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Abstract

Ocean acidification and eutrophication have direct, positive effects on the growth of many marine macroalgae, potentially
resulting in macroalgal blooms and shifts in ecosystem structure and function. Enhanced growth of macroalgae, however,
may be controlled by the presence of grazers. While grazing under ocean acidification and eutrophication conditions has
variable responses, there is evidence of these factors indirectly increasing consumption. We tested whether a common marine
herbivorous snail, Littorina littorea, would increase consumption rates of macroalgae (Ulva and Fucus) under ocean acidifi-
cation (increased pCO,) and/or eutrophication conditions, via feeding trials on live and reconstituted algal thalli. We found
that increased pCO, resulted in reduced grazing rates on live thalli, with snails feeding almost exclusively on Ulva. However,
eutrophication did not impact consumption rates of live tissues. In addition, similarity in consumption of reconstituted Ulva
and Fucus tissues across all treatments indicated that physical characteristics of algal tissues, rather than tissue chemistry,
may drive dietary shifts in a changing climate. In this system, decreased consumption, coupled with increased growth of
macroalgae, may ultimately enhance algal growth and spread.
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Introduction 2020). Conversely, many marine primary producers, such
as seagrasses, macroalgae, and phytoplankton, may benefit

Atmospheric carbon dioxide (CO,) delivered into the  from increased carbon dioxide and bicarbonate associated

ocean has driven the process of ocean acidification, result-
ing in decreased seawater pH and reduced carbonate ion
availability (Sabine 2004; Doney et al. 2009; Feely et al.
2009). Ocean acidification has proven detrimental to many
marine organisms, particularly calcifying species, which
may experience decreased calcification rates, depressed
metabolism, and hypercapnia (Anthony et al. 2011; Diaz-
Pulido et al. 2011; Young et al. 2019; Young and Gobler
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with acidification (Koch et al. 2013; Grear et al. 2017; Bach
et al. 2017). Many species of fleshy macroalgae exhibit
increased growth and photosynthetic rates when exposed to
higher pCO, levels (Kiibler et al. 1999; Xu and Gao 2012;
Olischlidger and Wiencke 2013). In addition to physiologi-
cal changes, carbon enrichment (via acidification) has also
been shown to alter the community composition of primary
producers (Ober et al. 2016; Grear et al. 2017). Nutrient
loading (eutrophication) in coastal systems creates a similar
enrichment effect, altering communities and enhancing the
growth of opportunistic macroalgal species at the expense
of slow-growing, foundational species (Berger et al. 2004).

The direct effects of ocean acidification and nutrient
loading on macroalgal growth may, however, be counter-
acted by enhanced grazing rates (Connell et al. 2013; Falk-
enberg et al. 2014). Herbivores have the ability to control
growth and expansion of macroalgae and epiphytes (Hughes
et al. 2003), and their presence and species diversity have
been shown to quell increased algal growth under future
climate conditions (Falkenberg et al. 2014; Baggini et al.
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2015; Ghedini et al. 2015). While nutrient loading stimu-
lates algal growth, increased grazing by invertebrates can
keep algal biomass in check (Nielsen 2003; Whalen et al.
2013; McSkimming et al. 2015). Ocean acidification may
enhance grazing via altered carbon to nitrogen ratios (C:N)
where C:N increases (Hemmi and Jormalainen 2002; Rus-
sell and Connell 2007; Falkenberg et al. 2014; Duarte et al.
2015) and results in greater levels of individual consump-
tion (Falkenberg et al. 2014). Due to the species-specific
nature of macroalgal response to climate change, tissue qual-
ity and consumption are not always affected (Borell et al.
2013; Gutow et al. 2014; Poore et al. 2016). In certain sce-
narios, climate change may impose direct, negative effects
on grazers, reducing their capacity for grazing (Melatunan
etal. 2011; Stumpp et al. 2011; Albright et al. 2012; Russell
et al. 2013).

The signal of ocean acidification is relatively clear in
open ocean habitats, but harder to distinguish in near shore
and coastal habitats (Hofmann et al. 2011). The carbonate
chemistry within near shore and coastal habitats is influ-
enced by upwelling, eutrophication, and freshwater inputs,
among others, making coastal acidification a different pro-
cess than ocean acidification (Feely et al. 2010; Cai et al.
2011; Wallace et al. 2014). Coastal habitats dominated by
macroalgae also exhibit natural, daily pH variability driven
by metabolism in primary producers (Krause-Jensen et al.
2015; Hirsh et al. 2020). These factors have led to excessive
levels of CO,, on par with, or exceeding, those predicted
for open ocean habitats by the year 2100 (Sabine 2004;
Carstensen and Duarte 2019). Thus, in certain scenarios,
coastal organisms may be pre-adapted to thriving in a variety
of pCO, levels.

While many studies have investigated species’ responses
to acidification or nutrient loading, few studies have looked
at their interaction on macroalgal growth (Russell et al.
2009; Falkenberg et al. 2014; Campbell and Fourqurean
2014), and fewer studies have investigated this impact on
herbivore consumption (but see Falkenberg et al. 2014).
Here, we investigate the effects of ocean acidification and
eutrophication on algal consumption and diet preference
of a common coastal grazer. For this study, we focused on
the green alga Ulva lactuca (Linneaus) and the brown alga
Fucus vesiculosus (Linneaus) (referred to hereby as Ulva
and Fucus) in the northwest Atlantic. Ulva is fast-growing,
opportunistic, and can readily colonize, whereas Fucus is
long-lived and slow growing. These species have divergent
responses to ocean acidification, nutrients, and their interac-
tion, with increased growth rates of Ulva and decreased or
null growth rates in Fucus (Olischldger et al. 2013; Gutow
et al. 2014). Additionally, nutrient loading (but not pCO,)
enhanced tissue quality of both Ulva and Fucus as a result of
lowered tissue C:N ratios (Ober and Thornber 2017).

@ Springer

Under ambient environmental conditions, Fucus, despite
being competitively disadvantaged, dominates space as Ulva
is the preferred food source for many grazers, including the
abundant gastropod L. littorea (Linneaus) (Lubchenco 1978,
1983; Watson and Norton 1985; Bracken et al. 2014). While
Ulva is preferred by L. littorea (hereafter, Littorina), these
snails will readily consume Fucus, and have even exhib-
ited enhanced growth with Fucus diets (Peckol and Putnam
2017). Littorina can manipulate algal communities and
competitive interactions by preferential grazing and clearing
space within the intertidal and shallow subtidal (Lubchenco
1983). However, Littorina exhibits reduced growth and
reduced respiration rates when exposed to ocean acidifica-
tion conditions (Bibby et al. 2007; Melatunan et al. 2011;
Landes and Zimmer 2012), which may ultimately impact
their grazing ability.

Using a series of feeding experiments, we investigated the
interactive effects of ocean acidification and eutrophication
on the grazing rates of a common snail (Littorina) when
feeding on Ulva and Fucus. Experiments used either live
algal thalli or reconstituted algae to test the role of physical
characteristics in grazing preference. We tested the hypoth-
eses that under these novel environmental conditions: (1)
grazing organisms would control algal growth by increasing
their rate of consumption (Falkenberg et al. 2014), and (2)
altered algal tissue quality under high nutrients would drive
grazing preferences from mostly Ulva to a mixed algal diet.
Quantifying these changes in consumption by an abundant
grazer will help determine future grazing pressures as well
as the potential for modified interactions between primary
producers and consumers.

Materials and methods
Snail grazing (live algal thalli)

To test the impacts of ocean acidification and eutrophica-
tion on snail grazing, we conducted a series of experiments
at a flow-through seawater facility at the US Environmen-
tal Protection Agency Atlantic Coastal Environmental Sci-
ences Division in Narragansett, Rl USA. Ulva, Fucus, and
Littorina were collected from the shallow subtidal zone at
the University of Rhode Island's Narragansett Bay Campus
(41°2926"N, — 71°25'11"4 W) in August 2015. Non-repro-
ductive tips of Fucus (~3-5 cm in length) were cut from
adult thalli (as performed in Gutow et al. 2014). Fucus tips
and Ulva thalli were cleaned of any epiphytes, and trans-
ferred into separate 20L glass aquaria with flow-through
seawater and aeration. Individuals were acclimated to lab
conditions (ambient pCO, and nutrient levels, artificial light-
ing; 448 +20 ppm, 6.87+0.03 pM, and 128.7+2.7 pmol
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photons m~2 s~2 with a light/dark rhythm of 14:10 h (L:D),
respectively) for 5 days prior to the start of each experiment.

After 5 days of acclimation, algae and snails were
exposed to one of four environmental treatments, based
on the factorial combination of two pCO, levels (ambi-
ent~400 patm pCO,, pH 8.10, and high ~ 1200 patm pCO,,
pH 7.65; Moss et al. 2010) and two levels of nutrient load-
ing (ambient ~5 pM dissolved inorganic nitrogen, DIN, and
high~200 pM DIN). The high CO, treatment is the repre-
sentative concentration pathway 8.5 (RCP8.5) projections for
the year 2100. DIN in Narragansett Bay runs along a north
south gradient, where water has an annual mean of 70 pM
DIN in the north and annual mean of 4-10 pM DIN in the
south, while certain parts of the bay can exceed 180 pM DIN
on occasion (Krumholz 2012). There were four 40L head-
water tanks which were fed directly by filtered, tempered sea
water (set at a constant 18 °C). In the headwater tanks, pure
CO, gas or ambient air (depending on the treatment) was
bubbled in via helium spargers at a constant rate set by an
Aalborg Mass Flow Controller GFC (Aalborg Instruments
and Controllers, INC) (Ober and Thornber 2017). Mixing
of gas and water was aided via a Hydor Circulation Fan.
Treated water was pumped from the headwater tank via
an Eheim 1200 submersible pump to a manifold, deliver-
ing treated water to seven experimental aquaria (thereafter
divided by nutrient treatment). Aquaria received water at
a rate of 130+5 mL/min, using a flow-through design to
mimic the natural variability of coastal pH that, on a daily
basis, fluctuated up to 0.2—0.4 units. Although header tanks
were utilized for CO, treatments, we randomly assigned
aquaria from different header tanks to receive the nutrient
treatment to minimize pseudoreplication. Ultimately, this
resulted in seven aquaria for each treatment, but were fed
from one of two header tanks (Supplemental Fig. 1).

Nutrient levels were altered by use of slow-release agar
blocks placed in each experimental aquarium (Teichberg
et al. 2008). Nitrate (in the form of KNOj; at 2 M concen-
tration) and ammonium (in the form of NH,CL at 2 M
concentration) were mixed with 3% agar, seawater, and
phosphate (in the form of KH,PO, at 1 M concentration
to meet the Redfield ratio; Tate 1990) to create the desired
nutrient concentrations representing eutrophication events
(~200 pM DIN for the 20L aquaria) (Teichberg et al. 2008).
For ambient nutrient aquaria, blocks containing just agar
and seawater were used to simulate the physical addition
of the block. Individual blocks contained ~6.25 mL of ini-
tial mixture (which was poured into a petri dish, chilled to
harden, and then divided into eights). All agar blocks were
placed in mesh bags and hung from the side of each aquar-
ium allowing nutrients to slowly dissolve out of the blocks,
mixing with the water in in each tank. Individual blocks
took about 10 days to completely dissolve (Ober, personal
observations).

Organisms were exposed to environmental treatments for
1 week prior to the start of consumption experiments. Based
on evidence from prior experiments (Ober and Thornber
2017), this amount of time was sufficient for algal tissues
to reflect changes in tissue C and N concentrations. Litfo-
rina were not fed during this acclimation period (Imrie et al.
1990).

Prior to feeding trials, algae were removed, blotted dry,
and spun 20X in a salad spinner to remove excess water
(Thornber et al. 2008). Initial algal wet mass of each indi-
vidual was recorded. The average ratio of starting biomass
was 2:1, Fucus to Ulva, with initial wet mass measuring 1.5
and 0.75 g, respectively. This ratio provided a more equal
balance of surface area between the two species.

Of the seven replicate tanks for each environmental treat-
ment, three or four were designated as consumer tanks (three
Littorina in each, with a piece of Ulva and Fucus), with the
remaining three or four designated as non-consumer controls
(tanks with Ulva and Fucus, but no Littorina) (Supplemental
Fig. 1). Grazing experiments were run for 1 week and tanks
were supplemented with the same artificial light (Sylvania
Full Spectrum) described above. Tanks were scrubbed and
cleaned daily and any epiphytes growing on the algae were
removed. After one week, algae were removed, blotted to
remove excess moisture, spun, and assessed for final mass.

Two trials were run for this experiment, with new indi-
viduals collected and acclimated for the second trial. In
this trial, consumer tanks and non-consumer control tanks
were switched, resulting in seven replicates per consumer
treatment per environmental and per grazer treatment (Sup-
plemental Fig. 1). Header tanks feeding the experimental
aquaria were also swapped in effort to reduce pseudorepli-
cation. There was no significant difference in consumption
between trials (FF=0.82, p=0.37; Supplemental Table 1);
therefore, we pooled our data. Total consumption, based on
the total algal biomass consumed by snails (both Ulva and
Fucus), was calculated as (S; x C; x C;!)-S, where S; and
S; were the initial and final mass of the algae exposed to
consumption and C; and C; were the initial and final mass
of the non-consumer control algae (Stachowicz and Hay
1999; Jones and Thornber 2010). Consumption data were
then standardized to a grazing rate (mg algae consumed per
snail per day). These calculations were repeated for Ulva
and Fucus consumption separately. Similar sized Littorina
were collected and used in these experiments to avoid size
acting as a confounding variable. Mean shell height of snails
measured 1.84 (+0.18) cm.

Snail grazing (reconstituted food)
To test the mechanisms behind potential shifts in grazing,

we ran a series of consumption experiments with recon-
stituted food. Using reconstituted food, we were able to
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remove any physical characteristics of the algal tissue but
retain the chemical composition of tissue (i.e., nutritional
quality and secondary compounds). In October 2015,
Ulva, Fucus, and Littorina were collected from the shal-
low subtidal zone at the University of Rhode Island's Nar-
ragansett Bay Campus beach. Mean shell height for Littorina
measured 2.08 (+0.16) cm. Using the same experimental
design and set-up as the live thalli consumption experiments,
algae and snails were acclimated at the same conditions as
the previous experiment (ambient pCO, and nutrient lev-
els, artificial lighting; 455 +23 ppm, 6.97 +0.02 pM, and
128.7 +2.7 umol photons m~2 s~2 with a light/dark rhythm
of 14:10 h (L:D), respectively). Algae and snails were then
acclimated to experimental conditions for one week. Post-
treatment acclimation, Ulva and Fucus were removed and
immediately frozen at — 80C for 24 h. Algae were freeze-
dried for 48 h before being ground separately using a Wiley
Mill (mesh size 40). Powdered algae of both species was
mixed with agar and seawater to reconstitute (Thornber
et al. 2006). The reconstituted food was spread over window
screen onto Whatman paper (Guidone et al. 2012). We cut
40 mm X 15 mm strips containing ~ 225 squares of reconsti-
tuted food. Strips were photographed and the initial number
of reconstituted food squares were counted using Imagel
(Schneider et al. 2012). Strips of both reconstituted Ulva and
Fucus were then placed in experimental aquaria along with
three snails. The experiment ran for a maximum of three
days; replicates were stopped prior to the snails consuming
100% of the food available (squares present). In a few cases,
Littorina consumed 100% of food squares prior to removal,
these replicates were removed from data analyses. Recon-
stituted food strips were then removed from aquaria and
photographed. The final number of squares were counted
via ImageJ (Guidone et al. 2012). As in live thalli grazing

experiments, reconstituted food consumption experiments
were run with both consumer tanks and non-consumer con-
trol tanks, to quantify any potential loss of food to treatment
conditions. This experiment was run twice to obtain seven
replicates per consumer treatment per environmental treat-
ment. We observed no significant differences in consump-
tion between trials and therefore pooled our data (F=0.25,
p=0.63; Supplemental Table 1).

There was no loss of reconstituted foods squares in non-
consumer control tanks; therefore, we determined recon-
stituted food consumption for each species by calculating
percent change between initial squares count and final square
count.

Carbonate chemistry and nutrient concentration
analysis

Methods for measuring and calculating carbonate chemistry
were taken from Ober and Thornber (2017). Seawater samples
were bottled and preserved using mercuric chloride (HgCl,)
over the course of each experiment to measure dissolved inor-
ganic carbon (DIC) and total alkalinity (TA), following the
Best Practices Guide (Dickson et al. 2007). Two seawater
samples were taken from each environmental treatment at the
start of experimentation (Day 1) and again twice more (Days
3 and 6) while the experiments were running. Temperature
and salinity were measured directly whenever samples were
taken for carbonate chemistry. For trials using reconstituted
food, seawater samples were taken once daily for carbonate
chemistry analysis. All seawater samples were collected mid-
day. DIC was measured using a Shimadzu TOC-V total organic
carbon analyzer. TA was determined for each sample using a
Metrohm 877 Titrino Plus titrator. In determining DIC and TA,
samples were standardized against Dickson seawater standards

Table 1 Carbonate chemistry

. Parameter Ambient pCO, High pCO,

and nutrient parameters;

data averaged across grazing Ambient nutrients High nutrients Ambient nutrients High nutrients

experiments (N =24 per

treatment) PH otal) 7.94+0.02 7.96+0.02 7.58+0.02 7.59+0.02
pCO, (patm) 476.2+24 461.7+23 1225.1+45 1199.2+40
CO, (pmol/kgSW) 16.85+0.90 16.1+0.80 42.39+42.0 41.29+1.40
HCO;™ (pmol/kgSW) 1785.2+24 1769.77+24 1958.8+18 1972.9+15
CO;%~ (umol/kgSW) 124.65+5.00 126.65 +4.00 59.2+2.40 61.39+2.20
DIC (umol/kgSW) 1926.7+25 1912.5+24 2060.4+20 2075.83+16
TA (pmol/kgSW) 2095.3+27 2085.2+24 2105.8+21 21259+18
Temp. (°C) 18.44+0.16 18.1+0.08 18.3+0.09 18.49+0.15
Salinity (ppt) 31.140.10 31.1+0.10 31.2+0.10 31.08+0.09
DIN (uM) 6.92+0.78 202.4+6.90 6.96+40.50 196.6+11.00

DIC and TA were measured via water samples collected during each experiment. Temperature and salin-
ity were measured directly. Seacarb (R software; Gattuso et al. 2021) was used to calculate pH ), PCO,,
CO,, HCO,~, and CO;>". Dissolved inorganic nitrogen (DIN) was measured from water samples that were
taken during experimentation (V=8 per treatment). All values represent means + 1 standard error

@ Springer



Marine Biology (2022) 169: 112

Page50f12 112

CRM Batch 151. All parameters of carbonate chemistry were
calculated using the seacarb package (R software; Gattuso
et al. 2021) (Table 1). Natural variation of seawater pH was
observed using WTW Profiline 3110 pH meter with SenTix 21
glass electrodes recording high frequency pH measurements in
each of the four treatments (Supplemental Fig. 1).

Nutrient levels were optimized prior to the start of each
experiment, and additional samples were taken from each
treatment midway through each experiment. Here, 60 mL of
seawater was filtered and samples were frozen at — 20 °C for
preservation. Samples were later analyzed for DIN concentra-
tion at the URI Marine Science Research Facility, a RI NSF
EPSCoR Core Facility.

Statistical methods

Grazing rates (mg of algal tissue per snail per day) were com-
pared across environmental treatments using two-way, fixed
factor analysis of variance (ANOVA) with pCO, and nutrient
levels as categorical, fixed factors. Individual aquaria from
trials were treated as replicates. Assumptions of normality and
equal variance were tested using Shapiro-Wilks and Levene’s
tests (R software), respectively, prior to running the ANOVA.
To determine diet preference, mean grazing rates on Ulva
and mean grazing rates on Fucus were compared across envi-
ronmental treatments using a factorial MANOVA to account
for non-independence of algal consumption (Roa 1992). As
thalli of both species were present for grazers, any consump-
tion (or non-consumption) of one species is likely dependent
on the consumption (or non-consumption) of the other. The
MANOVA used combined grazing rates of Ulva and Fucus
separately as response variables. Protected ANOVAs, where
species specific grazing rates were tested separately, were run
post-hoc to determine which algal species contributed to sta-
tistical significance. Mean total consumption of reconstituted
Ulva and Fucus (proportion of food squares per species con-
sumed) were arcsine transformed and analyzed using a facto-
rial MANOVA. If the MANOVA produced a significant envi-
ronmental effect, protected ANOVAs were run to determine
differences in grazing on reconstituted food. Assumptions of
normality and equal variance were tested using Shapiro-Wilks
and Levene’s tests (R software), respectively prior to running
the MANOVA. All statistics were performed using JIMP v. 11
(www.jmp.com) and R software (“car” and “ggplot2” pack-
ages; R Development Core Team 2022, R-project.org).

Results
Seawater parameters

Our manipulation of both pCO, and nutrients proved effec-
tive, as we were able to obtain desired environmental levels

(Table 1). Natural variation in pH throughout the course of
experimentation was measured and logged by sensors and
is presented in the supplemental materials (Supplemental
Fig. 2). By adding nutrients to our aquaria, we effectively
increased concentrations of DIN above ambient levels
(Table 1).

Grazing (live algal thalli)

Under conditions of high pCO,, grazing by Littorina was
significantly reduced (Table 2). Mean grazing rates by Litto-
rina were reduced by more than half under high pCO, com-
pared to ambient pCO, (53.5 and 113.3 mg snail~! day~!,
respectively; Supplemental Fig. 3; Table 2). Grazing rates
were not affected, however, by nutrient level (86.5 mg
snail~! day~! for high nutrients and 80.3 mg snail~! day~!
for ambient nutrients), with a non-significant interaction
(Table 2).

Our MANOVA highlighted differences in grazing by
algal species (Table 3). We found a significant effect of
pCO, on Ulva vs Fucus grazing (Table 3). While there was
no significant effect of environment on snail grazing of
Ulva (Fig. 1; Table 3), grazing of Fucus was significantly
decreased (Table 3) and almost nonexistent under conditions
of acidification, as rates over the course of experimenta-
tion ranged from 53.6 mg snail~' day~!' under ambient pCO,
to 8.0 mg snail~! day™! under high pCO, (Fig. 1; Table 3).
Snail grazing of Fucus was not impacted by nutrient level or
the interaction of pCO, and nutrients (Table 3).

Grazing (reconstituted food)

Total grazing of reconstituted food by Littorina was unaf-
fected by pCO,, nutrients, and their interaction (Table 4).
Here, total consumed proportions of reconstituted food
ranged between 0.54 and 0.70 (Supplemental Fig. 4). Lit-
torina consumed similar proportions of both reconstituted
Ulva and Fucus across all environmental treatments. Ulva
consumption ranged between 0.44 and 0.70 while Fucus
consumption ranged between 0.58 and 0.73 (Fig. 2).

Table2 Summary of the two-way ANOVA showing the effects of
ocean acidification (pCO,), nutrient addition (Nutrients), and their
interaction (pCO, X Nutrients) on the feeding rates of Littorina on
macroalgae (mg snail~! day™") by Littorina

Model source df SS F P

pCO, 1 25,039 242 <0.0001*
Nutrients 1 265 0.25 0.62
pCO, X Nutrients 1 133 0.13 0.72

Error 24 24,877

“Represent significant p-values (o< 0.05)
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Table 3 Summary of the factorial MANOVA and protected ANOVA showing the effects of ocean acidification (pCO,), nutrient addition (Nutri-
ents), and their interaction (pCO, X Nutrients) on the grazing rates (mg snail~' day™") of Ulva and Fucus by Littorina

MANOVA Wilks’ A df F P
Source of variation
pCO, 0.54 2,23 9.61 <0.0001*
Nutrients 0.99 2,23 0.05 0.95
pCO, X nutrients 0.99 2,23 0.04 0.96
ANOVA Source of variation df SS F P
Response variable
Ulva consumed pCO, 1 1348 1.95 0.18
Nutrients 1 24 0.03 0.86
pCO, X nutrients 1 44 0.06 0.80
Error 24 16,577
Fucus consumed pCO, 1 14,530 335 <0.0001*
Nutrients 1 161 0.37 0.55
pCO, X nutrients 1 9 0.02 0.88
Error 24 10,406
“Represent significant p-values (a0 < 0.05)
0.06 T
0.04 §
&
T
_§‘ 0.02
T:
g pCO,
2 0.00- — — [ ] Ambient
] —|— |:| High
T 0.06 T
(o]
£
N
o
(0]
0.04
S
3
0.02 {
0.00
Ambient High

DIN

Fig. 1 Mean consumption of Ulva and Fucus (mg+1 SE) by environmental treatment. No significant differences were observed in the consump-

tion of Ulva by environment. Consumption rates on Fucus were significantly reduced under high pCO2 (p <0.0001; Table 3)
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Table4 Summary of the factorial MANOVA showing the effects of
ocean acidification (pCO,), nutrient addition (Nutrients), and their
interaction (pCO, X Nutrients) on the consumption (mg) of reconsti-
tuted Ulva and Fucus by Littorina

MANOVA Wilks” A df F p
Source of variation

pCO, 0.95 2,16 0.42 0.66
Nutrients 0.97 2,16 0.22 0.81
pCO, X nutrients 0.98 2,16 0.18 0.84

Discussion

Few studies have investigated the interactive effects of
ocean acidification and nutrients on coastal communities,
despite these factors aiding increased growth and spread of
many macroalgal species (Russell et al. 2009; Falkenberg
et al. 2014; Campbell and Fourqurean 2014). In particu-
lar, little is known about how the impacts of grazers may
shift due to changing climate conditions. Falkenberg et al.
(2014) found that Austrocochlea snails can control the
excess growth of opportunistic turf algae under high CO,
and high nutrients. Our findings indicate that Litforina
exposed to high levels of pCO, exhibit reduced macroalgal

0.8 _|_ —|_

consumption and shift to a diet mostly consisting of Ulva.
However, high pCO, treatments in Falkenberg et al. (2014)
were around 580 ppm, whereas our high pCO, treatment
was nearly double that (~ 1200 ppm), this is likely a sig-
nificant factor that dictated differences in results. Unlike
Falkenberg et al. (2014), we did not observe enhanced
grazing with elevated nutrient levels, despite previous
evidence of enhanced tissue quality (Ober and Thornber
2017). When feeding on reconstituted algae, high pCO,
did not lead to significant decreases in feeding rates and
Littorina did not exhibit the same shift in algal preference.
These findings may highlight the importance of physical
characteristics of algal tissue in grazer preference, over
chemical and nutritional tissue differences.

Negative impacts to grazing marine organisms from
exposure to high pCO, have been observed across many spe-
cies and systems. High pCO, (> 970 ppm) has been shown
to decrease Littorina consumption of biofilms and Fucus
(Russell et al. 2013; Kinnby et al. 2021). Young et al. (2019)
observed decreased consumption of Ulva by another marine
snail, Lacuna vincta, when exposed to high levels of acidi-
fication (> 800 atm). Decreases in snail grazing rates can
be linked to the direct effects of acidification on physiology.
Littorina exposed to high pCO, exhibit decreased respira-
tion rates and metabolism (Leung et al. 2015). Young et al.

a8 -

0.6 1

0.4

o
¥

snon4

e o
o o

Proportion Consumed

o
)

0.4

0.2

0.0

BAIN

Ambient
DIN

High

Fig.2 Mean proportion consumed of reconstituted Ulva and Fucus by Littorina, for each environmental treatment. Data are means+1 SE. No
significant impact of environment on consumption was found for either species
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(2019) linked a decrease in the respiration rate of L. vinta to
decreased consumption of Ulva, and highlighted decreased
kelp grazing by L. vincta while also decreasing snail survival
rates (Young et al. 2021). Elevated pCO, has been shown to
induce acidosis, disrupting metabolism and shifting energy
away somatic growth (Portner et al. 1998). Gastropods shells
are also vulnerable to elevated pCO, as there is evidence of
reduced shell growth rates and reduced repair rates (Shiray-
ama and Thornton 2005), weakened, slow growing shells
impact organism survival. Pteropods were found to divert
energy from metabolism and growth to address shell dissolu-
tion associated with high pCO, (Manno et al. 2012). Alter-
ing shell thickness, a defense for Littorina, is depressed with
exposure to low pH (Bibby et al. 2007). Other grazing gas-
tropods exhibit behavioral changes in response to elevated
pCO,, where many species are unable to detect predator cues
(Jellison et al. 2016; Jellison and Gaylord 2019) and may
expose themselves to increased predation risk.

While our results highlight potential physiological
changes in Littorina, it is important to note that our experi-
ment quantified short term, acute impacts of elevated pCO,.
Numerous studies have shown the differences in short term
and long term responses to high pCO,. Acclimation and
adaptation to high pCO, has been shown in corals, coralline
algae, and sea urchins, among others (Form and Riebesell
2012; Ragazzola et al. 2013; Suckling et al. 2015). Given a
longer acclimation, Littorina metabolism and grazing may
recover. However, in coastal systems, exposure to high pCO,
is common and this study provides insight on the implica-
tions of short term, acute exposure.

When exposed to high nutrients, C:N ratios in both Ulva
and Fucus decrease (Ober and Thornber 2017), making them
of higher nutritional value to consumers. Our study offered
Ulva and Fucus grown under high nutrients, but no evidence
of increased consumption was observed. We did not directly
measure C:N in this experiment and therefore cannot state
whether our study organisms had lower atomic ratios. Oth-
ers have found, however, that decreased C:N can increase
grazer consumption of macroalgae. Falkenberg et al. (2014)
found that turf algae grown under elevated pCO, and nutri-
ents had higher tissue quality (via decreased C:N) and were
consumed at an increased rate by gastropods. Similarly,
Hemmi and Jormalainen (2002) found that elevated nutri-
ents increased the quality of Fucus vesiculosus and pro-
moted enhanced growth rates and consumption by isopods,
and Poore et al. (2012) observed increased feeding rates by
amphipods feeding on Sargassum spp. as a result of expo-
sure to high CO,. By contrast, Duarte et al. (2015) found
CO,-induced decreases in organic content (the concentration
of carbon within algal tissue) and proteins in the brown alga
Durvillaea antarctica, but the loss in quality was correlated
with compensatory feeding by amphipods. Decreased C:N
does not always enhance consumption; Gutow et al. (2014)

@ Springer

found evidence of decreased C:N in Fucus vesiculosus but
no change in consumption by isopods.

Our study assessed feeding on both live algal thalli and
reconstituted algal tissue, however, these studies were run
in August and October, respectively. Importantly, season
has been shown to impact the C:N ratios within macroal-
gae. Yates and Peckol (1993) observed a decrease in C:N
in Fucus moving from summer months to cooler months,
meaning Fucus would become more valuable to consum-
ers. It is possible that Fucus collected for the trials utilizing
reconstituted algae had a more favorable C:N which resulted
in more balanced consumption across algal species. How-
ever, Ulva shows a similar pattern by season, where C:N
ratios decreased from summer to fall. Jansen et al. (2022)
highlight a decline in C:N by roughly 50% in Ulva tissues
from August to October. As such, C:N was likely different
between live thalli and reconstituted algal trials. Since both
Fucus and Ulva would have exhibited the same chemical
change, our interpretation of our results doesn’t change.

Dietary preferences of many marine grazers are highly
correlated with both tissue quality and tissue toughness
(Cruz-Rivera and Hay 2000; Watson and Norton 2009;
Molis et al. 2015). Marine grazers, including Littorina,
exhibit a preference for higher quality food (Watson and
Norton 1985) and early successional, ephemeral species
(Lubchenco 1978). Littorina consume both Ulva and Fucus,
with a preference for Ulva over Fucus, but also preferentially
feed on algal epiphytes and microalgae (Watson and Norton
1985; Russell et al. 2013; Bracken et al. 2014). It is possible
that the reconstituted food utilized in this experiment closely
resembles the size and shape of epiphytes and microalgae
and thus was consumed without specific preference. When
comparing the results of the live thalli trials with those from
the reconstituted food trials, dietary preference was only evi-
dent during live thalli trials. Our results suggest that under
high pCO,, Ulva was selected over Fucus as a result of the
physical characteristics of the algal tissue, with Fucus hav-
ing tougher tissue (Watson and Norton 2009). In general,
Littorina appear to preferentially choose easy to access food
(whether microalgae or Ulva). When stressed with high
pCO,, changes in respiration and metabolism may drive this
preference even more. Tissue toughness and strength is evi-
dent in healthy thalli, however, Fucus exposed to increased
pCO, for 30 days may experience a loss in tissue strength
and toughness (Kinnby et al. 2021). This response, how-
ever, likely did not influence our results as our study only
exposed Fucus to elevated pCO, for 5 days prior to the start
of feeding trials. It is possible, that in the process of creating
reconstituted food, the use of agar may have altered C:N,
thus affecting our ability to use compare the results of this
trial with the live thalli trial.

Increases in pCO, have also been tied to changes
in secondary metabolites (including grazing defense
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compounds) in many algal species as most secondary
metabolites are carbon-based (Borell et al. 2013; Kinnby
et al. 2021). Here, macroalgae exposed to elevated pCO,
may increase allelopathic compounds that aid defense
against grazers and competitors. Del Monaco et al. (2017)
highlighted increased allelopathy under high pCO, in some
macroalgae, resulting in enhanced tissue loss of neighbor-
ing corals. It is possible that thalli used in our high pCO,
trials were better defended than those in low pCO, trials.
Overall, these secondary compounds likely would have
been present in both live and reconstituted algal tissues.
Given the differences in results between these live thalli
and reconstituted trials, it does not appear that allelopa-
thy played a significant role in either experiment, but this
was not quantified as part of this study. However, with
the temporal difference between the two trials, it is pos-
sible that levels of secondary compounds differed in the
specimens used.

Despite a lack of preference for Fucus, our study remains
ecologically relevant as Litforina can appear in such high
densities along the coastline of the northwest Atlantic
(greater than 200 individuals m~?) that even minimal con-
sumption plays a large role in structuring the algal communi-
ties (Perez et al. 2009; Poore et al. 2012). While our study
showed changes in herbivore preference (or choice) under
acidification conditions, aspects of algal use or selection may
also be important. The amount of time Littorina spends on
individual algal species under different environmental sce-
narios could provide further insights as to how these two
algal species are used by snails in a changing climate.

Ocean acidification and nutrient loading are predicted
to enhance the growth and spread of ephemeral and turf
algae at the expense of foundational species like corals, sea-
grasses, and perennial macroalgae (i.e., fucoids), as well as
reduce overall community diversity (Worm and Lotze 2006;
Connell and Russell 2010; Diaz-Pulido et al. 2011; Hale
et al. 2011; Koch et al. 2013). Increasing evidence points
to the indirect effects of climate change on herbivores to
exert top-down control on excessive algal growth, promoting
community resilience (Russell and Connell 2005). Enhanced
growth of bloom forming species, like Ulva, may be bal-
anced by increased grazing by common herbivores. While
our results point to evidence of physiological impairments
to a common grazer, community resilience will depend on a
diversity of herbivores (Baggini et al. 2015). While certain
species might not have an ability to increase consumption
under high pCO,, other herbivores in this ecosystem may
be able to compensate. As such, our understanding of eco-
system response to climate change will be dictated by the
species involved and the diversity of the community.
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