. Total catalase activity
was calculated using Eq. 2, where S = the slope
describing the rate of disappearance of H2O2, V =
volume of H2O2-phosphate buffer added to each
cuvette (3 ml), and ε = micromolar extinction coeffi-
cient of H2O2 (0.0436 μmol cm−1 at 240 nm). All sam-
ples were processed in duplicate, and averaged
activities were normalized by gfw.

2.7.  Measurements of acid−base 
regulatory enzymes

Carbonic anhydrase (CA) activity was measured to
discern the degree to which fish were sequestering
bicarbonate after exposure to treatments using an
assay modified from Capasso et al. (2012). Briefly,
ice-cold CO2-saturated MilliQ® water was quickly
added to ice-cold culture water containing either
10 μl of culture water (control) or protein extract
(sample). Phenol red (2 mmol) was used as the color
indicator, and the time for the solution to change
from pink (approximately pH = 8) to a straw-yellow
(approximately pH = 6) is inversely related to the
amount of CA present in the sample. The catalyzed
conversion of CO2 to bicarbonate was used as a sur-
rogate indicator for CA activity.

All samples were processed in duplicate, and
the mean time to achieve the color change indicator

was used to calculate the CA activity (in Wilbur-
Anderson units [WAU]) of the sample using the fol-
lowing equation:

(3)

where T0 = time (in seconds) for an uncatalyzed reac-
tion and T = time (in seconds) for the catalyzed reac-
tion. Each sample was then normalized by gfw.

Total NKA activity was quantified as a second meas-
urement of acid−base regulation after exposure to
treatments, using the 96-well assay method of
McCormick (1993). All samples were processed in
duplicate, and the change of absorbance at 340 nm
was measured over 10 min. Absorbances were used
to calculate enzyme activity using Eq. 2, where S =
the slope describing the rate of conversion, V = vol-
ume of NKA cocktail buffer added to each well
(0.2 ml), and ε = micromolar extinction coefficient
for NADH (6.22 μmol cm−1 at 340 nm). All samples
were processed in duplicate, and the averaged activ-
ities are reported as IU gfw−1.

2.8.  Statistical analyses

All data were analyzed using a 2-way ANOVA
with treatment (control, elevated pCO2, hypoxia, or
multi-stress) and life stage (embryo, larva, or juve-
nile) as main level effects, using SigmaPlot statistical
software (version 13.0). A post hoc Holm-Sidak mul-
tiple comparison procedure was used to explore dif-
ferences between treatments and life stages if a sig-
nificant main effect was found. A Shapiro-Wilk test
was used to evaluate assumptions of normality, and a
Brown-Forsythe test was used to explore equal vari-
ance (p = 0.05 in both cases). If any data had not met
assumptions, they would have been transformed only
if the level of significance was close to p = 0.05, but
there were no cases where this applied.

3.  RESULTS

3.1.  Hatch rate, survival, and fish condition

Hatching began 4 d after the start of the experiment
in all treatments, and >90% of embryos hatched by
Day 6 of exposure in the control and  elevated pCO2

treatments in both experiments (Table 2). Limited
hatching occurred in the multi-stress treatment on
Day 4 in both the larval-juvenile (8%) and embryo-
only (5%) exposures. Compared to the controls,

WAU =
−( )T T

T
0
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hatching was significantly delayed in both experi-
ments until Day 8 of exposure in the majority of
embryos in the multi-stress treatments (larval-juvenile
p = 0.009, embryo-only p < 0.001; Table 2). Embryonic
survival was assessed by examining embryos under a
microscope for a heartbeat and spontaneous move-
ment. In the larval-juvenile exposure, embryo sur-
vival was greater than 95% across treatments. A total
of 4 fish died after embryos hatched (2 in control, 2 in
the multi-stress), and survival was >90% across all
treatments. In the embryo-only exposure, embryonic
survival exceeded 90% in the control and elevated
pCO2 treatments at the start of embryonic hatching
and was slightly lower in the DO and multi-stress
treatments (Table 2). After 42 d of exposure, juvenile
fish showed no differences in fish weight, length, or
condition, regardless of treatment (Table 3).

3.2.  Biochemical analyses

Analyses of LDH activity showed a significant main
level effect of life stage (p < 0.001), with no signifi-
cant effect of treatment (p = 0.525). LDH levels

steadily increased as fish developed from embryo to
juvenile (Fig. 1).

3.3.  Oxidative stress and antioxidant response

A significant main level effect of life stage was
noted in PC formation (p < 0.001), with no overall
treatment effects (p = 0.099, Fig. 2). However, within
the embryo life stage, PC levels in the multi-stress
treatment were significantly different than control fish
(p = 0.009). Additionally, PC formation was notably
decreased in larval fish compared to em bryos and
juvenile fish (Fig. 2).

Only a main level effect of life stage was noted for
SOD activity and catalase activity (p < 0.001 in both
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Day post Control Elevated pCO2 Low DO Multi-stress
fertilization Survival Hatch Survival Hatch Survival Hatch Survival Hatch

(%) rate (%) (%) rate (%) (%) rate (%) (%) rate (%)

Larval-juvenile
4 99.5 30.8 100 14.5 100 25.5 99.5 8*
6 99.5 99.5 100 99.5 97.5 89.5 97 79.5*
8 99.5 100 99.5 100 96 99.5 96.5 98.4

Embryo-only
4 94.6 20 93.1 7.4 97.1 20 94.6 5*
6 92.3 92.6 92 91.4 86.3 65.1 86.3 59.4*
8 92 100 92 100 84 84.6 83.4 85.1

Table 2. Mean survival and calculated percent hatch rates of sheepshead minnow Cyprinodon variegatus embryos in response
to control, elevated pCO2, low dissolved oxygen (DO), and multi-stress treatments (see Table 1 for treatment details) at 4, 6, 

and 8 d post fertilization. *Significant differences from control treatment

Treatment Length (mm) Weight (g) K (g mm−3)

Control 14.0 ± 0.07 0.07 ± 0.02 2.37 ± 0.17
Elevated pCO2 13.6 ± 1.25 0.06 ± 0.02 2.36 ± 0.20
Low DO 14.0 ± 1.13 0.07 ± 0.02 2.37 ± 0.34
Multi-stress 13.88 ± 1.46 0.06 ± 0.02 2.33 ± 0.32

Table 3. Mean (±SD) length, weight, and calculated Fulton’s
condition index (K) of juvenile (42 d old) sheepshead
 minnows Cyprinodon variegatus in control, elevated pCO2,
low dissolved oxygen (DO), and multi-stress treatments (see
Table 1 for treatment details) during the larval-juvenile 

experiment

Fig. 1. Total lactate dehydrogenase activity (±SE) of embryo,
larval, and juvenile sheepshead minnows Cyprinodon varie-
gatus, (n = 5 for each life stage) exposed to control condi-
tions (ambient dissolved oxygen [DO] and pCO2; black
bars), elevated pCO2 (white bars), low DO (grey bars), and
low DO and elevated pCO2 (cross-hatched bars). Data were
analyzed by 2-way ANOVA, and letters indicate significant 
differences between life stages; gfw: g fresh tissue weight
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cases). Embryos had an almost 3-fold higher SOD
activity level compared to larval and juvenile fish
regardless of treatment (Fig. 3). In contrast, catalase
activity levels were higher in larval and juvenile fish
when compared to embryos (Fig. 4).

3.4.  Carbonic anhydrase and Na+/K+ ATPase

Two-way ANOVA showed a significant effect of
life stage (p < 0.001) in both CA and NKA enzyme
activities. A significant effect of treatment and inter-
action between life stage and treatment was also
seen in the NKA data. Embryonic fish showed no sig-
nificant changes, regardless of treatment, although
CA  levels were much higher compared to larval and
juvenile fish (Fig. 5). Larval fish showed significant
increases in NKA activity compared to embryo and

juvenile fish, across all treatments (p < 0.001 in all
cases), with the multi-stress treatment showing a
synergistic interaction between acidification and
hypoxia (Fig. 6).

4.  DISCUSSION

Understanding and predicting the interactive ef-
fects of hypoxia and elevated pCO2 in estuarine or-
ganisms are critical for forecasting responses to such
anthropogenically driven environmental changes. We
investigated the capacity of embryo through juvenile
developmental stages in sheeps head minnows to
compensate for exposure of elevated levels of pCO2

(2000 μatm) and low DO (2 mg l−1) that are expected
to occur under projected acidification and eutrophi-
cation scenarios (Rabalais et al. 2009, Duarte et al.
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Fig. 2. Protein carbonyl (PC) formation (±SE) of embryo, lar-
val, and juvenile sheepshead minnows Cyprinodon variega-
tus (n = 5 for each life stage). Details as in Fig. 1. Asterisk 
indicates a significant difference from the control treatment

Fig. 3. Total superoxide dismutase (SOD) activity (±SE)
of embryo, larval, and juvenile sheepshead minnows
 Cyprinodon variegatus (n = 5 for each life stage). Details as 

in Fig. 1

Fig. 4. Catalase activity (±SE) of embryo, larval, and juvenile
sheepshead minnows Cyprinodon variegatus (n = 5 for each 

life stage). Details as in Fig. 1

Fig. 5. Carbonic anhydrase activity (±SE) of embryo, larval,
and juvenile sheepshead minnows Cyprinodon variegatus

(n = 5 for each life stage). Details as in Fig. 1



2013, IPCC 2013). The interactive effects of elevated
pCO2 and hypoxia on sheepshead minnow develop-
ment and cellular homeostasis were determined
using a suite of biochemical assessments. Hypoxia
and the combination of hypoxia and elevated pCO2

had minimal effects on embryonic hatch rate and sur-
vival, and no effect on fish survival or condition after
hatching. No significant effects were seen in LDH ac-
tivity, PC formation, or antioxidant activity of larval
or juvenile fish. Acid−base regulation was the only
metabolic process influenced by hypoxia and/or ele-
vated pCO2 in this species, specifically in larval fish.

The majority of studies examining the effects of
elevated pCO2 on early life stages of teleost fish have
focused on metrics such as hatch rate, development,
and overall survival, producing variable results.
Atlantic silverside Menidia menidia and inland sil-
verside M. beryllina showed decreased survival and
altered development at exposures of ~1000 and
2300 μatm (Baumann et al. 2012, Malvezzi et al.
2015), yet no negative effects were noted in separate
studies at exposures of 2000 or 2200 μatm in these
same species (DePasquale et al. 2015, Murray & Bau-
mann 2018). Elevated pCO2 levels of ~2000 μatm did
not influence hatch rate or survival in sheepshead
minnows (DePasquale et al. 2015, Gobler et al. 2018);
our results also indicated no detrimental effects of
elevated pCO2 on embryonic development or hatch
rate.

In contrast to elevated pCO2, exposure to hypoxia
delays hatching in teleost fish, regardless of species.
DO levels of 2.5 mg l−1 significantly delayed hatching
in M. menidia, M. beryllina, and sheepshead min-
nows by 1−3 d, and reduced hatching success by
approximately 50% in all 3 species in both hypoxic
and multi-stress treatments (DePasquale et al. 2015).

We also determined that exposure to hypoxia singly
or combined with elevated pCO2 delayed hatching
by approximately 2 d. However, our hatch success
rates in hypoxia and multi-stress treatments (95 and
85%) were much higher than the approximately 50%
reported by DePasquale et al. (2015). Additionally,
post-hatch survival of larvae was substantially higher
than reported by DePasquale et al. (2015), despite
similar targeted treatment levels. This may be due to
the source of fish used. Our embryos were spawned
from wild-caught stock, versus the fish in De -
Pasquale’s study, which were purchased from a
 laboratory facility.

LDH activity, a widely used anaerobic pathway in
teleost fishes (Hochachka & Somero 2002, Evans et
al. 2005), was expected to increase under low DO
concentrations. However, other than a decrease in
LDH activity noted in embryonic fish, we saw no
treatment effects. We did observe an overall increase
in LDH activity as fish developed. In embryos and
early larval fish, metabolism is almost wholly aerobic
via cutaneous diffusion of oxygen versus diffusion
across gill lamellae (Wieser 1995). As fish and gills
develop, anaerobic pathways are more heavily relied
upon due to increased transportation costs and time
of delivery of oxygen to tissues (Vetter & Lynn 1997).
The results of our study demonstrate this concept,
shown by the increase in LDH activity during
sheepshead minnow development from embryo to
juvenile.

PC formation can be used as an indicator of reac-
tive oxygen species formation and subsequent oxida-
tive stress (Dalle-Donne et al. 2003). PCs are ex -
pected to increase when organisms are exposed to
acidification and/or hypoxia, as both of these stres-
sors impair mitochondrial function (Guzy & Schu-
macker 2006, Murphy 2009, Tomanek et al. 2011).
Fish in our study had varying levels of PC formation,
and only embryo multi-stress treatment values dif-
fered from control fish. Low oxygen availability has
been shown to increase PC formation in hypoxia-
 tolerant adult goby Perccottus glenii (Lushchak &
Bagnyukova 2007), and exposure to elevated pCO2

markedly increased PC formation in 3 species of
Antarctic notothenioid adults through 28 d of expo-
sure (Enzor & Place 2014). The lack of PC formation
noted in the present study indicates that larval and
juvenile fish were capable of physiologically com-
pensating for any mitochondrial impairment caused
by treatment exposure. The overall decrease in PC
formation noted in larval fish compared to the
embryonic and juvenile life stages requires further
exploration.

Mar Ecol Prog Ser 636: 157–168, 2020164

Fig. 6. Na+/K+ATP-ase activity (±SE) of embryo, larval, and
juvenile sheepshead minnows Cyprinodon variegatus (n = 5
for each life stage). Details as in Fig. 1. Asterisks indicate 

significant differences from the control treatment
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While no treatment effects were noted in the 2
antioxidant pathways examined, SOD and catalase,
enzyme activity varied with life stage. Embryonic
fish appear to use SOD more, while larval and juve-
nile fish rely more on catalase. Studies on the estu-
arine species spot croaker Leiostomus xanthurus
and pinfish Lagodon rhomboides showed an in -
crease in SOD activity in response to hypoxia, with
no clear trend of catalase activity (Ross et al. 2001,
Cooper et al. 2002). Both of these studies examined
individual tissues for these enzymes, and the whole-
fish re sponses noted in our study may have diluted
a tissue-specific response. Another possible expla-
nation for the lack of response is the chronic hypoxic
exposure of our study. Borowiec et al. (2015) noted
that oxidative stress and antioxidant activities be -
came apparent after mummichog Fundulus hetero-
clitus exposed to hypoxia were returned to normoxic
conditions; i.e. that oxidative stress became appar-
ent only when oxygen debt could be repaid. The
constant hypoxic exposure in our study could have
masked this effect.

In teleost fish, ionic and osmotic balance are often
disrupted during exposure to acidification, resulting
in increased metabolic costs of re-establishing acid−
base balance via osmoregulation (see Perry & Gil -
mour 2006, Heuer & Grosell 2014 for reviews). CA, a
metalloenzyme which catalyzes the hydrolysis of
CO2, combined with NKA pumps found in the chlo-
ride cells, are largely responsible for maintaining and
regulating ion balance. While no differences in CA
activity were noted in treatment fish versus control
fish in this study, levels of CA were notably higher in
embryos than in larval and juvenile fish, likely due to
the egg capsule preventing CO2 diffusion out of the
embryo (Rombough 1988). NKA activity was the only
enzyme to show significant changes in response to all
treatments in sheepshead minnow larvae. This
increase during the larval phase is likely due to fish
moving from cutaneous to branchial  respiration, rely-
ing more on the NKA pumps for osmoregulation
(Alderdice 1988). Juvenile sheeps head showed no
changes in NKA activity, a finding similar to other
teleost fishes. Gulf toadfish Opsanus beta showed
complete compensation within 2 h of exposure to
1900 μatm (Esbaugh et al. 2012), and woolly sculpin
Clinocottus analis showed no difference in hypoxia
tolerance or NKA activity after 7 d of acclimation at
elevated pCO2 levels (~1000 μatm, Hancock & Place
2016). Interestingly, a 14 d exposure to 1000 μatm in
red drum Sciaenops ocellatus showed an increase of
NKA activity even after 2 wk at elevated pCO2 levels
(Esbaugh et al. 2016).

Understanding the interactive effects of elevated
pCO2 and hypoxia on physiological and biochemical
compensation processes of estuarine organisms is
critical to predicting impacts of environmental alter-
ation of these stressors by eutrophication. An impor-
tant facet is identifying sensitive species and life
stages that may be significantly impacted and under-
standing their ability to adapt to future stressor con -
ditions. Within the estuarine environment, DO and
pCO2 levels are invariably linked; large variation of
DO and pCO2 levels can occur on a daily basis due to
primary production and respiration. Hypoxic zones
are projected to become more frequent due to nutri -
ent pollution, which causes declines in pH levels (Ra-
balais et al. 2009, Borges & Gypens 2010, Ho warth
et al. 2011). Both hypoxic zones and pH level de -
clines are further  exacerbated by nutrient in fluxes
and anthropogenic CO2 emissions (Cai et al. 2011,
Hofmann et al. 2011). Several studies have examined
the interactive effects of low DO and elevated pCO2

on estuarine teleost survival, embryonic development,
and physiology. These studies have produced variable
results, with some studies providing evidence of sus-
ceptibility in M. menidia and M. beryllina (DePas -
quale et al. 2015, Miller et al. 2016) and other research
demonstrating adaptability and compensation in
weakfish Cyno scion regalis (Lifavi et al. 2017), F. het-
eroclitus (Cochran & Burnett 1996), and sheepshead
minnows (DePasquale et al. 2015, this study).

The results of our study indicate that embryonic,
larval, and juvenile sheepshead minnows are capa-
ble of compensating for the detrimental effects of
acidification (2000 μatm) and hypoxia (2 mg l−1)
exposure. The lack of measured anaerobic activity
and oxidative stress observed here point toward
physiological compensation in these fish. However,
minor changes in early life stages, such as the
increase in NKA activity noted in larval fish, may sig-
nificantly alter or impact later life stages (Pechenik
2006), which were not tested here. Additionally, any
delay in hatching, as noted in this study and that of
DePasquale et al. (2015), may influence population
numbers, as an increase in the length of embryonic
or larval stages may increase mortality (Raimondo
2012). Despite these possibilities, sheepshead min-
nows appear to be inherently more tolerant to the
combination of elevated pCO2 and hypoxia than
other teleost species.
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