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Acidification and deoxygenation are two consequences of climate change that also
co-occur in eutrophied coastal zones and can have deleterious effects on marine
life. While the effects of hypoxia on marine herbivores have been well-studied, how
ocean acidification combined with hypoxia affects herbivory is poorly understood. This
study examined how herbivory and survival by the gastropod Lacuna vincta grazing on
the macroalgae Ulva rigida was influenced by hypoxia and ocean acidification, alone
and in combination, with and without food limitation. Experiments exposed L. vincta
to a range of environmentally realistic dissolved oxygen (0.7 – 8 mg L−1) and pH
(7.3 – 8.0 total scale) conditions for 3 – 72 h, with and without a starvation period
and quantified herbivory and survival. While acidified conditions (pH < 7.4) reduced
herbivory when combined with food limitation, low oxygen conditions (< 4 mg L−1)
reduced herbivory and survival regardless of food supply. When L. vincta were starved
and grazed in acidified conditions herbivory was additively reduced, whereas starvation
and hypoxia synergistically reduced grazing rates. Overall, low oxygen had a more
inhibitory effect on herbivory than low pH. Shorter exposure times (9, 6, and 3 h)
were required to reduce grazing at lower DO levels (∼2.4, ∼1.6, and ∼0.7 mg L−1,
respectively). Herbivory ceased entirely following a three-hour exposure to DO of 0.7 mg
L−1 suggesting that episodes of diurnal hypoxia disrupt grazing by these gastropods.
The suppression of herbivory in response to acidified and hypoxic conditions could
create a positive feedback loop that promotes ‘green tides’ whereby reduced grazing
facilitates the overgrowth of macroalgae that cause nocturnal acidification and hypoxia,
further disrupting herbivory and promoting the growth of macroalgae. Such feedback
loops could have broad implications for estuarine ecosystems where L. vincta is a
dominant macroalgal grazer and will intensify as climate change accelerates.

Keywords: hypoxia, ocean acidification, gastropods, macroalgae, grazing

Frontiers in Marine Science | www.frontiersin.org 1 September 2020 | Volume 7 | Article 547276

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.547276
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.547276
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.547276&domain=pdf&date_stamp=2020-09-17
https://www.frontiersin.org/articles/10.3389/fmars.2020.547276/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-547276 September 15, 2020 Time: 20:11 # 2

Young and Gobler Hypoxia and Acidification Disrupt Herbivory

INTRODUCTION

The world’s oceans are acidifying and experiencing
deoxygenation. The continued delivery of CO2 into surface
oceans is lowering levels of pH, CO3

2−, and calcite and aragonite
saturation states (Doney et al., 2009; Feely et al., 2009). Ocean
warming in response to excessive atmospheric CO2 (Solomon
et al., 2009) has the added consequence of deoxygenation
through decreased oxygen solubility and increased water column
stratification (Gruber, 2011; Breitburg et al., 2018). It is estimated
that global ocean dissolved oxygen (DO) levels will continue to
decrease over the next century, particularly in the 200 – 400 m
depth range of North Pacific and Southern Oceans, as well as in
the tropical Atlantic and Pacific Oceans (Stramma et al., 2008;
Keeling et al., 2010; Falkowski et al., 2011).

Beyond the open ocean, coastal ecosystems and estuaries can
also be subjected to long-term and seasonal declines in oxygen
and pH levels (Diaz and Rosenberg, 2008; Gilbert et al., 2010;
Wallace et al., 2014; Breitburg et al., 2018). Coastal marine
ecosystems are both ecologically and economically productive
and as human coastal populations expand, these critical habitats
have become subject to a suite of anthropogenic stressors,
including acidification and hypoxia (Gobler and Baumann,
2016). Deoxygenation is exacerbated in estuarine ecosystems
by eutrophication that can contribute to increased primary
production and subsequent microbial respiration of the decaying
algal biomass (Diaz and Rosenberg, 2008; Falkowski et al., 2011).
Microbial respiration of phytoplankton biomass also releases
respiratory CO2 that can elevate pCO2 in some coastal zones
to levels not expected in open ocean systems for more than
a century (> 1,000 µatm; Cai et al., 2011; Wallace et al.,
2014; Cai et al., 2017). Intensified wind-driven upwelling via
increased atmospheric warming can also introduce acidified and
hypoxic waters into coastal zones and estuaries (Waldbusser
and Salisbury, 2014; Levin and Breitburg, 2015). Temperate
regions are most vulnerable to acidified and hypoxic conditions
during the warmer months when respiration rates and water
column stratification are maximal (Gobler and Baumann, 2016).
In stratified coastal ecosystems, bottom waters are more likely
to experience acidified and hypoxic conditions, which suggests
that benthic organisms are subjected to these stressors for
longer periods of time than pelagic organisms (Wallace et al.,
2014; Breitburg et al., 2018). In shallow, well-mixed coastal
ecosystems, hypoxia, and acidification can occur diurnally, with
the cumulative effects of nighttime respiration significantly
decreasing DO and pH levels and exposing pelagic and benthic
organisms to these stressors (Wootton et al., 2008; Baumann
et al., 2015; Gobler and Baumann, 2016).

Independently and combined, acidification and hypoxia can
have deleterious effects on a variety of estuarine organisms,
including bivalves (Miller et al., 2002; Talmage and Gobler, 2010;
Gobler et al., 2014), fish (Baumann et al., 2011; DePasquale et al.,
2015; Morrell and Gobler, 2020), and gastropods (McMahon
and Russell-Hunter, 1978; Shirayama and Thorton, 2005; Young
et al., 2019). These broad effects across multiple trophic levels
organisms that represent important fisheries, or are prey that
support them, can result in a significant reduction in the

production of these fisheries in estuaries (Gobler and Baumann,
2016; Grear et al., 2020). For gastropods, elevated pCO2 or
reduced pH levels have been shown to decrease shell growth
(Shirayama and Thorton, 2005), fertility (Hendriks et al., 2010),
and metabolism (Melatunan et al., 2011). Similarly, exposure of
gastropods to low DO concentrations has been shown to slow
the rates of shell growth and feeding (Cheung et al., 2008),
as well as reduce growth rates and metabolism (Kapper and
Stickle, 1987; Li and Chiu, 2013). Furthermore, for both stressors,
decreased metabolism are potentially related to an increased
reliance on anaerobic metabolism (Bishop and Brand, 2000;
Seibel and Walsh, 2003; Tripp-Valdez et al., 2017).

Common to estuarine ecosystems of the Northwest Atlantic
Ocean, the northern Lacuna snail, Lacuna vincta (Gastropoda),
is known to graze on various genera of macroalgae, including
Laminaria, Saccharina, and Ulva (Brady-Campbell et al., 1984;
Nelson et al., 2008; Krumhansl and Scheibling, 2011). The snail
can consume up to 25% of macroalgal biomass and thus can
serve as an effective top-down control on macroalgal growth
(Nelson et al., 2008; Molis et al., 2010). The extent to which
grazing by L. vincta, or other estuarine grazers, is affected by
combined acidified and hypoxic conditions, however, is not well
understood. Given that some genera of macroalgae, such as Ulva,
undergo enhanced growth under elevated pCO2 (Olischläger
et al., 2013; Young and Gobler, 2016; Ober and Thornber, 2017)
and grazers such as L. vincta experience depressed herbivory
rates when exposed to elevated pCO2 in the absence of food
(Young et al., 2019), the potential stress of hypoxia alone or
combined with ocean acidification could alter consumption of
macroalgal biomass, which may influence the proliferation of
the algal biomass.

Following our previous study (Young et al., 2019), which
demonstrated that ocean acidification and food limitation can
combine to reduce rates of herbivory in L. vincta, this study
sought to assess how hypoxic conditions, with and without
acidification and with and without food limitation, affect
the grazing and survival of L. vincta feeding on Northwest
Atlantic populations of the macroalgae, Ulva rigida. A series
of experiments were performed to quantify changes in grazing
and survival following direct exposure to low pH and/or low
DO with and without food limitation prior to experiments.
Acidification and hypoxia have been shown to have additive or
synergistic effects on marine life (Gobler et al., 2014; Gobler
and Baumann, 2016), including gastropods (Kim et al., 2013),
with synergistic effects yielding outcomes more intense that
would be predicted based on exposure to low DO and low pH
individually. We hypothesized that the effects of low pH and
low DO would be additive. Prior studies have demonstrated
that adequate food supply can make individuals resilient to
ocean acidification (Melzner et al., 2011; Thomsen et al., 2013;
Pansch et al., 2014). We, therefore, hypothesized that the effects
of hypoxia and acidification on L. vincta would manifest only
when individuals were starved. Experiments were also performed
using a gradient of low DO intensities (i.e., concentrations)
and exposure durations to identify the precise DO conditions
required to alter grazing behavior and survival in L. vincta.
Responses to such gradients of low DO can follow a threshold
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effect (i.e., a level below which effects are manifested) or can
be dose-dependent response (i.e., responses proportional to
changes in DO; Levin, 2003; Vaquer-Sunyer and Duarte, 2008).
We hypothesized that L. vincta would respond in a dose-
dependent manner to both low DO intensity and duration of
low DO exposure.

MATERIALS AND METHODS

Collection and Preparation of L. vincta
and U. rigida
Lacuna vincta and U. rigida used for this study were collected
from Shinnecock Bay, NY, United States (40.85◦N, 72.50◦W;
Supplementary Figure S1) during low tides. Large, well-
pigmented fronds of U. rigida and similarly sized L. vincta
(∼3 mm) were collected by hand, placed in containers filled
with seawater, and transported to the Stony Brook Southampton
Marine Science Center within 15 min of collection. Upon arrival
to the facility, L vincta were placed in a 20 L polycarbonate
vessel filled with filtered (0.2 µm polysulfone filter capsule,
Pall©) seawater obtained from the collection site. The vessel
was provided with aeration and recently collected U. rigida
was supplied as a food source until experiments were initiated.
Consistent with our previous sequencing and microscopy (Young
and Gobler, 2016) Ulva samples were confirmed as U. rigida.
L. vincta is an abundant macroalgae grazer in estuaries of the
northern United States (Chavanich and Harris, 2002; Janiak and
Whitlatch, 2012) and were identified based on morphology.

For each experiment, circular section samples (∼3.5 cm in
diameter) of U. rigida were cut from large thalli with care
taken to avoid the potentially reproductive outer region of the
algae (Wallace and Gobler, 2015). The samples were placed
in a salad spinner to remove debris and epiphytes, extensively
rinsed with filtered seawater, and spun again to further remove
any debris and epiphytes (Young and Gobler, 2016). Excess
seawater was removed by placing the samples on a lint-free
Kimwipe and samples were weighed on a Scientech ZSA-120
digital microbalance (± 0.0001 g) to obtain initial wet weights. All
samples were kept in 100 mL filtered seawater-filled containers
after cleaning and weighing to prevent desiccation prior to
introduction of U. rigida to experiments.

Preparation of Experiments
Nine experiments were performed to assess the effects of low
DO and/or low pH on the herbivory rates of L. vincta on U.
rigida as well as the survival of the former. Each experiment was
performed in 1 L polycarbonate vessels that were acid-washed
(10% HCl) and liberally rinsed with deionized water prior to
use. All experimental vessels were placed in an environmental
control chamber set to a temperature (19 – 22◦C), light intensity
(∼250 µE m−2 s−1), and duration (14 h light: 10 h dark cycle)
that was similar to ambient conditions at the collection site
and near-optimal for animals and algae. Experimental vessels
were filled with filtered seawater and randomly assigned, in
quadruplicate, to each treatment, which varied based on the
experiment performed. For each experimental treatment, two

additional containers with U. rigida were filled with filtered
seawater without L. vincta to assess residual growth. To minimize
U. rigida growth during the grazing periods, the lights of the
environmental control chamber were turned off 24 h prior to
the introduction of L. vincta (Nelson et al., 2008; Young et al.,
2019). For each treatment within each experiment, eight mature
L. vincta (∼3 mm) were added to each replicate. Based on the
amount of U. rigida used in experiments (∼8 – 9 cm2 per
sample), the appropriate number of L. vincta was added. The
number of L. vincta used mimicked densities found on U. rigida
at the collection site (0.5 – 1 grazer cm−2) and reported in the
literature (Chenelot and Konar, 2007; Dubois and Iken, 2012;
Young et al., 2019).

Dissolved gases were delivered into each experimental vessel
through aeration via air diffusers (Pentair) connected a 1 mL
polystyrene serological pipette inserted into the bottom of
each vessel and connected via Tygon tubing to an air source.
Containers were subjected to varying DO and pH conditions via
multitube gas proportioner systems (Cole Parmer R© Flowmeter)
that mixed ambient air with 5% CO2 and pure N2 gases (Clark
and Gobler, 2016). The gases were mixed and delivered through
gang valves into the serological pipettes that were fit through
an opening in the plexiglass used to cover the experimental
vessels. Bubbling was initiated 2 – 3 d prior to the start of each
experiment to allow DO concentrations and carbonate chemistry
to reach a state of equilibrium. A Honeywell DuraFET III ion-
sensitive field-effect transistor-based pH sensor (± 0.01 pH unit,
total scale) and a YSI Professional Plus multiparameter handheld
meter were used to measure pH and DO, respectively, within
vessels daily. Initial and final water samples were taken at the
beginning and conclusion of experiments to directly measure
dissolved inorganic carbon (DIC) within experimental vessels.
Samples were preserved using a saturated mercuric chloride
solution and stored at ∼4◦C until analysis on a VINDTA 3D
delivery system coupled with a UIC Inc. coulometer (model
CM5017O) as per Young and Gobler (2018). CO2 levels (Table 1)
were calculated from measured levels of DIC, pH, temperature,
and salinity as well as the first and second dissociation constants
of carbonic acid in seawater (Millero, 2010) using the program
CO2SYS1. We used certified reference material (CRM; provided
by Andrew Dickson, Scripps Institution of Oceanography,
University of California, San Diego; batch 180 = 2224.47 µmol
DIC kg−1 seawater) for quality assurance of measured samples,
and analyses only proceeded when recovery of CRM was 99.9 –
100%.

Experimental Designs
Experiments presented here covered three topics: 1. The
individual and combined effects of low pH and low DO,
2. Reciprocal transplant experiments that identified whether
effects of low DO and low pH on L. vincta were important
prior to grazing, during grazing, or during both periods, and 3.
An assessment of the effective minimal dose of, and duration
of exposure to, low DO that altered performance of L. vincta.
For the first set of experiments, two experiments (designated

1https://cdiac.ess-dive.lbl.gov/ftp/co2sys/
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TABLE 1 | Values of temperature (◦C), salinity (g kg−1), dissolved oxygen (DO; mg L−1), pH (total scale), pCO2 (µatm), total DIC (µmol kgSW−1), total alkalinity (TA; µmol
kgSW−1), HCO3

− (µmol kgSW−1), and the saturation state of aragonite (�arag) for Experiments 1 – 9.

Expt. # Treatment Temp. Salinity DO pH pCO2 Total DIC TA HCO3
− �arag

1 Control 22.3 ± 0.7 28.1 ± 0.1 7.98 ± 0.14 7.96 ± 0.05 411 ± 50 1740 ± 1 1921 ± 21 1597 ± 14 2.10 ± 0.23

Low DO 22.1 ± 0.5 28.2 ± 0.1 3.88 ± 0.20 7.89 ± 0.03 535 ± 4 1805 ± 15 1951 ± 17 1679 ± 14 1.77 ± 0.02

Low pH 22.3 ± 0.6 28.1 ± 0.2 7.89 ± 0.11 7.31 ± 0.05 2063 ± 64 1965 ± 1 1952 ± 4 1865 ± 2 0.57 ± 0.02

Low pH/DO 22.2 ± 0.6 28.0 ± 0.2 3.60 ± 0.11 7.31 ± 0.04 2203 ± 94 1960 ± 24 1938 ± 20 1857 ± 22 0.53 ± 0.01

2 Control 21.8 ± 0.4 29.9 ± 0.1 8.00 ± 0.10 7.96 ± 0.04 401 ± 18 1726 ± 47 1913 ± 46 1582 ± 45 2.11 ± 0.02

Low DO 21.7 ± 0.3 29.8 ± 0.4 2.35 ± 0.12 8.03 ± 0.04 356 ± 15 1777 ± 48 1996 ± 51 1613 ± 44 2.46 ± 0.05

Low pH 21.8 ± 0.4 29.5 ± 0.7 8.01 ± 0.10 7.39 ± 0.05 1734 ± 27 1934 ± 5 1939 ± 5 1838 ± 4 0.65 ± 0.00

Low pH/DO 21.7 ± 0.3 30.0 ± 0.3 2.49 ± 0.13 7.42 ± 0.10 1569 ± 68 1943 ± 23 1963 ± 20 1848 ± 22 0.74 ± 0.01

3 Control 21.6 ± 0.2 29.3 ± 0.4 8.01 ± 0.04 7.97 ± 0.03 479 ± 16 1776 ± 35 1936 ± 48 1645 ± 27 1.87 ± 0.13

Low DO 21.6 ± 0.3 29.3 ± 0.4 2.40 ± 0.11 8.01 ± 0.08 434 ± 9 1815 ± 2 1999 ± 2 1668 ± 4 2.14 ± 0.04

Low pH 21.8 ± 0.3 29.3 ± 0.4 7.95 ± 0.04 7.27 ± 0.08 2713 ± 9 2080 ± 4 2037 ± 3 1964 ± 4 0.48 ± 0.00

4 Control 20.0 ± 0.7 27.5 ± 0.7 8.28 ± 0.08 7.96 ± 0.03 441 ± 33 1798 ± 32 1950 ± 24 1669 ± 35 1.80 ± 0.05

Low DO 20.0 ± 0.6 28.3 ± 0.4 2.57 ± 0.16 8.00 ± 0.06 492 ± 14 1872 ± 27 2023 ± 27 1741 ± 26 1.82 ± 0.01

Low pH 20.0 ± 0.6 28.3 ± 1.1 8.22 ± 0.10 7.27 ± 0.05 2360 ± 70 2024 ± 17 1986 ± 13 1914 ± 15 0.46 ± 0.01

5 Ambient DO 20.1 ± 0.3 27.8 ± 0.4 7.85 ± 0.08 7.91 ± 0.01 511 ± 16 1778 ± 9 1912 ± 17 1659 ± 5 1.62 ± 0.07

Medium DO 20.1 ± 0.2 28.3 ± 0.4 5.94 ± 0.22 7.89 ± 0.06 512 ± 29 1807 ± 70 1947 ± 69 1685 ± 67 1.68 ± 0.03

Low DO 20.2 ± 0.3 28.5 ± 0.7 3.85 ± 0.44 7.90 ± 0.05 529 ± 45 1778 ± 6 1911 ± 23 1660 ± 2 1.61 ± 0.15

Very Low DO 20.1 ± 0.3 29.8 ± 0.4 1.75 ± 0.13 8.00 ± 0.05 412 ± 24 1759 ± 46 1935 ± 45 1620 ± 46 1.99 ± 0.00

6 Control 19.0 ± 0.1 29.8 ± 0.4 7.88 ± 0.07 7.93 ± 0.04 551 ± 15 1851 ± 8 1987 ± 12 1730 ± 6 1.63 ± 0.04

Low DO 19.1 ± 0.1 28.9 ± 0.1 2.36 ± 0.08 7.94 ± 0.02 485 ± 2 1854 ± 22 2008 ± 25 1724 ± 19 1.82 ± 0.05

7 Control 19.8 ± 0.1 28.1 ± 0.1 7.77 ± 0.09 7.94 ± 0.02 498 ± 16 1846 ± 27 1994 ± 25 1718 ± 27 1.79 ± 0.01

Low DO 19.7 ± 0.1 27.9 ± 0.1 1.55 ± 0.07 7.95 ± 0.03 438 ± 5 1852 ± 22 2022 ± 24 1712 ± 20 2.02 ± 0.02

8 Control 19.0 ± 0.2 28.8 ± 0.4 8.00 ± 0.03 7.93 ± 0.03 487 ± 11 1929 ± 20 2092 ± 24 1790 ± 16 1.95 ± 0.06

Low DO 19.2 ± 0.3 29.2 ± 0.2 0.72 ± 0.04 8.05 ± 0.08 339 ± 36 1848 ± 134 2070 ± 95 1679 ± 90 2.52 ± 0.12

9 Control 18.5 ± 0.1 29.8 ± 0.4 8.09 ± 0.02 7.97 ± 0.02 452 ± 13 1918 ± 24 2091 ± 25 1774 ± 23 2.03 ± 0.01

Low DO 18.4 ± 0.1 29.5 ± 0.7 0.75 ± 0.06 8.04 ± 0.06 357 ± 8 1794 ± 16 1990 ± 18 1643 ± 16 2.20 ± 0.00

Values represent means ± standard deviation.

as Experiments 1 and 2; Table 2) were performed to gauge the
herbivory rates and survival of L. vincta exposed to low DO
and/or low pH. For Experiment 1, L. vincta were moved to vessels
without U. rigida (i.e., starved) for 24 h prior to exposure to
one of four treatments: a control with ambient levels of DO
and pH (7.98 ± 0.14 mg L−1 and 7.96 ± 0.05, respectively), a
treatment with low DO (3.88 ± 0.20 mg L−1) and ambient pH
(7.89 ± 0.06), a treatment with low pH (7.31 ± 0.05) and ambient
DO (7.89 ± 0.11), and a treatment with low DO (3.60 ± 0.11 mg
L−1) and pH (7.31 ± 0.04). At the end of the starvation period,
the lights in the incubation chamber were turned off, U. rigida
was introduced, and L. vincta were allowed to graze for 24 h.
Experiment 2 followed a similar procedure as Experiment 1,
except that DO levels were lower (2.42 ± 0.13 mg L−1), and
L. vincta were not starved prior to the introduction of U. rigida
and individuals were simply placed in their respective treatments
(Tables 1, 2). This experiment, therefore, explored the extent to
which lower DO levels changed effects on grazing and to assess
if absence of food would exacerbate the effects. At the end of the
grazing periods for both experiments, L. vincta and U. rigida were
removed from the vessels, L. vincta survival was quantified, and
U. rigida samples were weighed as described above. L. vincta that
had expired during the experiment were non-responsive to touch
and not anchored to U. rigida or the wall of the experimental

vessel. Weights of U. rigida samples grazed by L. vincta were
corrected for residual growth using the difference in weight of
U. rigida samples without L. vincta. Herbivory rates, or the mean
consumption rates of all snails per replicate, were calculated by
obtaining the difference in the initial and final corrected algal
weights and multiplied by 1,000 to convert weight to mg, then
divided by the number of remaining grazers at the end of the
grazing period and the time elapsed of the grazing period (mg
grazer−1 d−1).

Food limitation can alter the response of L. vincta (Young
et al., 2019) and other invertebrates (Pechenik et al., 2002;
Melzner et al., 2011; Thomsen et al., 2013) to environmental
stressors. For the second set of experiments, the two reciprocal
transplant experiments were performed to quantify herbivory
rates and survival of L. vincta when starved under ambient
conditions or low DO (Experiment 3; Table 2) or low pH
(Experiment 4; Table 2) and then allowed to graze on U. rigida
under ambient (pH and DO; 7.97 ± 0.03 and 8.15 ± 0.06 mg
L−1, respectively), low DO (pH and DO; 8.01 ± 0.07 and
2.49 ± 0.14 mg L−1, respectively), or low pH (pH and DO;
7.27 ± 0.07 and 8.09 ± 0.07 mg L−1, respectively) conditions.
L. vincta were placed in ambient or low DO conditions, with
pH being ambient for both (Experiment 3), or in ambient or low
pH conditions, with DO being ambient for both (Experiment
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TABLE 2 | Experiments with their respective starvation and grazing periods and conditions.

Series # Experiment # Starvation period (h) Grazing period (h) Figure # Experimental condition

1 1 24 24 1 L. vincta grazed on U. rigida that was not pre-incubated under ambient
pH/DO, low DO, low pH, or low pH/DO.

2 0 72 2

2 3 24 72 3 L. vincta starved under ambient or low DO; half of snails from each group
grazed under ambient pH/DO, low DO, or low pH on U. rigida that was not
pre-incubated.

4 24 72 4 L. vincta starved under ambient or low pH; half of snails from each group
grazed under ambient pH/DO, low DO, or low pH on U. rigida that was not
pre-incubated.

3 5 24 72 5 L. vincta starved and grazed on U. rigida that was not pre-incubated under
a range of DO concentrations.

6 24 12 6 L. vincta grazed under low DO for 0, 3, 6, 9, or 12 h on U. rigida that was
not pre-incubated.

7 24 12 7

8 24 6 8 L. vincta grazed under low DO for 0, 3, or 6 h on U. rigida that was not
pre-incubated.

9 24 3 9 L. vincta grazed under low DO for 3 h following either being starved or not
starved for 24 h prior under ambient DO.

DO, Dissolved oxygen.

FIGURE 1 | Herbivory rates of L. vincta grazing on U. rigida with initial starvation under control (ambient pH/DO), low DO, low pH, and low pH/DO (Experiment 1;
Table 2). Columns represent means ± standard deviation. Statistical analyses: Two-way ANOVA and post hoc Tukey Honest Significant Difference tests performed;
significant differences between treatments represent p-values less than 0.05.

4) and starved for 24 h. At the end of the starvation period,
the lights of the environmental chamber were turned off, and
half of the L. vincta from each treatment were introduced
into U. rigida-containing vessels and allowed to graze for 72 h
under ambient, low DO, or low pH conditions (Table 2). At
the end of the grazing periods, L. vincta and U. rigida were
removed, L. vincta survival was assessed, and herbivory rates
were calculated.

The third set of experiments examined the effective minimal
dose and duration of low DO exposures in five separate
experiments gauging herbivory rates and survival of L. vincta
when exposed to varying DO concentrations for varying
durations. The fifth experiment (Experiment 5; Table 2) was
performed to quantify herbivory rates and survival of L. vincta
when exposed to DO concentrations of 7.85 ± 0.08, 5.94 ± 0.22,
3.85 ± 0.44, 1.75 ± 0.13 mg L−1. For all treatments, pH was, on
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FIGURE 2 | Herbivory rates and survival of L. vincta grazing on U. rigida without initial starvation under control (ambient pH/DO), low DO, low pH, and low pH/DO
(Experiment 2; Table 2). Columns represent means ± standard deviation. Statistical analyses: Two-way ANOVA and post-hoc Tukey Honest Significant Difference
tests performed; significant differences between treatments represent p-values less than 0.05.

average, 7.93 ± 0.04. L. vincta were starved in their respective
treatments for 24 h. Following the starvation period, U. rigida
was introduced, and L. vincta were allowed to graze for 72 h.
At the end of the grazing period, L. vincta and U. rigida were
removed from the vessels, L. vincta survival was quantified, and
herbivory rates were calculated. Three experiments (Experiments
6 – 8; Table 2) were performed to quantify the effective minimum
duration of low DO exposure required to reduce herbivory rates
and survival in L. vincta. For Experiments 6, L. vincta were
starved for 24 h in ambient conditions (pH and DO; 7.93 ± 0.04
and 7.88 ± 0.07 mg L−1, respectively) before being placed in one
of five treatments: a control with L. vincta allowed to graze on U.
rigida for 12 h (no exposure), and treatments of 3, 6, 9, and 12 h
of exposure to 2.36 ± 0.08 mg DO L−1 and a pH of 7.94 ± 0.02.
Experiment 7 followed a similar procedure as Experiment 6, with

the only modification being that DO concentrations for the low
DO treatments were 1.55 ± 0.07 mg L−1. For Experiment 8,
L. vincta were starved for 24 h in ambient conditions before being
placed in one of three treatments: a control with L. vincta allowed
to graze on U. rigida for 6 h (no exposure), a treatment with
L. vincta allowed to graze in ambient DO and low DO (pH and
DO; 7.93 ± 0.03 and 0.72 ± 0.04 mg L−1, respectively) for 3 h
each, and a treatment with L. vincta allowed to graze in low DO
for 6 h.

A final experiment was performed to gauge if food
limitation under low DO affects herbivory rates or survival. For
Experiment 9, L. vincta were placed in one of two treatments: a
treatment that received U. rigida (non-starved) and a treatment
that did not receive U. rigida (starved). Both treatments received
ambient pH/DO (pH and DO = 7.97 ± 0.02 and 8.09 ± 0.02 mg
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FIGURE 3 | Herbivory rates and survival of L. vincta grazing on U. rigida starved under ambient or low DO conditions and allowed to graze on U. rigida under
ambient, low dissolved oxygen, or low pH conditions (Experiment 3; Table 2). Columns represent means ± standard deviation. Statistical analyses: Two-way
ANOVA and post hoc Tukey Honest Significant Difference tests performed; significant differences between treatments represent p-values less than 0.05.

L−1, respectively) and were kept at those conditions for 24 h. At
the end of the 24 h incubation period, L. vincta were placed into
containers with low DO concentrations (0.75 ± 0.06 mg L−1) and
allowed to graze on U. rigida samples for 3 h. At the end of the
3 h grazing period, L. vincta and U. rigida were removed from
the vessels, L. vincta survival was quantified, and herbivory rates
were calculated.

Post-experimental Analyses
Two-way ANOVA were performed within SigmaPlot 11.0 for
Experiments 1 – 4 to assess differences in herbivory rates or
survival, where the main treatment effects, for Experiments 1
and 2, were pH levels (ambient or low) and DO concentrations
(ambient or low), and, for Experiments 3 and 4, DO or pH
levels during the starvation and grazing periods (ambient or
low for both) (Table 2). For all two-way ANOVAs, significant
interactions between pH and DO were deemed synergistic when
the outcome of the combined treatment yielded an outcome
more intense than would be expected based on the results of the
individual treatments. Alternatively, significant interactions that

yielded outcomes less intense than the expectation based on the
individual treatments would be deemed antagonistic, although
we did not observe such an interaction during this study. One-
way ANOVAs were performed within SigmaPlot for Experiments
5 – 9 to assess significant differences in herbivory rates or survival
between treatments within their respective experiments. Equal
variance (via Brown -Forsythe tests) were and normality (via
Shapiro-Wilk tests) of data sets were assessed using SigmaPlot
11.0. Survival percentages were arc-sin-square root transformed
before testing to ensure equal variance and normality were
met. If significant differences were detected, a Tukey Honest
Significant Difference (HSD) test using R 3.4.0 within RStudio
1.0.143 was performed.

RESULTS

Effects of pH and Dissolved Oxygen
For Experiment 1, herbivory rates were sensitive to changes
in DO and pH levels following an initial starvation period.
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FIGURE 4 | Herbivory rates and survival of L. vincta grazing on U. rigida starved under ambient or low pH and allowed to graze on U. rigida under ambient, low
dissolved oxygen, or low pH conditions (Experiment 4; Table 2). Columns represent means ± standard deviation. Statistical analyses: Two-way ANOVA and
post hoc Tukey Honest Significant Difference tests performed; significant differences between treatments represent p-values less than 0.05.

Herbivory was 50% and significantly lower in treatments where
L. vincta were exposed to low DO concentrations relative to
treatments with ambient DO concentrations following the prior
24 h starvation period (Two-way ANOVA and Tukey HSD;
p < 0.05; Figure 1; Supplementary Tables S1, S2). Herbivory
rates were also significantly lower in low pH treatments than
in ambient pH treatments by ∼50% (Two-way ANOVA and
Tukey HSD; p < 0.05; Figure 1; Supplementary Tables S1,
S2). The treatment with low pH and low DO had significantly
lower herbivory rates than the other treatments in the experiment
with the two factors additively reducing rates by more than
80% (Tukey HSD; p < 0.05; Figure 1; Supplementary Table
S2). There was 100% survival for all treatments. For Experiment
2 when snails were not starved and DO levels were lower
(2.42 ± 0.13 mg L−1), herbivory rates were significantly lower
by ∼95% when L. vincta were exposed to low DO levels,
regardless of pH level (Two-way ANOVA and Tukey HSD;

p < 0.05; Figure 2; Supplementary Tables S3, S4). Furthermore,
in the low DO treatment, herbivory rates were ∼90% lower
in Experiment 2 compared to Experiment 1 (Figures 1, 2).
The combined low pH/DO treatment had herbivory rates near
0 mg grazer−1 d−1, and while it was significantly lower than
the control and low pH treatments (Two-way ANOVA and
Tukey HSD; p < 0.05 for both; Figure 2; Supplementary
Tables S3, S4), it was not significantly different compared to
the ambient pH and low DO treatment (Two-way ANOVA
and Tukey HSD; p > 0.05; Figure 2; Supplementary Tables
S3, S4). In contrast to herbivory rates, L. vincta survival was
sensitive to changes in DO and pH levels, being significantly
lower in treatments with low DO and low pH (Two-way
ANOVA and Tukey HSD; p < 0.05 for both; Figure 2;
Supplementary Tables S3, S4). Furthermore, the combined
low DO and low pH treatment additively depressed survival,
having rates significantly lower than all other treatments in the
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FIGURE 5 | Herbivory rates and survival of L. vincta initially starved and allowed to graze on U. rigida under ambient (7.85 mg L−1), medium (5.94 mg L−1), low
(3.85 mg L−1), and very low (1.75 mg L−1) DO concentrations for 72 h (Experiment 5; Table 2). Statistical analyses: One-way ANOVA and post hoc Tukey Honest
Significant Difference tests performed; significant differences between treatments represent p-values less than 0.05.

experiment (Tukey HSD; p < 0.05; Figure 2; Supplementary
Table S4).

Reciprocal Transplant Experiments
For L. vincta starved in either ambient DO or low DO conditions
and transplanted into ambient, low DO, or low pH treatments
(Experiment 3), herbivory rates and survival were sensitive to the
conditions that the organisms grazed in, and not the conditions
they were initially starved in. There was no significant difference
in herbivory rates or survival when L. vincta were starved in
either ambient or low DO conditions (Two-way ANOVA and
Tukey HSD; p < 0.05 for all; Figure 3; Supplementary Tables S5,
S6). In contrast, herbivory rates and survival were significantly
lower when L. vincta grazed in the low DO treatments relative
to the treatments where L. vincta grazed in ambient pH, ambient
DO, or low pH conditions (Two-way ANOVA and Tukey HSD;
p < 0.05; Figure 3; Supplementary Tables S5, S6). Specifically,

herbivory ceased entirely (0 mg grazer−1 d−1) in the treatment
where L. vincta were starved in ambient DO and grazed in low
DO, although it was not significantly different than herbivory
rates in the treatment where L. vincta were starved and grazed in
low DO (Two-way ANOVA and Tukey HSD; p > 0.05; Figure 3;
Supplementary Tables S5 and S6). There were no significant
differences in herbivory rates or survival between the treatments
where L. vincta grazed in ambient pH/DO conditions or in low
pH conditions (Two-way ANOVA and Tukey HSD; p < 0.05 for
all; Supplementary Tables S5, S6).

For L. vincta starved in ambient pH or low pH conditions
and transplanted into ambient, low DO, or low pH treatments
(Experiment 4), herbivory rates were sensitive to the conditions
that the organisms were starved and grazed in. When
L. vincta were starved under low pH conditions, herbivory
was significantly lower compared to herbivory of snails starved
under ambient conditions (Two-way ANOVA and Tukey HSD;
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FIGURE 6 | Herbivory rates of L. vincta initially starved for 24 h under ambient pH/DO and allowed to graze on U. rigida for 12 h with varying durations of exposure
(0 – 12 h) to low DO concentrations (2.36 mg L−1) (Experiment 6; Table 2). Statistical analyses: One-way ANOVA and post hoc Tukey Honest Significant Difference
tests performed; significant differences between treatments represent p-values less than 0.05.

p < 0.05; Figure 4; Supplementary Tables S7, S8). When snails
were starved under low pH conditions, herbivory was reduced by
60, 75, and ∼70%, when grazing under ambient, low DO, and low
pH conditions, respectively (Figure 4). Furthermore, herbivory
rates were significantly lower when L. vincta grazed under
low DO conditions but were starved under ambient conditions
(Two-way ANOVA and Tukey HSD; p < 0.05; Figure 4;
Supplementary Tables S7, S8). On average, grazing under low
DO conditions reduced herbivory rates by ∼65 and ∼60%
relative to herbivory rates in ambient and low pH treatments,
respectively (Figure 4). Comparing individual treatments, there
was no difference between the control and the treatment with
L. vincta grazing in low pH after being starved in ambient
conditions (Tukey HSD; p > 0.05; Figure 4; Supplementary
Table S8) but all other treatments had significantly lower
herbivory rates (Tukey HSD; p < 0.05 for all; Figure 4;
Supplementary Table S8). Herbivory rates in the treatments with
L. vincta grazing at ambient or low pH after being starved in
low pH and the treatment that had L. vincta graze in low DO
after being starved in ambient conditions were not significantly
different between each other (Tukey HSD; p < 0.05 for all;
Figure 4; Supplementary Table S8). However, herbivory was
significantly and synergistically decreased in the treatment that
had L. vincta graze in low DO following starvation in low pH
conditions compared to all other treatments, with rates dropping
to nearly zero in these treatments (Tukey HSD; p < 0.05 for
all; Figure 4; Supplementary Table S8). Survival rates were
not significantly affected by the conditions in which L. vincta
were starved in (Two-way ANOVA and Tukey HSD; p < 0.05;

Figure 4; Supplementary Tables S7, S8) but were significantly
decreased when snails grazed in low DO treatments (Two-way
ANOVA and Tukey HSD; p < 0.05; Figure 4; Supplementary
Tables S7, S8). On average, survival was ∼30% lower when
L. vincta grazed in low DO compared to ambient and low pH
treatments (Figure 4).

Assessing Effective Minimal Dose and
Duration of Exposure
For Experiment 5, low DO concentrations significantly reduced
herbivory rates and survival. Herbivory rates were significantly
lower at the 1.8 and 3.9 mg L−1 DO treatments than in the
ambient (∼7.9 mg L−1) and 5.9 mg L−1 DO treatments (One-
way ANOVA and Tukey HSD; p < 0.05 for both; Figure 5;
Supplementary Tables S9, S10) with no significant differences
between the two lower DO levels and the two higher DO levels
(One-way ANOVA and Tukey HSD; p > 0.05 for all; Figure 5;
Supplementary Tables S9, S10). Paralleling herbivory, survival
was significant lower at 1.8 and 3.9 mg L−1 DO treatments
(50 and 70%, respectively) than the 5.9 and 7.9 mg L−1 DO
treatments (90%; One-way ANOVA and Tukey HSD; p < 0.05
for all; Figure 5; Supplementary Tables S9, S10). While there
was no significant difference in survival between the 5.9 and
7.9 mg L−1 DO treatments (One-way ANOVA and Tukey HSD;
p > 0.05; Figure 5; Supplementary Tables S9, S10), survival was
significantly lower in the 1.8 mg L−1 DO treatment than in the
3.9 mg L−1 DO treatment (One-way ANOVA and Tukey HSD;
p < 0.05; Figure 5; Supplementary Tables S9, S10).
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FIGURE 7 | Herbivory rates of L. vincta initially starved for 24 h under ambient pH/DO and allowed to graze on U. rigida for 12 h with varying durations of exposure
(0 – 12 h) to low DO concentrations (1.55 mg L−1) (Experiment 7; Table 2). Statistical analyses: One-way ANOVA and post-hoc Tukey Honest Significant Difference
tests performed; significant differences between treatments represent p-values less than 0.05. Statistical analyses: One-way ANOVA and post hoc Tukey Honest
Significant Difference tests performed; significant differences between treatments represent p-values less than 0.05.

For Experiment 6, nine and twelve hours of exposure to
∼2.4 mg L−1 DO significantly decreased herbivory rates, while
0, 3, and 6 h exposure did not (One-way ANOVA and Tukey
HSD; p > 0.05 for all; Figure 6; Supplementary Tables S11, S12).
However, there was no significant difference in herbivory rates
between the 9 and 12 h exposure treatments nor between 0, 3,
and 6 h exposure treatments (One-way ANOVA and Tukey HSD;
p > 0.05; Figure 6; Supplementary Tables S11, S12). Herbivory
ceased entirely in the 12 h exposure treatment (Figure 6).
L. vincta survival was not different among treatments.

In Experiment 7, the minimum exposure time to negatively
affect herbivory rates at ∼1.6 mg L−1 DO was lower than
at 2.6 mg L−1 DO. Herbivory in the 6 h exposure treatment
was significantly lower than in treatments with 0 and 3 h
exposure (One-way ANOVA and Tukey HSD; p < 0.05 for
both; Figure 7; Supplementary Tables S13, S14). Furthermore,
herbivory rates in the 9 and 12 h exposure treatments were nearly

zero and significantly lower than in the 0, 3, and 6 h exposure
treatments (One-way ANOVA and Tukey HSD; p < 0.05 for all;
Figure 7; Supplementary Tables S13, S14). However, there was
no significant difference in herbivory rates between the 0 and
3 h exposure treatments or between the 9 and 12 h exposure
treatments (One-way ANOVA and Tukey HSD; p > 0.05 for
all; Figure 7; Supplementary Tables S13, S14). Survival in the
12 h exposure treatment was significantly lower than in the 0,
3, 6, and 9 h exposure treatments (One-way ANOVA and Tukey
HSD; p < 0.05 for all; Figure 7; Supplementary Tables S13, S14).
However, there was no significant difference between the 0, 3, 6,
and 9 h exposure treatments (One-way ANOVA and Tukey HSD;
p > 0.05 for all; Figure 7; Supplementary Tables S13, S14).

For Experiment 8, three hours of exposure to ∼0.7 mg L−1

significantly reduced herbivory rates relative to no exposure
and there was effectively no grazing after six hours of
exposure leading to a rate significantly lower than the three
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FIGURE 8 | Herbivory rates of L. vincta initially starved for 24 h under ambient pH/DO and allowed to graze on U. rigida for 6 h with varying durations of exposure
(0 – 6 h) to low DO concentrations (0.72 mg L−1) (Experiment 8; Table 2). Statistical analyses: One-way ANOVA and post hoc Tukey Honest Significant Difference
tests performed; significant differences between treatments represent p-values less than 0.05.

FIGURE 9 | Herbivory rates of L. vincta either starved or not starved for 24 h under ambient DO and then allowed to graze on U. rigida for 3 h under low DO
concentrations (0.75 mg L−1) (Experiment 9; Table 2).

hour exposure treatment as well as the no exposure control
(One-way ANOVA and Tukey HSD; p < 0.05; Figure 8;
Supplementary Tables S15, S16). L. vincta survival was 100%
in all treatments. Finally, for Experiment 9, starving snails

prior to low DO exposure did not alter herbivory rates of
snails when exposed to low DO (One-way ANOVA; p > 0.05;
Figure 9; Supplementary Table S17). There was 100% survival
for all treatments.
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DISCUSSION

During this study, herbivory and survival rates of L. vincta
were significantly reduced when snails were exposed to hypoxic
conditions and reduced further when previously deprived of food
in acidified conditions. Food supply did not alter herbivory or
survival under hypoxic conditions. Herbivory and survival were
significantly reduced at DO concentrations below 4 mg L−1

and the duration of exposure needed to suppress herbivory and
survival were shortened at lower DO concentrations. Under very
low DO concentrations (< 1 mg L−1), herbivory decreased
after only 3 h of exposure. Collectively, this study revealed
how acidification and hypoxia can individually, additively, and
synergistically disrupt gastropod herbivory on macroalgae, a
fundamental process in estuarine ecosystems.

The continued delivery of CO2 into coastal zones is expected
to have negative effects on the growth and survival of calcifying
organisms, including gastropods, through decreases in calcium
carbonate saturation states (Gazeau et al., 2013). Exposure to
elevated pCO2 or low pH for extended periods of time (i.e.,
days to weeks) has been shown to slow shell rates of growth
and repair, as well as disrupt the physiology of several species of
marine gastropods (Shirayama and Thorton, 2005; Bibby et al.,
2007; Manno et al., 2012). Beyond the effects of acidification,
hypoxia has also been shown to have deleterious effects on
marine gastropods. Among major classes of marine organisms,
gastropods have the lowest median lethal oxygen threshold
(Vaquer-Sunyer and Duarte, 2008). Reduced DO levels (< 3 mg
L−1) have been shown to significantly reduce shell growth,
somatic growth, feeding, and aerobic respiration (Kapper and
Stickle, 1987; Cheung et al., 2008; Li and Chiu, 2013; Tripp-
Valdez et al., 2017). During this study, herbivory was even more
sensitive to hypoxia than these previously studied attributes,
being significantly reduced at DO levels ≤ 4 mg L−1. While the
effects of combined acidification and hypoxia on gastropods is
poorly understood, these combined stressors have been shown
to reduce somatic growth and survival in juvenile red abalone
(Haliotis rufescens; Kim et al., 2013) and were found to both
additively and synergistically reduce herbivory and survival in the
current study.

The direct responses of L. vincta to low DO and low pH
differed in some respects. While low pH had deleterious effects
on herbivory only when L. vincta were starved, low DO reduced
herbivory regardless of food limitation. While low pH almost
never caused mortality, low DO often yielded significantly
reduced survival, collectively demonstrating hypoxia had a
stronger physiological impact on these gastropods. Consequently,
the mechanisms by which each factor reduces herbivory and/or
survival may have differed. Exposure to elevated pCO2 or
low pH can cause acidosis, which can disrupt homeostatic
functions and divert energy away from other metabolic processes
(Lindinger et al., 1984; Pörtner et al., 1998; Marchant et al.,
2010). When combined with food limitation, acidification lowers
respiration rates and metabolism (Young et al., 2019), likely
representing a survival strategy to match lowered energy supply
from food limitation and potentially resulting in an increased
reliance on anaerobic respiration (Pörtner et al., 1998; Melatunan

et al., 2011). In a similar manner, when confronted with
hypoxia, marine gastropods also undergo lowered respiration
and metabolic rates, and an increased reliance on anaerobic
metabolism to conserve energy (Kapper and Stickle, 1987; Wu,
2002; Cheung et al., 2008; Liu et al., 2014). Reductions in
foraging and feeding may occur to further conserve limited
energy reserves under hypoxic conditions and the depletion of
those reserves can result in mortality (Liu et al., 2014) as was
observed during this study. The combination of low pH and low
DO commonly led to an additive reduction in herbivory and
survival, supporting the hypothesis that they linearly promote a
metabolic suppression, perhaps via the induction of anaerobic
respiration (Pörtner et al., 1998; Melatunan et al., 2011). In
the fourth experiment, however, starvation under acidified
conditions followed by an exposure to hypoxia synergistically
reduced herbivory, suggesting that this succession of events
can overwhelm L. vincta physiology in a stronger, a non-
linear manner yielding an outcome not predicted by either
individual stressor.

In an ecosystem setting, marine gastropods sensitive to
low pH and DO levels may be affected by the seasonal
onsets of hypoxia and acidification. Seasonally, temperate
estuaries become vulnerable to eutrophication-driven hypoxia
and acidification during warmer months when respiration
rates and water column stratification are maximal and oxygen
saturation is minimal (Diaz and Rosenberg, 2008; Gilbert et al.,
2010; Wallace et al., 2014; Gobler and Baumann, 2016; Young
et al., 2019). In stratified water bodies, seasonal, benthic hypoxia
and acidification can persist for days-to-months at pH and DO
levels shown during this study to significantly reduce grazing by
L. vincta (Melzner et al., 2013; Wallace et al., 2014; Baumann
et al., 2015). In other cases, seasonally driven upwelling can move
hypoxic and acidified water into coastal zones and may disrupt
herbivory by gastropods (Feely et al., 2008, 2010).

The diurnal occurrence of hypoxia and acidification is also
most likely to emerge in warmer, eutrophic ecosystems due to
higher temperatures causing more rapid respiration rates and
lower dissolved oxygen saturation (Gobler and Baumann, 2016).
In the present study, L. vincta herbivory rates were significantly
reduced following prolonged (24 h) exposure to DO levels of
4 mg L−1 with shorter durations of exposure (∼9, ∼6 and
∼3 h) required to reduce herbivory and survival at lower DO
concentrations at (∼2.4, ∼1.6, and ∼0.7 mg L−1). We have
previously demonstrated that food limitation and acidification
can lower herbivory after 18 h of exposure to pCO2 levels of
1,500 µatm or greater (Young et al., 2019). The intensity and
duration of diurnal hypoxia and acidification shown to reduce
grazing rates in L. vincta and other marine gastropods (Kim et al.,
2013) has been frequently documented in coastal ecosystems
(Ringwood and Keppler, 2002; O’Boyle et al., 2013; Wallace
et al., 2014; Baumann et al., 2015; Clark and Gobler, 2016;
Gobler and Baumann, 2016) suggesting nocturnal disruption
of herbivory due to low DO and low pH may be a common
occurrence in estuaries.

Exposure to low pH only affected L. vincta herbivory rates
when combined with food limitation. Resistance to acidification
due to an abundance of food has been documented in other
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calcifying organisms (Pansch et al., 2014) and in forage fish
(Gobler et al., 2018), bivalves (Melzner et al., 2011; Thomsen
et al., 2013). Additionally, given that L. vincta utilizes macroalgae
as both a habitat and a food source (Martel and Chia,
1991; Chavanich and Harris, 2002), the buffering capacity of
macroalgae may minimize the harmful effects of exposure to
acidification (Young and Gobler, 2018). In the present study,
however, feeding did not provide a refuge from the negative
effects of hypoxia, suggesting that the protection food offers
against acidification may not occur in an ecosystem setting since
hypoxia and acidification commonly coincide in space and time
(Wallace et al., 2014; Baumann et al., 2015; Cai et al., 2017).

Ulva spp. can experience enhanced growth under conditions
of elevated pCO2 and nutrient concentrations (Olischläger et al.,
2013; Young and Gobler, 2016; Ober and Thornber, 2017).
Beyond the negative effects of elevated pCO2 on gastropod
grazers (Shirayama and Thorton, 2005; Bibby et al., 2007; Manno
et al., 2012), excessive nutrients have been shown to decrease
abundances of common estuarine grazers due to potentially toxic
ammonia concentrations (Atalah and Crowe, 2012). Ulva serves
as an important food source for L. vincta and other macroalgae-
consuming estuarine gastropod, with the former accounting for
the consumption of up to 25% of macroalgal biomass (Giannotti
and McGlathery, 2001; Nelson et al., 2008; Zamprogno et al.,
2013). Decreased herbivory on algal biomass wrought by hypoxia
and acidification could synergistically facilitate the proliferation
of Ulva blooms known as ‘green tides’ (Smetacek and Zingone,
2013; Zhao et al., 2013). Eutrophication, therefore, may initiate
a positive feedback loop by promoting elevated nutrients and
pCO2 coupled with hypoxia (Wallace et al., 2014), which could
reduce herbivory rates by L. vincta that could facilitate the
overgrowth of Ulva and, through decay, promote the additional
accumulation of CO2, sulfides, and ammonia, and anoxia events
(Valiela et al., 1997; Valiela and Cole, 2002; Liu et al., 2009)
that would further inhibit L. vincta herbivory and, thus, further
promote macroalgal overgrowth. Indeed, blooms of Ulva spp.
are known to be associated with periods of hypoxia and anoxia
(Valiela et al., 1992), and can promote acidification (pH < 7.2;
Wallace, 2020).

The reductions in herbivory and survival of gastropods such
as L. vincta in response to acidification and hypoxia have
numerous ecosystem implications. L. vincta is a common grazer
in ecosystems of the coastal Northwest Atlantic (Chavanich and
Harris, 2002) and is the only mesograzer in the region known to
consume macroscopic kelp sporophytes (Brady-Campbell et al.,
1984; Johnson and Mann, 1986). The grazer’s preference for
the commercially important sugar kelp (Saccharina saccharina),
as well as other laminarialean kelps, can result in significant
consumption of kelp blades and loss of kelp beds in Northwest
Atlantic ecosystems when L. vincta populations increase (Fralick
et al., 1974; Chavanich and Harris, 2002; Krumhansl and
Scheibling, 2011). L. vincta has also been shown to consume other
commercially-important macroalgae, such as Chondrus crispus
(Shacklock and Croft, 1981; Janiak and Whitlatch, 2012) and
Fucus serratus (Southgate, 1982; Jackson, 2007) as well as invasive
macroalgae, such Sargassum muticum and Grateloupia turuturu
(Buschbaum et al., 2006; Britton-Simmons et al., 2011; Janiak
and Whitlatch, 2012). Many of the aforementioned macroalgal

species have been shown to benefit from elevated pCO2 (Hepburn
et al., 2011; Hofmann et al., 2012; Saderne, 2012; Xu et al., 2016;
Xu et al., 2017). As such, future pCO2 increases coupled with
decreased grazing pressure due to acidification and/or hypoxia
may promote the growth of commercially important macroalgae
as well as some invasive species.

In conclusion, the combination of low DO and low pH had
both additive and synergistically negative effects on herbivory,
with herbivory and survival being most impaired when snails
were initially starved in low pH conditions and then were
grazing under low DO. Reduced herbivory in response to
acidification and hypoxia may create a positive feedback loop
that facilitates an overgrowth of macroalgal biomass that may
further promote hypoxia and the accumulation of respiratory
CO2. Given the potential for macroalgae to buffer carbonate
chemistry and release oxygen via photosynthesis, the extent
to which the harmful effects of acidification and hypoxia on
gastropods are realized may be influenced by the physiological
status of macroalgae and certainly warrants further investigation.
Regardless, climate change-induced reductions in DO and pH
will make the disruption of gastropod herbivory a more common
occurrence in the future.
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