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Abstract

Marine intertidal systems have long served as focal environments for ecological research, yet these environments are changing
due to the entry of human-produced carbon dioxide into seawater, which causes ‘ocean acidification’ (OA). One component
of OA is a decline in seawater pH, an alteration known to disrupt organism behaviors underlying predator—prey interactions.
To date, however, studies examining OA’s effects on feeding relationships consider predominantly simple direct interactions
between consumers and their food sources. Here, we extended these established approaches to test how decreased seawater pH
might alter cascading effects that span tiered linkages in trophic networks. We employed a model shoreline food web incor-
porating a sea star predator (Leptasterias hexactis), an herbivorous snail prey (Tegula funebralis), and a common macroalgal
resource for the prey (Mazzaella flaccida). Results demonstrate direct negative effects of low pH on anti-predator behavior of
snails, but also weakened indirect interactions, driven by increased snail consumption of macroalgae even as sea stars ate more
snails. This latter outcome arose because low pH induced ‘foolhardy’ behaviors in snails, whereby their flight responses were
supplanted by other activities that allowed for foraging. These findings highlight the potential for human-induced changes
in seawater chemistry to perturb prey behaviors and trophic dynamics with accompanying community-level consequences.
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Introduction to propagate through prey species to affect trophic levels

below. Indeed, many studies now document such top-down

Predation operates as a key organizing process governing
community structure. It influences the behavior and abun-
dance of prey taxa and modulates species diversity and
energy flow within food webs (Paine 1969; Lubchenco 1978;
Ripple and Beschta 2004; Ritchie and Johnson 2009). In a
subset of cases, predation and its effects are strong enough
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‘indirect effects’ and how they manifest (e.g., Lima and Dill
1990; Schmitz et al. 2004; Haggerty et al. 2018). One class
of indirect effect arises when predators remove intermediate
consumers, which decreases feeding pressure on basal taxa
(density-mediated indirect interactions, DMIIs). Another
class derives from the tendency, when predators are pre-
sent, for intermediate consumers to change their behavior,
physiology, or morphology in ways that alter their foraging
activities (trait-mediated indirect interactions, TMIIs). A
classic example is a prey species that becomes sufficiently
fearful of a predator that it feeds less on a basal resource.
Both these density- and trait-mediated pathways are now
believed to contribute with comparable strength to indirect
effects of predation (Werner and Peacor 2003).

It is also well recognized that direct and indirect con-
sequences of predation can vary strongly through time
(Kimbro 2012; Wada et al. 2017), across space (Matassa
and Trussell 2015), and as a function of various commu-
nity attributes. For instance, the availability and identity of
resources (Luttbeg et al. 2003; Werner and Peacor 2006),
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habitat complexity (Trussell et al. 2006; Grabowski et al.
2008), the physiological state and life-history stage of prey
(Gravem and Morgan 2016), and the abundance, energetic
condition, and foraging mode of predators (Bernot and
Turner 2001; Preisser et al. 2007) can all affect outcomes.
Physical factors play an additional, crucial role. In environ-
ments subjected to mechanical or thermal stress, rates of
predation can decline due to differential vulnerabilities of
predators to such stresses (Menge and Sutherland 1987;
Voigt et al. 2003; O’Connor 2009). Ecologists are, moreo-
ver, increasingly aware of the capacity for abiotic factors
(e.g., light levels, turbidity, intensities of fluid mixing, ele-
vated background noise, freshwater pH, and pollutants) to
modulate how predators and prey detect one another (Leduc
et al. 2013; Weissburg et al. 2014; Saaristo et al. 2018). For
example, chemical cues from predatory crabs are disrupted
in high flow environments, which can reduce TMIIs as well
as make crabs more vulnerable to predation. At the same
time, rapid velocities may impede a prey’s ability to forage;
together these effects may shift the relative importance of
TMIIs versus DMIIs (Pruett and Weissburg 2018). Under-
standing the consequences of abiotic factors for trophic
interactions is, therefore, a vital component to discerning
how contemporary properties of the environment and those
expected for the future can and will influence communities.

In marine systems, animal sensing and species interac-
tions—including cascading top-down indirect effects—have
the potential to be affected by global-scale anthropogenic
modifications to seawater chemistry (Leduc et al. 2013).
Human-produced carbon dioxide that absorbs into the sea
decreases its pH (‘ocean acidification,” or OA; Caldeira and
Wickett 2003; note that other alterations to the carbonate
system of seawater accrue at the same time). Emerging data
indicate that these changes can alter cue detection and infor-
mation processing by a variety of marine species (Munday
et al. 2010; Clements and Hunt 2015), much as it does in
freshwater taxa (Turner and Chislock 2010; Leduc et al.
2013; Ou et al. 2015; Weiss et al. 2018). Reef sharks, for
example, exhibit a reduced ability to track the chemical sig-
natures of their prey under low-pH conditions (Pistevos et al.
2015). Similarly, shoreline snails display confused behav-
ior under decreased seawater pH and fail to enter refuge in
the presence of predators (Jellison et al. 2016). Although it
remains unclear how common such effects might be across
ocean taxa, there is obvious capacity for perturbed pH to
influence a range of species interactions underlying the
structure and function of marine communities (e.g., Fab-
ricius et al. 2013; Gaylord et al. 2015; Connell et al. 2017;
Goldenberg et al. 2017).

Importantly, although ongoing work is chronicling the
detrimental effects of reduced ocean pH on predator—prey
interactions (Ferrari et al. 2011), studies to date have focused
primarily on simple direct interactions between consumers
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and their food sources (but see Alsterberg et al. 2013; Nagel-
kerken and Connell 2015; Goldenberg et al. 2017; Lord et al.
2017; Vizzini et al. 2017). In contrast, much less is known
about the capacity for decreased pH to alter density- and
trait-mediated indirect effects in biological communities, in
particular, those that cascade vertically through more than
two trophic levels.

In light of this information gap, we provide here a begin-
ning examination of the effects of altered pH on a simple
three-level, marine food web. The model system that we
employ operates as one trophic module within a broader
array of interactions characterizing rocky intertidal com-
munities along northeastern Pacific shores. It focuses on a
widespread sea star predator (the six-armed star, Leptaste-
rias hexactis), an herbivorous intermediate consumer (the
black turban snail, Tegula funebralis), and a common shore-
line macroalga (Mazzaella flaccida). These three species are
abundant on hard-substrate sites within the California Cur-
rent Eastern Boundary system, where they routinely experi-
ence seasonal upwelling that brings deeper waters to the
surface that are naturally high in CO, and, thus, have lower
pH than the open ocean (CO, and pH negatively co-vary in
seawater at chemical equilibrium; Zeebe and Wolf-Gladrow
2001). As a consequence of such upwelling dynamics, pH in
surface waters can decline to as low as 7.4 even today (Feely
et al. 2016; Chan et al. 2017). By contrast, such low values
of pH are not expected in most surface waters globally for
decades. Low-pH conditions associated with upwelling can
also be exacerbated within intertidal rock pools commonly
inhabited by Leptasterias, Tegula, and Mazzaella during
low tides that occur at night when respiratory CO, released
by resident organisms accumulates, while the pools are iso-
lated from the adjacent ocean. Records demonstrate that
pH in such pools can drop to 7.1 and below (Jellison et al.
2016; Kwiatkowski et al. 2016; Silbiger and Sorte 2018).
Moreover, during high-amplitude spring tides, the low-pH
excursions may occur every night for 5 days or more. These
patterns in carbonate chemistry suggest that predator—prey
interactions occurring in rock pools within eastern bound-
ary systems might already be operating under environmental
conditions expected more broadly in future decades, and,
thus, may provide useful insights into community-level con-
sequences of ocean acidification.

Our selection of this model system is motivated fur-
ther by the fact that, as with many tri-trophic food webs,
the combined sea star, snail, and macroalgal interaction
presages an innately unpredictable set of outcomes from
altered seawater pH. It is nearly impossible to project a
priori whether a shift in pH will result in a more positive
or more negative indirect effect of predation. Although we
have previously documented impairment under low pH
of anti-predator responses in Tegula that could affect the
survival and/or foraging behaviors of this snail (Jellison
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et al. 2016), these changes could actuate either of two sce-
narios of cascading impact. First, they could make prey
more vulnerable to predation, decreasing the number of
grazing snails. This result would strengthen density-medi-
ated indirect effects of sea star predators on a macroalgal
basal resource relative to TMIIs, as has been seen in other
systems where environmental conditions affect indirect
interactions (e.g., Wojdak and Luttbeg 2005; Pruett and
Weissburg 2018). On the other hand, if snails become less
responsive to predators under low pH, but do not expe-
rience an accompanying elevation in mortality (perhaps,
the snails do not respond to the risk of predation by sea
stars, are not killed by them, and continue to forage under
risky conditions), macroalgal consumption might increase
(attenuated TMII but unaltered DMII; see, e.g., Pangle
et al. 2012). This second scenario embodies a weakening
of the total positive indirect effect of predation. Our study
explores the ambiguity of these opposing scenarios by
employing a fully factorial mesocosm experiment involv-
ing different combinations of sea star predator, grazing
snail prey, and macroalgal basal resource exposed to either
ambient or reduced seawater pH.

Materials and methods
Study species

The six-armed sea star, Leptasterias hexactis, is a common
predator in mid and low intertidal zones of rocky shores,
often in tide pools, along the west coast of North America
(but see Jurgens et al. 2015 for recent regional declines).
It is a generalist carnivore and consumes several types of
gastropods including the black turban snail, Tegula fune-
bralis (Gravem and Morgan 2019). The latter is one of the
most abundant and visible herbivores in the system and can
be a prominent resident of tide pools (Nielsen 2001). Maz-
zaella flaccida is a red alga common to the mid and low
intertidal zones of moderately exposed rocky shores and is
a common food source for Tegula (Aquilino et al. 2012).
During collection, Tegula and Leptasterias were acquired
from mid-intertidal pools at Arena Cove in Point Arena,
California, in June of 2015, and Mazzaella was acquired
from mid-intertidal pools at Horseshoe Cove in Bodega Bay,
California, in July of 2015. The sizes (mean =+ se) of sea stars
and snails were standardized (sea star arm length and central
disk diameter =9.3 + 0.4 and 6.8 +0.2 mm; snail height and
diameter =4.4+0.1 and 7.1 +0.1 mm, respectively). After
collection, sea stars, snails, and macroalgae were placed in
flow-through aquaria at Bodega Marine Laboratory (BML)
for 3 weeks prior to experimentation, during which the sea
stars were fed Tegula and snails Mazzaella, both ad libitum.

Experiment overview

Effects of seawater pH on indirect interactions among the sea
stars, snails, and macroalgae were examined in two phases.
First, Leptasterias and Tegula were acclimated to either con-
trol (i.e., ambient seawater) or reduced-pH seawater con-
ditions. This initial phase was implemented because prior
work has demonstrated that behavioral changes induced
by OA manifest most strongly following several days of
advance exposure to altered seawater chemistry (e.g., Wat-
son et al. 2013). The Mazzaella were not pH acclimated at
the start, because, although some macroalgae can increase
growth under OA (e.g., Koch et al. 2013), our study targeted
top-down rather than bottom-up processes. It will be impor-
tant for future work to address the bottom-up effects of OA
in the system. Once the acclimation phase was completed,
then the study’s second phase began, involving factorial
mesocosm trials characterized by multiple combinations of
predator, prey, and macroalgae under low pH or not. Further
details regarding the protocol used for pH manipulation, the
acclimation phase, and the mesocosms appear below.

pH manipulation

A simplified OA exposure regime was employed to hone in
on the signature property of tidepools (their markedly low
pH values) in dissecting consequences for top-down direct
and indirect effects. Two static pH levels characterized the
exposure regime: an ambient level consistent with con-
temporary conditions at BML (pH~ 8.0 on the total scale;
Table 1), and a low one corresponding to minima expected
in future decades within tidepools (pH~ 6.9, 0.1 units below
what we have recorded in tidepools at our field site currently
but likely to be encountered in coming decades; Jellison
et al. 2016). We acknowledge that a more idealized experi-
ment for a tidepool system might also incorporate diurnal
fluctuations in pH, given that nighttime pH minima can be
accompanied by pH increases during the day when photo-
synthesizers take up aqueous carbon. Such an experiment
(i.e., one focused on features of environmental variation—
but perhaps less on trophic dynamics) might also modulate
pH excursions according to lunar periodicities of the tides
and would do this for many weeks or months to allow for
phenotypic changes that can be initiated by organisms over
extended durations (e.g., Russell et al. 2011). However, an
elaborate experimental design like the above is beyond the
capability of most research facilities, including ours, and
may not always be necessary. In prior work, we have shown
that pH-induced behavioral changes in our prey species
(Tegula funebralis) manifest almost identically in either
static or diurnally varying pH conditions (Jellison et al.
2016). Nevertheless, it is clear that future research should
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Table 1 Seawater parameters for each treatment level averaged over 5 days during the pH-acclimation phase of the experiment and for the 7-day mesocosm trials for both pre- and post-water
change

Experimental phase pH level Treatment Pre/post- Salinity (ppt) SE DO (mg/L) SE Temp (°C) SE pH (total) SE Alk (umol/  SE
water change kgSW)
pH acclimation Ambient Sea star Pre 333 0.03 7.7 0.1 16.3 0.3 8.01 0.00 2225 3
Post 33.1 0.03 7.8 0.1 16.3 0.3 7.96 0.02
Snail Pre 332 0.02 6.5 0.2 15.3 0.2 7.89 0.02 2222 3
Post 33.1 0.02 7.7 0.1 16.2 0.2 7.96 0.01
Low Sea star Pre 332 0.03 7.8 0.1 16.2 0.4 6.95 0.02 2227 11
Post 33.0 0.02 7.8 0.2 16.4 0.3 6.92 0.01
Snail Pre 332 0.02 6.7 0.2 15.3 0.2 6.91 0.01 2218 7
Post 33.1 0.01 7.5 0.1 16.2 0.2 6.92 0.01
Mesocosm Ambient Complete interaction Pre 332 0.03 6.7 0.1 15.7 0.2 7.79 0.03 2252 4
Post 332 0.02 6.9 0.2 15.5 0.3 7.85 0.03
Cue only Pre 332 0.03 6.6 0.1 15.8 0.2 7.80 0.03 2249 5
Post 332 0.02 6.9 0.2 15.5 0.3 7.85 0.03
No predator Pre 333 0.05 6.6 0.1 15.9 0.2 7.79 0.02 2245 3
Post 332 0.02 7.0 0.2 15.5 0.3 7.83 0.03
No grazing Pre 332 0.03 6.7 0.1 15.8 0.2 7.78 0.03 2245 5
Post 332 0.02 6.9 0.2 15.5 0.3 7.85 0.03
Low Complete interaction Pre 333 0.04 6.6 0.1 15.8 0.2 6.94 0.01 2249 4
Post 33.1 0.01 7.1 0.2 15.6 0.2 6.94 0.01
Cue only Pre 333 0.03 6.7 0.1 15.8 0.2 6.94 0.01 2253 5
Post 33.1 0.02 7.1 0.2 15.6 0.2 6.94 0.01
No predator Pre 333 0.05 6.7 0.1 15.8 0.2 6.93 0.01 2245 3
Post 33.1 0.02 7.1 0.2 15.6 0.2 6.93 0.01
No grazing Pre 333 0.04 6.6 0.1 15.8 0.2 6.93 0.01 2247 6
Post 33.1 0.02 7.0 0.2 15.6 0.2 6.93 0.01

SE standard error

e160]0330



Oecologia

more fully examine the implications of substantial fluctua-
tions in carbonate system parameters that arise in tidepools.

Methods for manipulating seawater chemistry for the
two pH exposure levels duplicated those of Jellison et al.
(2016). The pH was modified using equimolar additions of
sodium bicarbonate (NaHCOj;) and hydrochloric acid (HCI).
This direct chemical modification of seawater increases dis-
solved inorganic carbon (DIC) without altering total alkalin-
ity (TA), reproducing the same chemical changes that occur
when bubbling CO, gas through seawater (Schulz et al. 2009;
Riebesell et al. 2010). Before and after daily water changes
of treatment containers, a YSI ProPlus sensor was used to
measure in situ pH, temperature, salinity, and dissolved oxy-
gen (calibrated in low-ionic-strength certified buffers), and
pH values from this instrument were recalibrated daily to
the total scale (Zeebe and Wolf-Gladrow 2001) by means of
water samples from four treatment containers analyzed via a
Sunburst SAMI spectrophotometer. This approach validated
the pH manipulations and verified acceptably stable seawater
chemistry between water changes (Table 1), as facilitated by
the large container volumes (13 L) and their lids that mini-
mized air—water gas exchange. Bottle samples were also col-
lected from each container after water changes for analysis
of total alkalinity via Gran titration (Riebesell et al. 2010)
standardized using certified reference material (A. Dickson,
Scripps Institution of Oceanography).

Pre-trial pH acclimation

The two pH exposure levels were implemented first to accli-
mate sea stars and snails to ambient or reduced-pH seawater
for 5 days. The most extreme pH minima in rock pools occur
during the highest amplitude spring tides, and such tides
span 57 days locally. Each species was separated from the
others, and individuals were partitioned among multiple
13-L containers (2 species X 15 replicates X 2 pH=60 con-
tainers) held within a seawater table that maintained tem-
peratures at ambient conditions (Table 1). Containers either
held four snails or one sea star (60 total snails and 15 total
sea stars). During this time, water changes were conducted
daily, and animals were not fed to ensure that they were
hungry for subsequent trials of trophic interactions.

Mesocosm trials

To investigate the central question of how pH influences
trophic links, the sea stars, snails, and macroalgae were next
placed for 7 days in mesocosms containing seawater adjusted
to the same pH levels as during acclimation. The water in
each container was changed daily as before. The mesocosm
array consisted of 40, 13-L circular plastic containers with
a mesh barrier down the center to separate predator, prey,
and/or basal resource but allowing for passage of waterborne

cue. Mesocosms were filled halfway with seawater, allowing
10 cm of refuge space for snails above the waterline. Meso-
cosms were held within a seawater table under constant flow
to maintain consistent temperatures (Table 1).

Trophic treatments

Each mesocosm was assigned to one of four trophic treat-
ments and one of two pH levels, resulting in five replicates
per treatment and pH (4 trophic X 2 pH X 5 replicates =40
mesocosms). The first trophic treatment was a “no-preda-
tor” configuration, composed of four snails and four 3-cm-
diameter circular pieces of Mazzaella macroalgae cut out of
blades (four pieces=0.33 g+0.03 in total, with each piece
standardized to have similar initial mass), both placed on one
side of the central barrier of the mesocosm (Fig. 1a). This
treatment was used to quantify the net loss of macroalgal
mass in the presence of grazing. The second trophic treat-
ment was a “cue only” treatment in which one sea star was
housed on one side of the barrier with four snails and mac-
roalgae on the other side (Fig. 1b). This treatment was used
to assay changes in snail foraging in the presence of predator
cue, and, thus, provided a mechanism for quantifying trait-
mediated indirect interactions. The third was a “complete
interaction” treatment in which one sea star, four snails, and
macroalgae were all located on the same side of the bar-
rier (Fig. 1c). This third treatment allowed for the operation
of the full suite of interactions, and the manifestation of
both density-mediated and trait-mediated indirect effects.
The final trophic treatment was a “no prey/no grazing” con-
figuration, for which one sea star was placed on one side
of the barrier with the macroalgae on the other (Fig. 1d). It
was used primarily as a control for predator behavior in the
absence of prey, and also provided a control for any changes
in macroalgal mass that might occur without grazing, due,
for example, to growth or senescence.

Behavioral assays

During the 7-day mesocosm trials, sea star and snail behav-
ior were quantified using image analysis of photographs of
animal position recorded every 2 min for 16 min daily (see,
e.g., Jellison et al. 2016), starting immediately after the
organisms were placed into the mesocosms. Pilot experi-
ments indicated that 16-min recording sessions were ade-
quate to characterize the positional behaviors. The behaviors
were also stable through time and were, therefore, quanti-
fied only over the first 4 days of the experiment, following
each water change (in contrast, measurements of macroalgal
consumption—a slower process—were made after 7 days).
For the purposes of this experiment, slightly different behav-
iors were evaluated for the snails and sea stars. Black turban
snails normally flee the water upon detection of cue from
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sea stars, so a key metric of snail refuge-seeking behavior is
the proportion of time out of the water (Jellison et al. 2016).
This quantity was calculated as the fraction of images for
which a given snail was above the waterline. In the case
of sea stars, their capacity and/or propensity to forage was
evaluated through their tendency to move and the distance
that they traveled during the assessment period.

Evaluation of prey survival

The effect of pH on the strength of direct trophic effects was
estimated from measurements of sea star consumption of
snails in the complete interaction treatment across pH lev-
els. The number of snails eaten was determined by visually
assessing containers to determine if sea stars were actively
eating a snail and then removing and counting the number of
consumed snails (empty shells) in the complete interaction
containers at the end of each day. Consumed snails were not
replaced, as was necessary for determining DMII strength,
and snail numbers never dropped below two snails per con-
tainer (Online Resource 1: Fig. S5).

Indirect effects
Consequences of pH for the strength of net top-down
indirect effects were estimated from relative reductions

in mass of macroalgae in the no-predator treatment, the
cue-only treatment, and the complete interaction treatment
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across pH levels. Wet weight of disks excised from Maz-
zaella blades was measured before and after the 7 days to
assess macroalgal mass loss. First-order estimates of mac-
roalgal consumption were calculated as the difference in
macroalgal mass loss between each container of a trophic
treatment and the group mean from the no-grazing treat-
ment for each pH level.

The effect sizes for the indirect effects of predators on
the amount of macroalgae eaten (M) were also estimated,
using ratio methods (Wojdak and Luttbeg 2005; Okuyama
and Bolker 2007), by comparing the amount of macroalgae
eaten when predators were present and able to kill prey,
versus when predators were behind the mesh barrier and
could only alter the anti-predator behavior of prey. The
effect sizes of TMII, DMII, and total indirect interaction
(TII) were calculated as follows:

M, M : ;
cue only complete interaction
™I=1-—, DMIl=1-—F7——7—,
no predator M, cue only
Moo iierac 1
complete interaction
Th=1- ——,

no predator

where the numerator is calculated on a per-replicate basis as
the estimate of macroalgae grazed at the end of the experi-
ment for a particular treatment, and the denominator is
computed as the average across replicates. Each effect size
calculation thus estimated the proportional decrease in basal
resource consumed due to changes in prey traits (TMIIs),
changes in the density of prey (DMIIs), or both (TII). This
method assumes that TMIIs and DMIIs operate additively,
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neglecting any interactions between the two (Wojdak and
Luttbeg 2005).

Statistical analysis

The influence of predator cue, pH, and day on the propor-
tion of time that snails were out of the water was assessed
using a generalized linear mixed-effects model (binomial
GLMM, logit-link). Snails that were actively being eaten or
had been eaten by sea stars were not included in this analy-
sis. Container and snail identity were included as random
effects, the latter to account for repeated behavioral meas-
urements on individual snails and to obtain robust estimates
given the unbalanced data due to the exclusion of consumed
snails in the complete interaction treatments. To determine
the influence of prey presence and pH on the behavior of
sea stars, a two-part hurdle model was used, which incor-
porated two generalized linear models, since the response
variable, distance traveled (cm), was positive, continuous,
and zero inflated. The first generalized linear model assessed
the influence of pH and the presence of prey cue on the
probability of a sea star moving during a given observa-
tion period (binomial GLMM, logit-link), and then, the
second model assessed the influence of each treatment on
the distance traveled by a sea star if it moved (linear mixed
effect model). As for the snail data, both sea star models
included a random effect for container. The possibility that
snail consumption was influenced by pH was tested using
a generalized linear model, with consumption coded as the
fraction of snails eaten per container (binomial GLM, logit-
link). The possibility that macroalgal consumption (g) was
influenced by pH and trophic treatment was tested using a
general linear model, including pH and trophic treatment as
independent variables. The interaction term was then used to
assess whether the strength of indirect effects (difference in

macroalgae consumed in the presence or absence of preda-
tor or cue from sea stars) was different between the two pH
treatments. Two mesocosms were excluded from the mac-
roalgal analysis, because the macroalgae fragmented dur-
ing extraction, preventing assessment of the quantity con-
sumed by the snails. Scaled residuals were assessed to verify
assumptions for generalized linear mixed-effects models
using the DHARMa package in R. For linear mixed-effects
models and general linear models, assumptions of normality
were assessed by inspecting plots of expected versus actual
quantiles and with the Shapiro—Wilk’s test, and homoscedas-
ticity by inspecting plots of predicted versus residual values.
All mixed-effects models were run using the Ime4 package
in the statistical software, R.

Results
Snail anti-predator behavior

Reduced pH disrupted the response of snails to predation
risk, consistent with prior findings (Jellison et al. 2016). In
particular, under low pH, snails exposed to a predator or
predator cue decreased the proportion of time spent out of the
water by almost half, such that the time in refuge was similar
regardless of the presence or absence of a predator (Fig. 2a;
low pH X cue interaction coefficient estimate = — 3.72, Wald
z=—3.07, P=<0.001; Online Resource 1: Table S2).

Sea star behavior

Reduced pH also affected sea star behavior (Fig. 2b, c).
Among Leptasterias individuals that exhibited locomotory
activity, those exposed to low pH moved less than half the
distance traveled by sea stars in ambient seawater (Fig. 2b,

a | | No predator b O No prey c O No prey
O Predator cue only oy O Prey cue only £ O Prey cue only
10m Complete interaction £ 1.0 m Complete interaction % 1410 Complete interaction
S (o] —
T 12
0% 08 E os- ®
£z e 3 10
)
5E£ 06 3 06 % 81
C oy
So - T 5
532 04 s 0.4 < |
Q >
o2 = © 4
o g 0.2 é 0.2 ‘a'; 5
< 2
0.0 & 00 20
Ambient pH Low pH Ambient pH Low pH [a) Ambient pH Low pH

Fig.2 Effect of reduced seawater pH on snail and sea star behavior
(n=5 per treatment). a Low pH attenuates the refuge-seeking behav-
iors of black turban snails (Tegula funebralis), as exemplified by
a decreased tendency for snails to exit the water in the presence of
sea stars (dark gray) or cue from them (light gray). b Low pH does
not affect the tendency of the sea star, Leptasterias hexactis, to move

in the absence (white) or presence (dark gray) of its prey, or in the
presence of cue from snails (light gray), but ¢ does decrease the dis-
tance sea stars travel if they do move. Bars represent means predicted
from a generalized linear mixed effect models (a and b) and a linear
mixed-effects model (¢). Error bars represent predicted 95% confi-
dence intervals
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c; low-pH coefficient=—4.11, t=—3.01, P=0.004; Online
Resource 1: Table S1). The presence of snails, however, did
not affect whether or how far a sea star moved (Fig. 2b, c;
Online Resource 1: Table S1).

Sea star predation on snails

The net effect of reduced refuge seeking by snails and
decreased locomotory movements of sea stars was an ele-
vation in sea star consumption of snails under low pH. In
particular, sea stars ate three times more snails per container
in the low-pH treatments (Fig. 3; low pH coefficient =2.33,
Wald z=- 2.06, P=0.039; Online Resource 1: Table S1).
Most snails were consumed within the first 3 days, but never
were all individuals in a mesocosm eaten (Online Resource
1: Figure S5).
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Fig.3 More snails are consumed by sea stars under low pH. Bars rep-
resent the predicted proportion of snails eaten by sea stars per con-
tainer in the predation treatments based on a binomial generalized lin-
ear model (n=5 per treatment). Error bars represent 95% confidence
intervals

Strength of indirect effects

The first three trophic treatments (Fig. 1a—c) account for
indirect effects of predation but also include bottom-up pro-
cesses (e.g., macroalgal growth or effects of senescence). We
first address these overall effects (combined top-down plus
bottom-up) and then turn to predator effects per se by incor-
porating results from the no-grazing treatment (Fig. 1d).

Net consequences for the basal resource

Macroalgal biomass was statistically indistinguishable across
treatments at the outset of the mesocosm trials, but differed
significantly among them at the experiment’s conclusion
(Fig. 4). In ambient seawater, net declines in macroalgal mass
were greatest when snails were present without predators or
predator cue (Fig. 4c). Less mass was lost in the no-predator
and no-grazing treatments under reduced pH, but more mass
was lost in treatments with predators or predator cue (low
pH X cue interaction coefficient estimate =0.06, t=3.17,
P=<0.01; low pH X complete interaction coefficient esti-
mate=0.05, r=2.65, P=0.01; reference =no-predator cue
and ambient pH). Macroalgal mass declined even without
grazing, suggesting senescence dominated over growth.

Indirect effects of predation

Macroalgal consumption by snails was estimated to first
order as the macroalgal mass lost above that without grazing
(Fig. 5). Here, caution is warranted given that bottom-up
effects were also likely active. Estimated macroalgae eaten
by snails in the presence of predator or predator cue under
low pH resembled that under ambient pH without a predator
(Fig. 5; low pH X cue interaction coefficient estimate =0.06,
t=3.17, P=<0.01; low pH X complete interaction coef-
ficient estimate =0.05, t=2.65, P=0.01; reference =no-
predator cue and ambient pH). Thus, although lower pH
increased snail mortality through greater consumption by
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trial. Bars depict predicted means based on a general linear model
(n=5 per treatment). Error bars represent predicted 95% confidence
intervals

Fig.4 The average amount of macroalgae (g) per container at the a
start and b end of the mesocosm experiment, as well as ¢ the differ-
ence in macroalgal mass between the start and end of the mesocosm
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Fig.5 The amount of macroalgae snails consume in the presence of a
predator (dark gray) or predator cue (light gray) under low pH resem-
bles the quantities that snails graze under ambient pH in the absence
of a sea star (black). Bars depict estimated macroalgal consumption
by Tegula funebralis [macroalgae mass loss per trophic treatment
container (g)—mean macroalgae mass loss for no-grazing trophic
treatment (g)] for each pH level (n=4 for with predator cue X low
pH, n=>5 for all other treatment combinations). Predicted means and
95% confidence intervals are based on a general linear model

sea stars (Fig. 3, thereby elevating density-mediated indi-
rect effects of predation on macroalgae), it simultaneously
weakened the trait-mediated indirect effects of predation.
This latter effect likely arose through the reduced tendency
of snails to seek refuge under low pH (Fig. 2), which con-
comitantly increased the fraction of time that each individ-
ual spent in the water where foraging was possible (Online
Resource 1: Table S1).

The overall result of these trends was that the relative
strength of estimated TMIIs and DMIIs as calculated by
Eq. 1 shifted with reductions in pH (Fig. 6; low pH x DMII
interaction coefficient estimate =0.68, t=3.84, P=0.001,
reference = ambient pH and TMII; Online Resource 1:
Table S1). Under ambient conditions, cascading effects of
sea star predators on the macroalgal resource were driven
primarily by behaviorally mediated reductions in snail forag-
ing (TMlIIs), rather than by effects on snail survival (DMIIs).
In other words, trait-mediated indirect effects were much
stronger under ambient conditions than density-mediated
indirect effects (Fig. 6). However, under low-pH conditions,
the estimated effect sizes of TMIIs and DMIIs converged
and the total strength of indirect effects was reduced (Fig. 6).

Discussion
Reduced seawater pH alters direct predator—prey interactions

between six-armed sea stars and black turban snails, with
effects that cascade through the system to induce greater

1.0 1 @ Ambient pH
O Low pH
0.8

0.6 1

0.4 4

Effect size

0.2 1

0.0 +

-0.2 1

T™II DMII Tl

Fig.6 Decreases in seawater pH alter the relative strength of esti-
mated TMIIs and DMIIs, as well as the strength of total indirect
effects (TII). TMIIs dominate in this system under ambient pH, and
there are substantial total indirect effects (TIIs) of predators on mac-
roalgae. In contrast, under low pH, the strength of TMIIs declines
without a concomitant increase in DMIIs, such that the strength of
total indirect effects declines. Bars depict the estimated effect size
of TMIIs, DMIIs, and TIIs under either ambient pH (black) or low
pH (white) based on a general linear model. Error bars represent pre-
dicted 95% confidence intervals

estimated consumption of macroalgae. As with many tri-
trophic systems where both density-mediated and trait-
mediated indirect interactions manifest, this outcome was
not obvious in advance given that simultaneous operation
of the two pathways creates ambiguity as to their net con-
sequences. Since impairments to anti-predator behaviors
should increase prey mortality, abiotic disruption (here
through decreased pH) of such anti-predator responses
could either (1) decrease the density of prey that feed on
a basal resource, fostering the latter’s success (increased
DMIIs; also seen in state-dependent models of hungry or
resource-limited prey; Luttbeg et al. 2003), or (2) induce
less cautious behaviors on the part of prey that spur greater
consumption of the basal resource (decreased TMIIs; Pangle
et al. 2012). In the case of our model system under low pH,
the second process dominated. These findings highlight the
potential for ocean acidification to weaken the strength of
behaviorally mediated trophic cascades through degradation
of anti-predator traits of intermediate consumers.
Although not designed to isolate bottom-up effects, our
study also suggests some role for pH (or CO,) in influencing
the macroalgal basal resource itself. Because a pH effect on
macroalgae would apply across all trophic treatments associ-
ated with the TMII, DMII, or TII estimates at a given pH,
the relative magnitudes of these quantities are unlikely to be
influenced. Nevertheless, the no-grazer treatments in low pH
exhibited less mass loss than the ambient treatments (Fig. 4).
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Whether this pattern derived from pH-driven changes to the
relative importance of growth and senescence, or only from
a pH effect on the latter remains unclear. We do know that
the excision protocol used to isolate macroalgal disks from
the originating Mazzaella blades unavoidably caused tissue
damage and probably stimulated senescence. That said, it
is also possible that the macroalgal disks maintained some
residual carbon fixation. Although ambient light levels in
the mesocosm trials were not supplemented with photosyn-
thetically active radiation (PAR), the lids to the contain-
ers were transparent. Thus, it is conceivable that elevated
seawater CO, associated with the low-pH treatments could
have bolstered carbon uptake. Alternatively, any microbes
degrading the macroalgae may have been less active under
reduced seawater pH. Such questions regarding bottom-up
effects, as well as the potential for nutrient loading from
sea star and snail excretion to influence carbon fixation by
the macroalgae (see, e.g., Aquilino et al. 2009; Poore et al.
2016; Bracken et al. 2018), warrant additional attention (also
consult Online Resource 2 for further details on this topic).

To our knowledge, this study is one of the first to experi-
mentally examine whether the relative strength of estimated
TMIIs and DMIIs might depend on seawater pH (see also
Lord et al. 2017). Although models predict that environ-
mental conditions that increase the willingness of prey to
forage under risky conditions should simultaneously reduce
TMIIs, while also making prey more vulnerable to consump-
tion (and thus increasing DMIIs; Luttbeg et al. 2003), we
observed a subtly different outcome. In particular, we found
that the strength of the estimated DMII remained relatively
constant even as decreases in pH attenuated the TMII. These
changes led, in turn, to a reduction in the overall strength
of the estimated total indirect effects (TII) in this system
(Fig. 6). Although additional experiments (e.g., those involv-
ing culling; Peacor and Werner 2001; Okuyama and Bolker
2007) are required to conclusively characterize the strength
of the DMIIs (since our approach relied upon a ratio-based
index), and although the applicability of this finding to other
species and food webs remains yet unknown, it points to an
important avenue by which low seawater pH could influence
marine communities.

In evaluating the capacity for abiotic factors to affect
indirect interactions more broadly, we can anticipate that
the ultimate consequences of altered TMIIs and DMIIs
may depend on the relative importance of these two types
of cascading effects. In our system, TMIIs dominate under
contemporary seawater conditions, and this feature could
apply even more strongly in the field. Leprasterias is a gen-
eralist consumer and preferentially targets prey other than
Tegula (Gravem and Morgan 2019); this point suggests that
DMIIs involving black turban snails could be weaker in
nature compared to our laboratory experiment. TMIIs, by
contrast, are more likely to be heightened in the field given
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the potential for sea star cue to influence relatively more
significant numbers of snails (although the ratio of snail to
sea star density used in our experiment was consistent with
common field patterns, snails also reach higher densities in
some pools; Gravem and Morgan 2019). In this regard, our
data may provide conservative estimates of the potential for
pH-induced alterations to prey behavior to weaken TMIIs
and total indirect interactions (TIIs) relative to DMIIs. In
contrast, in systems where DMIIs dominate (see, e.g., Trus-
sell et al. 2006), there may be little potential for OA-induced
shifts in prey behavior to depress total indirect effects. Given
growing interest in how OA might influence links in food
webs (e.g., Gaylord et al. 2015), additional studies should be
prioritized in this area, along with complementary experi-
ments that alter the initial densities of herbivores and the
duration of predator exposures (Luttbeg et al. 2003; Wada
et al. 2013).

In our model system, the behavior of the prey species
was affected more negatively by decreased pH than that of
the predator, as evidenced by higher rates of consumption
of snails under altered seawater conditions (Fig. 3). How-
ever, under other circumstances or in other trophic networks,
shifts in seawater pH could differentially influence the preda-
tor instead of the prey, or affect both comparably. In pre-
vious work involving fish, for instance, researchers found
that although elevated seawater CO, negatively impacted
the behavior of both predator and prey, neither gained an
advantage when held together (Allan et al. 2013). In many
cases, therefore, net outcomes of species interactions under
environmental change will not be simple to predict and must
be determined empirically. The trend of unpredictability is
common to a number of recent studies (e.g., Alsterberg et al.
2013; Nagelkerken and Connell 2015; Connell et al. 2017).

In addition to acting as a sensory stressor, low pH (and
its accompaniments of higher CO, and reduced carbonate
ion concentration) can also act as a physiological chal-
lenge (Portner 2008; Kroeker et al. 2010). In this case,
OA might weaken DMIIs if foraging abilities of preda-
tors are degraded more than that of prey, in analogy to
predictions of consumer stress models where difficult
environmental conditions have a similar effect (Menge
and Sutherland 1987). Alternatively, other workers have
suggested that OA might make feeding in sea stars more
efficient (Gooding et al. 2009). In our system, although sea
stars did decrease their locomotory activity under low pH,
consumption of snails rose rather than fell. Further work
is required to determine the drivers of altered movements
of Leptasterias under OA, possible shifts in efficiencies
of feeding or handling times, and the mechanistic basis of
riskier behaviors of snails. Likewise, there is still much
to learn regarding longer term physiological responses,
including the capacity for plasticity in growth, metabo-
lism, motility, and feeding.
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The relative strength of TMIIs and DMIIs under envi-
ronmental change may, furthermore, connect to the sensory
modalities of interacting species. In our model system, snails
predominantly use olfactory and tactile cues when respond-
ing to sea star predators (Feder 1963). In contrast, Leptaste-
rias sea stars do not appear to employ olfaction when search-
ing for food (Online Resource 1: Fig. S1). Instead, they seem
to find prey through foraging trajectories that mimic a ran-
dom walk. The net result is that although movement in sea
stars declines with decreasing pH, their use of a randomly
oriented search process coupled with impaired anti-predator
behaviors of snails (which keeps the latter underwater where
Leptasterias can find them) likely ensures a reasonable
chance of contact between the two species. In other trophic
networks where species may rely on more distinct sensory
modalities (e.g., one species depends on hearing, another
on olfaction), strongly divergent responses to OA may arise.
Such possibilities point to the value of understanding the
bidirectional transfer of information in any given preda-
tor—prey interaction (Weissburg et al. 2014).

The capacity of low pH to modulate cascading effects of
predators, as documented here, could, moreover, be operat-
ing as a largely unrecognized contributor to landscape-level
patterns in marine systems. Especially, in coastal regions,
pH can vary strongly in space and time (Chan et al. 2017).
Even at a single site, we have measured differences in sea-
water chemistry of up to 1.0 pH unit between tidepools
separated by only a few meters. This existing variability in
tidepool pH is driven by differences in aerial exposure time,
surface area-to-volume ratios of pools, and the abundance
and identity of organisms within pools (Jellison et al. 2016;
Silbiger and Sorte 2018). Although the implications of such
spatial heterogeneity in pH conditions have not been fully
examined, they have the potential to foster differences in
community composition within and across these ecosystems.
As just one observation, (Gravem and Morgan 2019) found
that Leptasterias in tidepools indirectly influenced algal bio-
diversity, but also that the magnitude of the responses to this
sea star varied across tidepools. One could easily envision
a role for seawater pH in driving portions of this variability.
As a consequence, even as we work to improve our charac-
terization of pH conditions across marine habitats and the
potential for these conditions to be exacerbated by ocean
acidification, we must also strive to evaluate the effects of
seawater chemistry on species interactions and trophic links.
Doing so will be a crucial component of attempts to under-
stand how predator effects cascade through natural commu-
nities currently and into the future.

Acknowledgements We are grateful to the University of California
Natural Reserve System for access to the Bodega Marine Reserve. We
also thank J. Miller, J. Ramirez, and G. Ng for valuable assistance. Two
anonymous reviewers and S. Peacor provided helpful suggestions on
a prior version of the manuscript. This work was supported by NSF

award OCE-1636191. B. M. J. also received funding from an NSF
Graduate Research Fellowship and a NorCal SETAC grant.

Author contribution statement BMJ and BG conceived and designed
the experiments. BMJ performed the experiment and analyzed the data
with input from BG. BMJ and BG wrote the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

References

Allan BJM, Domenici P, McCormick MI et al (2013) Elevated CO,
affects predator—prey interactions through altered performance.
PLoS One. https://doi.org/10.1371/journal.pone.0058520

Alsterberg C, Eklof JS, Gamfeldt L et al (2013) Consumers mediate
the effects of experimental ocean acidification and warming on
primary producers. Proc Natl Acad Sci 110:8603-8608

Aquilino KM, Bracken MES, Faubel MN, Stachowicz JJ (2009) Local-
scale nutrient regeneration facilitates seaweed growth on wave-
exposed rocky shores in an upwelling system. Limnol Oceanogr
54:309-317

Aquilino K, Coulbourne M, Stachowicz J (2012) Mixed species diets
enhance the growth of two rocky intertidal herbivores. Mar Ecol
Prog Ser 468:179-189

Bernot RJ, Turner AM (2001) Predator identity and trait-mediated
indirect effects in a littoral food web. Oecologia 129:139-146

Bracken MES, Silbiger NJ, Bernatchez G, Sorte JB (2018) Primary pro-
ducers may ameliorate impacts of daytime CO, addition in a coastal
marine ecosystem. PeerJ 07:1-19. https://doi.org/10.7717/peerj.4739

Caldeira K, Wickett (2003) Anthropogenic carbon and ocean pH.
Nature 425:365

Chan F, Barth JA, Blanchette CA et al (2017) Persistent spatial struc-
turing of coastal ocean acidification in the California Current Sys-
tem. Sci Rep 7:2526. https://doi.org/10.1038/s41598-017-02777-y

Clements J, Hunt H (2015) Marine animal behaviour in a high CO,
ocean. Mar Ecol Prog Ser 536:259-279

Connell SD, Doubleday ZA, Hamlyn SB et al (2017) How ocean acidi-
fication can benefit calcifiers. Curr Biol 27:R95-R96

Fabricius KE, De’ath G, Noonan S, Uthicke S (2013) Ecological effects
of ocean acidification and habitat complexity on reef-associated
macroinvertebrate communities. Proc R Soc B 281:20132479

Feder H (1963) Gastropod defensive responses and their effectiveness
in reducing predation by starfishes. Ecology 44:505-512

Feely RA, Alin SR, Carter B et al (2016) Chemical and biological
impacts of ocean acidification along the west coast of North
America. Estuar Coast Shelf Sci 183:260-270

Ferrari MCO, McCormick MI, Munday PL et al (2011) Putting prey
and predator into the CO, equation—qualitative and quantitative
effects of ocean acidification on predator—prey interactions. Ecol
Lett 14:1143-1148

Gaylord B, Kroeker K, Sunday J et al (2015) Ocean acidification
through the lens of ecological theory. Ecology 96:3-15

Goldenberg SU, Nagelkerken I, Ferreira CM et al (2017) Boosted food
web productivity through ocean acidification collapses under
warming. Glob Chang Biol 23:4177-4184

Gooding RA, Harley CDG, Tang E (2009) Elevated water tempera-
ture and carbon dioxide concentration increase the growth of a
keystone echinoderm. Proc Natl Acad Sci USA 106:9316-9321

Grabowski JH, Hughes a R, Kimbro DL (2008) Habitat complex-
ity influences cascading effects of multiple predators. Ecology
89:3413-3422

@ Springer


https://doi.org/10.1371/journal.pone.0058520
https://doi.org/10.7717/peerj.4739
https://doi.org/10.1038/s41598-017-02777-y

Oecologia

Gravem SA, Morgan SG (2016) Prey state alters trait-mediated indi-
rect interactions in rocky tidepools. Funct Ecol 30:1574-1582

Gravem SA, Morgan SG (2019) Trait-mediated indirect effects in a
natural tidepool system. Mar Biol 166:1-16

Haggerty MB, Anderson TW, Long JD (2018) Fish predators reduce
kelp frond loss via a trait-mediated trophic cascade. Ecology
99:1574-1583

Jellison BM, Ninokawa AT, Hill TM et al (2016) Ocean acidifica-
tion alters the response of intertidal snails to a key sea star
predator. Proc R Soc B 283:20160890. https://doi.org/10.1098/
rspb.2016.0890

Jurgens LJ, Rogers-Bennett L, Raimondi PT et al (2015) Patterns of
mass mortality among rocky shore invertebrates across 100 km
of northeastern pacific coastline. PLoS One 10(6):e0126280.
https://doi.org/10.1371/journal.pone.0126280

Kimbro DL (2012) Tidal regime dictates the cascading consumptive
and nonconsumptive effects of multiple predators on a marsh
plant. Ecology 93:334-344

Koch M, Bowes G, Ross C, Zhang X-H (2013) Climate change and
ocean acidification effects on seagrasses and marine macroal-
gae. Glob Chang Biol 19:103-132

Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Meta-analysis
reveals negative yet variable effects of ocean acidification on
marine organisms. Ecol Lett 13:1419-1434

Kwiatkowski L, Gaylord B, Hill T, Hosfelt J, Kroeker KJ, Nebuchina
Y, Ninokawa A, Russell AD, Rivest EB, Sesboiié M, Caldeira
K (2016) Nighttime dissolution in a temperate coastal ocean
ecosystem increases under acidification. Sci Rep 6:22984

Leduc AOHC, Munday PL, Brown GE, Ferrari MCO (2013) Effects
of acidification on olfactory-mediated behaviour in freshwa-
ter and marine ecosystems: a synthesis. Philos Trans R Soc B
368:20120447. https://doi.org/10.1098/rstb.2012.0447

Lima SL, Dill LM (1990) Behavioral decisions made under the risk
of predation: a review and prospectus. Can J Zool 68:619-640

Lord J, Barry J, Graves D (2017) Impact of climate change on direct
and indirect species interactions. Mar Ecol Prog Ser 571:1-11

Lubchenco J (1978) Plant species diversity in a marine intertidal
community: Importance of herbivore food preference and algal
competitive abilities. Am Nat 112:23-39

Luttbeg B, Rowe L, Mangel M (2003) Prey state and experimental
design affect relative size of trait- and density-mediated indirect
effects. Ecology 84:1140-1150

Matassa CM, Trussell GC (2015) Effects of predation risk across a
latitudinal temperature gradient. Oecologia 177:775-784

Menge BA, Sutherland JP (1987) Community regulation: variation in
disturbance, competition, and predation in relation to environ-
mental stress and recruitment. Am Nat 130:730-757

Munday PL, Dixson DL, McCormick MI et al (2010) Replenishment
of fish populations is threatened by ocean acidification. Proc
Natl Acad Sci 107:12930-12934

Nagelkerken I, Connell SD (2015) Global alteration of ocean ecosys-
tem functioning due to increasing human CO, emissions. Proc
Natl Acad Sci 112:13272-13277

Nielsen KJ (2001) Bottom-up and top-down forces in tide pools: test
of a food chain model in an intertidal community. Ecol Monogr
71:187-217

O’Connor MI (2009) Warming strengthens an herbivore-plant inter-
action. Ecology 90:388-398

Okuyama T, Bolker BM (2007) On quantitative measures of indirect
interactions. Ecol Lett 10:264-271

Ou M, Hamilton TJ, Eom J et al (2015) Responses of pink salmon
to CO,-induced aquatic acidification. Nat Clim Chang 5:1-24

Paine RTR (1969) The Pisaster-Tegula interaction: prey patches,
predator food preference and intertidal community structure.
Ecology 50:950-961

@ Springer

Pangle KLP, Mlinich TD, Bunnell DB et al (2012) Context-depend-
ent planktivory: interacting effects of turbidity and predation
risk on adaptive foraging. Ecosphere 3:1-18

Peacor SD, Werner EE (2001) The contribution of trait-mediated
indirect effects to the net effects of a predator. Proc Natl Acad
Sci USA 98:3904-3908

Pistevos JCA, Nagelkerken I, Rossi T et al (2015) Ocean acidification
and global warming impair shark hunting behaviour and growth.
Sci Rep 5:16293. https://doi.org/10.1038/srep16293

Poore AGB, Graham SE, Byrne M, Dworjanyn SA (2016) Effects of
ocean warming and lowered pH on algal growth and palatability
to a grazing gastropod. Mar Biol 163:1-11

Portner HO (2008) Ecosystem effects of ocean acidification in times
of ocean warming: a physiologist’s view. Mar Ecol Prog Ser
373:203-217

Preisser EL, Orrock JL, Schmitz OJ (2007) Predator hunting mode
and habitat domain alter nonconsumptive effects in predator-
prey interactions. Ecology 88:2744-2751

Pruett JL, Weissburg MJ (2018) Hydrodynamics affect predator
controls through physical and sensory stressors. Oecologia
186:1079-1089

Riebesell U, Fabry VJ, Hansson L, Gattuso J-P (2010) Guide to
best practices in ocean acidification research and data reporting.
Publications Office of the European Union, Luxembourg. https
://doi.org/10.2777/58454

Ripple WJ, Beschta RL (2004) Wolves and the ecology of fear: can
predation risk structure ecosystems? Bioscience 54:755-766

Ritchie EG, Johnson CN (2009) Predator interactions, mesopredator
release and biodiversity conservation. Ecol Lett 12:982-998

Russell BD, Mieszkowska N, Harley CDG et al (2011) Predicting eco-
system shifts requires new approaches that integrate the effects of
climate change across entire systems. Biol Lett 8:164-166

Saaristo M, Brodin T, Balshine S et al (2018) Direct and indirect effects
of chemical contaminants on the behaviour, ecology and evolution
of wildlife. Proc R Soc B 285:20181297. https://doi.org/10.1098/
rspb.2018.1297

Schmitz OJ, Krivan V, Ovadia O (2004) Trophic cascades: the primacy
of trait-mediated indirect interactions. Ecol Lett 7:153-163

Schulz KG, Barcelos € Ramos J, Zeebe RE, Riebesell U (2009) CO,
perturbation experiments: similarities and differences between
dissolved inorganic carbon and total alkalinity manipulations.
Biogeosciences 6:2145-2153

Silbiger NJ, Sorte CIB (2018) Biophysical feedbacks mediate carbon-
ate chemistry in coastal ecosystems across spatiotemporal gradi-
ents. Sci Rep 8:796. https://doi.org/10.1038/s41598-017-18736-6

Trussell GC, Ewanchuk PJ, Matassa CM (2006) Habitat effects on the
relative importance of trait- and density-mediated indirect interac-
tions. Ecol Lett 9:1245-1252

Turner AM, Chislock MF (2010) Blinded by the stink: nutrient enrich-
ment impairs the perception of predation risk by freshwater snails.
Ecol Appl 20:2089-2095

Vizzini S, Martinez-Crego B, Andolina C et al (2017) Ocean acidifica-
tion as a driver of community simplification via the collapse of
higher-order and rise of lower-order consumers. Sci Rep 7:4018.
https://doi.org/10.1038/s41598-017-03802-w

Voigt W, Perner J, Davis AJ et al (2003) Trophic levels are differen-
tially sensitive to climate. Ecology 84:2444-2453

Wada Y, Iwasaki K, Yusa Y (2013) Changes in algal community
structure via density- and trait-mediated indirect interactions in a
marine ecosystem. Ecology 94:2567-2574

Wada Y, Iwasaki K, Ida TY, Yoichi Y (2017) Roles of the seasonal
dynamics of ecosystem components in fluctuating indirect interac-
tions on a rocky shore. Ecology 98:1093-1103

Watson S-A, Lefevre S, McCormick MI, Domenici P, Nilsson GE,
Munday PL (2013) Marine mollusc predator-escape behaviour


https://doi.org/10.1098/rspb.2016.0890
https://doi.org/10.1098/rspb.2016.0890
https://doi.org/10.1371/journal.pone.0126280
https://doi.org/10.1098/rstb.2012.0447
https://doi.org/10.1038/srep16293
https://doi.org/10.2777/58454
https://doi.org/10.2777/58454
https://doi.org/10.1098/rspb.2018.1297
https://doi.org/10.1098/rspb.2018.1297
https://doi.org/10.1038/s41598-017-18736-6
https://doi.org/10.1038/s41598-017-03802-w

Oecologia

altered by near-future carbon dioxide levels. Proc R Soc B
281:20132377

Weiss LC, Potter L, Steiger A et al (2018) Rising pCO, in freshwater
ecosystems has the potential to negatively affect predator-induced
defenses in daphnia. Curr Biol 28:327-332

Weissburg M, Smee DL, Ferner MC (2014) The sensory ecology of
nonconsumptive predator effects. Am Nat 184:141-157

Werner EE, Peacor SD (2003) A review of trait-mediated indirect inter-
actions in ecological communities. Ecology 84:1083-1100

Werner EE, Peacor SD (2006) Lethal and nonlethal predator effects
on an herbivore guild mediated by system productivity. Ecology
87:347-361

Wojdak JM, Luttbeg B (2005) Relative strengths of trait-mediated and
density-mediated indirect effects of a predator vary with resource
levels in a freshwater food chain. Oikos 111:592-598

Zeebe RE, Wolf-Gladrow D (eds) (2001) Chapter 2 kinetics. In:
Elsevier oceanography series, vol 65. Elsevier, Amsterdam, pp
85-140. https://doi.org/10.1016/S0422-9894(01)80003-9

@ Springer


https://doi.org/10.1016/S0422-9894(01)80003-9

	Shifts in seawater chemistry disrupt trophic links within a simple shoreline food web
	Abstract
	Introduction
	Materials and methods
	Study species
	Experiment overview
	pH manipulation
	Pre-trial pH acclimation
	Mesocosm trials
	Trophic treatments
	Behavioral assays
	Evaluation of prey survival
	Indirect effects

	Statistical analysis

	Results
	Snail anti-predator behavior
	Sea star behavior
	Sea star predation on snails
	Strength of indirect effects
	Net consequences for the basal resource
	Indirect effects of predation


	Discussion
	Acknowledgements 
	References


