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Abstract. Predators exert a strong influence on ecological communities by reducing the
abundance of prey (consumptive effects) and shaping their foraging behavior (non-consumptive
effects). Although the prevalence of trophic cascades triggered by non-consumptive effects is
increasingly recognized in a wide range of ecosystems, how its relative strength changes as prey
individuals grow in size along various life stages remains poorly resolved. We investigated how
the effects of predators vary with the ontogeny of a key herbivorous sea urchin, which is respon-
sible for transforming diverse macroalgal forests to a barren state dominated by bare rock and
encrusting coralline algae. We conducted a series of field and laboratory experiments to deter-
mine how susceptibility to predation, prey behavioral responses, and grazing impact on algal
cover vary with sea urchin size. The consumptive effects of predators were greater on smaller sea
urchin size classes, which were more susceptible to predation. Unexpectedly however, predator
non-consumptive effects acted only on larger sea urchins, significantly reducing their grazing
activity in the presence of predator cues. Crucially, only these larger sea urchins were capable of
overgrazing macroalgae in the field, with non-consumptive effects reducing sea urchin foraging
activity and macroalgal grazing impact by 60%. The decoupling between risk and fear as prey
grow indicates that the strength of consumptive and non-consumptive trophic cascades may act
differently at different ontogenetic stages of prey. While the consumptive effects of predators
directly influence population numbers, the consequences of non-consumptive effects may far
outlive consumptive effects as prey grow, finding refuge in size, but not from fear.

Key words: fear; Mediterranean Sea; Paracentrotus lividus; regime shift; temperate reefs; top-down
control; trait-mediated indirect interaction.

INTRODUCTION

The pervasive influence of predators on ecosystems
has been extensively documented in terrestrial and mar-
ine environments (Shurin et al. 2002). Predators can
indirectly regulate primary producers by consuming her-
bivores, as evidenced by density-mediated trophic cas-
cades, in which the removal of top predators triggers
population explosions of herbivorous prey, whose feed-
ing can quickly overgraze vegetation (Estes et al. 2014,
Ling et al. 2015). Additionally, the mere presence of
predators can induce a host of non-consumptive effects
on prey such as risk avoidance behaviors or the

production of defenses, thus adding to the total predator
effects on prey populations (Schmitz et al. 1997, Peacor
and Werner 2001, Trussell et al. 2006). In turn, these
prey behavioral decisions may have implications for
other species in the food web, resulting in behaviorally
mediated trophic cascades, which can eventually influ-
ence ecosystem function (Suraci et al. 2016, Rasher
et al. 2017, Haggerty et al. 2018). For instance, the pres-
ence of predators can indirectly affect primary producers
by altering when, where, what, and how herbivores for-
age (Werner et al. 1983, Lima and Valone 1986, Wirsing
et al. 2007), which can then affect vegetation-driven
ecosystem functions such primary productivity or car-
bon capture storage (Schmitz et al. 2008, Burkholder
et al. 2013, Atwood et al. 2015). Although both preda-
tor consumptive and non-consumptive effects can cas-
cade down to influence primary producers, prey’s
interactions with their predators (and resources) are
highly dynamic (Trussell et al. 2006, Preisser and Orrock
2012, Catano et al. 2016). Unpacking how the nature
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and strength of such interactions varies across ecological
contexts, e.g., between species, across spatial scales, and
over an individual’s life, is critical to better understand
how predators shape the structure and function of eco-
logical communities.
An organism’s body size is a fundamental trait influ-

encing the strength of its trophic interactions in ecologi-
cal networks (Werner and Gilliam 1984, Krenek and
Rudolf 2014). Size strongly influences the energy intake
requirements of an individual (Hemmingsen 1960), and
often determines its vulnerability to predation (Preisser
and Orrock 2012, Krenek and Rudolf 2014). As such,
body size largely determines the relative costs of avoid-
ing or accepting a certain degree of predation risk (the
starvation-predation trade-off; McNamara and Hous-
ton 1987), and shapes the decisions prey must make to
meet their energetic demands while avoiding their preda-
tors (Orrock et al. 2013). For instance, prey often
decrease their foraging activity and take refuge in shel-
ters upon detecting their predators, although these deci-
sions are affected by their energy reserves and size
(Vadas et al. 1994). Given that individuals usually
change size with ontogeny, there should be a large selec-
tive pressure for prey to adjust their responses to the rel-
ative size-specific predation risk they are exposed to. As
a result, many species undergo shifts in food and habitat
use with ontogeny, creating complex, size-specific inter-
actions with their predators and resources (Werner and
Gilliam 1984). These size-specific responses are known
to have important implications for trophic interactions
and population dynamics (Werner et al. 1983, Ekl€ov
and Werner 2000). However, how ontogenetic changes in
prey size influence the strength of trophic cascades by
modulating the direction of predator consumptive and
non-consumptive effects remains poorly understood.
In temperate reefs worldwide, sea urchins are impor-

tant prey, playing a key role in the transmission of top-
down effects (Filbee-Dexter and Scheibling 2014, Ling
et al. 2015, Carr and Reed 2016). Unchecked by preda-
tors, they can completely denude macroalgal forests,
driving a shift from complex, diverse algal assemblages
to barrens: homogenous, functionally impoverished sys-
tems dominated by bare rock and encrusting coralline
algae (Harrold and Reed 1985, Estes and Duggins 1995,
Pinnegar et al. 2000). The formation and persistence of
barren areas has traditionally been linked to changes in
sea urchin abundance, either as a result of the loss of
their predators by overharvesting (Estes and Duggins
1995, Sala et al. 1998, Shears and Babcock 2003),
enhanced urchin recruitment (Cardona et al. 2013) or
both (Ling et al. 2009). The presence of predators how-
ever also induces a host of non-consumptive effects on
sea urchins, including habitat shifts, reductions in graz-
ing activity and movement patterns (Nelson and Vance
1979, Cowen 1983, Scheibling and Hamm 1991, Free-
man 2006, Pag�es 2013). For example, sea urchins
increase refuge (e.g., crevice) occupancy, move less and
have shorter home range sizes in areas where predators

abound (Hereu 2005, Spyksma et al. 2017). Reductions
in sea urchin activity in response to predators often
translate to decreases in feeding rates (McKay and Heck
2008, Matassa 2010) and results from trials and experi-
mental mesocosms suggest that these non-consumptive
predator effects may have implications for algal abun-
dance (Byrnes et al. 2006, Freeman 2006).
While the possibility of non-consumptive predator

effects in macroalgal forest ecosystems is well estab-
lished, determining how relevant they are in the field is
much more complex. Controlled laboratory studies are
compelling, but they may overestimate the importance
of non-consumptive effects by artificially enhancing the
detection threshold of predator chemical cues (Harding
and Scheibling 2015, Peers et al. 2018). Achieving a
more nuanced understanding of the dynamics of preda-
tor effects in complex natural settings requires integrat-
ing how their strength varies across space and gradients
of habitat complexity (Catano et al. 2016), or along the
size spectrum of predators and prey for example. Over-
all, arriving at a more honest appraisal of the relative
strength of consumptive and non-consumptive predator
effects needs multiple lines of evidence, combining con-
trolled laboratory and field experiments with more
descriptive observational approaches in field settings
(Haggerty et al. 2018).
Here, we use macroalgal forest ecosystems subject to

strong top-down control in the Mediterranean Sea to
investigate how prey size mediates ecological interac-
tions, and to investigate its implications for ecosystem
structure. We used a combination of field and laboratory
experiments to determine whether the size of a key her-
bivorous sea urchin affected its susceptibility to preda-
tion (consumptive effects), behavioral responses (non-
consumptive effects) and its grazing impact on macroal-
gal ecosystems.

METHODS

Study system and study design

Our investigations were conducted in the shallow tem-
perate rocky reefs of the northwest Mediterranean Sea
(4–12 m depth), which are dominated by a diverse
assemblage of photophilic macroalgae subject to strong
top-down control (Pinnegar et al. 2000, Hereu et al.
2008). The sea urchin Paracentrotus lividus is the princi-
pal benthic herbivore in this system, and mediates the
transition from macroalgal forests to barren areas across
the Mediterranean (Verlaque 1984, Sala et al. 1998).
P. lividus has two distinct guilds of predators: several
species of omnivorous fish—the most important being
Diplodus sargus, which typically accounts for > 50% of
total sea urchin predation—and various benthic preda-
tors, which include the sea snail Hexaplex trunculus and
the sea star Marthasterias glacialis (Sala and Zabala
1996, Boada et al. 2015). Predators are known to induce
strong behavioral responses in P. lividus, such as changes
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in movement patterns (Hereu 2005, Pag�es 2013) and
habitat use (Verlaque 1984, Sala and Zabala 1996). We
employed a triangulation of approaches (multiple lines
of evidence, sensu Patton 1999) combining field compar-
isons, field experiments, and controlled laboratory
assays to determine the importance of predator con-
sumptive effects on different sea urchin size classes
(Fig. 1a); the size-specific effect of sea urchin grazing on
the algal assemblage (Fig. 1b); the significance of preda-
tor non-consumptive effects on size-specific sea urchin
grazing (Fig. 1c); and the overall influence of indirect
consumptive and non-consumptive effects for algal
assemblages (Fig. 1d).

Size-mediated predator consumptive effects

To establish how prey size mediates predator con-
sumptive effects on prey populations (Fig. 1a), we
exposed tethered P. lividus individuals from a wide range

of sizes to two different predation risk scenarios: a high
predation risk treatment (hereafter high-risk) in a mar-
ine reserve that has high abundances of fish predators,
and a low predation risk treatment (hereafter low-risk),
in two nearby fished areas with low predator abundance
(see Appendix S1: Fig. S1 for a map of the study area).
Our high-risk assays were performed in the Medes
Islands Marine Reserve, a group of seven limestone islets
located 1 km offshore L’Estartit (42°02047″ N, 03°13011″
E). Fish biomass inside this no-take marine reserve has
seen a remarkable recovery since fishing was prohibited
in 1983 (Garc�ıa-Rubies et al. 2013), and is now among
the highest in the Mediterranean (Guidetti et al. 2014).
Our low-risk assays were conducted at two separate sites
in the neighboring Montgr�ı coast, which has a similar
habitat structure, but where recreational and artisanal
fishing are permitted with some restrictions (Montgr�ı
Medes Islands and Baix Ter Natural Park 2010). Geo-
logically, the Montgr�ı Massif and the Medes islands are
morphologically continuous (Llompart and Pall�ı 1984),
with both locations characterized by a limestone seas-
cape with abundant crevices, underwater tunnels, and
caves (see habitat cartography in Hereu et al. 2012). At
the time of sampling, fish assemblages along the
Montgr�ı coast were similar to most overfished coastal
areas across the northwest Mediterranean, with most
predatory species present at very low abundances
and restricted to small sizes (Sala and Zabala 1996,
Hereu 2004, Sala et al. 2012). We selected two different
sites along the Montgr�ı coast to account for poten-
tial spatial variability in predation outside the low-risk
area.
At each of our study sites, 40 sea urchins ranging from

1.7 to 6.4 cm test diameter were tethered by piercing
their tests from the oral to the aboral region and passing
a thin monofilament line through the skeleton. The lines
were then individually attached to a 1 kg weight,
restricting the sea urchin’s ability to move and find shel-
ters to within 10–20 cm of the weight. The tethers were
randomly deployed several meters apart from each other
over a vast area (~300 m2) on exposed surfaces of a
macroalgae-dominated rocky reef at 5 m depth (see
Boada et al. [2015b] for details). The area over which the
sea urchins were deployed was relatively uniform, and all
tethered urchins had a similar probability of finding
refugia within the tethered range. After 24 h, we
retrieved the tethers and recorded the percentage of
eaten sea urchins in each 1-cm size class.
To evaluate how the susceptibility of sea urchins to pre-

dation varies with urchin size, we used a generalized linear
mixed-effects model with alive/dead as a binomial
response variable and risk (high and low risk), site, and
sea urchin size as categorical and continuous predictor
variables respectively (n = 40 per site). Site was included
as a random effect nested within the risk factor. We trea-
ted sea urchin size as a continuous variable—rather than
categorizing urchins in discrete size classes—as some sizes
were more difficult to find than others, and the replicate
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FIG. 1. Schematic representation of the ecological interac-
tions examined in this study. A guild of predators (represented
here by the dominant predator Diplodus sargus) controls the
populations of the key herbivorous sea urchin Paracentrotus
lividus via predation (a). Paracentrotus lividus mediates the tran-
sition from algal forests to barren areas via size-dependent graz-
ing (b). Fear of predators may impact the activity levels of
different urchin size classes and their grazing impact (c). Preda-
tors thus have size-mediated consumptive and non-consumptive
indirect effects on algal assemblages (d).
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numbers of urchins in some size classes would have been
much lower than desirable for statistical power.
All the statistical analyses were conducted using the R

environment (R Development Core Team 2016). For this
and each of the linear models used throughout our
analysis, we tested for normality and homoscedasticity
of the residuals using Shapiro-Wilk and Bartlett tests as
well as visually inspecting residuals vs. fitted values and
quantile-quantile plots. Whenever the residual plots
indicated heteroscedasticity, the variance structure was
modeled using the weights argument in the lme function.
The best variance structure was determined by
comparing Akaike’s Information Criterion (AIC) and
standardized residual plots (Zuur et al. 2011). We also
considered log and square-root transformations to
improve residual plots. Once the best variance structure
was determined, models were simplified using step-wise
selection based on AIC. We always started from a full
model (i.e., all factors and interactions) and the process
involved sequentially dropping a given term from the
model until a minimum AIC was achieved (Zuur et al.
2011; see Table 1 for final models).
To show how predation susceptibility varied at each of

our risk treatments, we plotted the model predictions for
size–predation relationships for each of our risk scenar-
ios, respectively, using the visreg function in the visreg
package (Breheny and Burchett 2017). The function
visreg allowed us to visualize the relationship between
the predicted outcome and our explanatory variable
while holding other variables constant.

Size-specific sea urchin grazing on algal assemblages

We established the relationship between sea urchin
size and grazing impact on algal cover (Fig. 1b) in the
high-risk field site (Medes Islands Marine Reserve). The
grazing impact of sea urchins residing in small rock
depressions, crevices, and holes can be clearly noticed as
their feeding activity leaves a distinct grazing halo, which
is seen as an area of cropped algae or bare rock around
the sea urchin (Carpenter 1984, Verlaque 1984; Fig. 2A).
These haloes are the result of sea urchin overgrazing
macroalgae (i.e., urchin grazing rates exceeding algal
growth). To establish the relationship between grazing
impact and sea urchin size, we measured the diameter of
haloes for 30 individual sea urchins ranging from 0.7 to
5.8 cm in test diameter. Given that preliminary observa-
tion of the results indicated a distinct threshold response
to grazer impact, we fit a linear regression to all the
points above 3 cm of test diameter, where the threshold
point was evident based on the plotted data.

Size-mediated predator non-consumptive effects

We first used a series of controlled experiments in the
laboratory to investigate how prey size mediates preda-
tor non-consumptive effects on sea urchin feeding
behavior; we and then used a manipulative experiment
in the field to test whether these effects flow through the
food web to affect macroalgal assemblages under natural
conditions (Fig. 1c).

TABLE 1. Final model summaries to test for differences in predation susceptability, halo length, urchin density, and the biomass of
several algal groups, between high- and low-risk environments. The effect of sea urchin size was also tested for predation
susceptibility and urchin density.

Response variable and effect Value SD df t P

Predation
Size �0.652 0.256 116 �2.544 0.01
Risk 1.728 1.537 116 1.124 0.26
Risk 9 Size �0.016 0.393 116 �0.04 0.97

Halo length
Risk �1.783 0.175 1,28 �10.10 <0.001

Urchin density
Risk �4.166 1.236 1,14 �3.369 <0.01
Size �3.166 1.010 1,14 �3.136 <0.01
Risk 9 Size 2.166 1.749 1,14 1.239 0.23

Algae biomass
Canopy
Risk 1.270 0.715 1,25 1.775 0.008

Turf
Risk 1.401 0.358 1,25 3.914 <0.001

Codium
Risk 0.562 0.630 1,25 0.892 0.380

Total
Risk 1.309 0.307 1,25 4.257 <0.001

Notes: The terms retained in the final model, standard errors of these values, degrees of freedom, t value, and P value, are indi-
cated. In all cases, the random effects were not significant and dropping them increased the model’s AIC.
Bold values indicates significant of P < 0.05
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Laboratory experiments.—Sea urchins can evaluate pre-
dation risk using chemical cues from both injured con-
specifics (the result of a predator attack) and the actual
physical presence of predators (Morishita and Barreto
2011). To characterize size-mediated responses of sea
urchins to cues from injured conspecifics, small (i.e., 2–
3 cm) and large (4–5 cm) Paracentrotus lividus individu-
als were collected from a cove near Blanes (41°40042″ N,
2°48031″ E) and maintained without food in large flow-
through aquaria for 1 and 2 weeks, respectively. Sea
urchins were starved to ensure they all started with the
same experimental conditions, since urchins that had fed
shortly before collection in the field may have been less
likely to feed again. Different starvation times were used
as smaller urchins die of starvation earlier than larger
ones (all authors, personal observation). The presence of
feces in the large tanks confirmed that sea urchins had
emptied their gut contents. In order to allow sea urchins
of different sizes equal access to food resources, we used
different sized tanks for the small and large sea urchin
trials.
In the first trial, we placed large starved sea urchins

in flow-through tanks (15 L) randomly allocated to

“injured” and “control” trials (n = 8). Each tank was
subdivided into three compartments, two containing a
healthy sea urchin (two urchins per tank) and the last
either with a wounded urchin (a small crack in the
test, injured treatment) or left empty (control). In the
second trial setup, we placed small starved sea urchins
in 24 rectangular tanks (2 L), subdivided into two
compartments; one compartment always contained a
healthy sea urchin and the other compartment con-
tained either an injured urchin (injured treatment) or
was left empty (control treatment; n = 12). In both tri-
als, experimental sea urchins were provided four
5 9 1 cm pieces of the seagrass Posidonia oceanica (a
common food for this species) that had been cleaned
of epibionts. We used P. oceanica as a food resource
since it is easy to control and measure in consumption
experiments (Pag�es et al. 2017), and the objective of
this experiment was merely to confirm if predator non-
consumptive effects on prey feeding behavior existed.
Leaves were removed after 7 d, and the total area con-
sumed was estimated using a ruler. Sea urchin grazing
rates were then calculated for each tank by dividing
consumption per urchin by elapsed days. Our tank set
up used a flow-through system with the same source
of water entering and exiting all tanks.
To validate whether sea urchins associate cues from

injured conspecifics with the threat of predation, a sepa-
rate experiment was conducted using sea urchins (only
large sizes) and caged predators. Large adult sea urchins
(4–5 cm) from the same cove near Blanes were collected
and maintained in aquaria without food for 2 weeks.
These individuals were then transferred to 10 replicate
flow-through tanks (15 L), randomly assigned to preda-
tor (n = 5) and control trials (n = 5). In each of the
predator tanks, we introduced a single predatory sea
snail (Hexaplex trunculus, one of the main benthic
predators of sea urchins; Sala and Zabala 1996, Boada
et al. 2015), separated from the sea urchins with a plastic
mesh. We used H. trunculus since it is easier to manipu-
late than other predators, and has previously been
shown to negatively affect sea urchin performance
(Pag�es 2013). Sea snails could move freely inside the
enclosures but could not access the rest of the tank
where the sea urchin was placed. At the start of the trial,
we provided sea urchins with four 5 9 1 cm pieces of
seagrass. After 7 d, we quantified grazing rates following
the procedure described above. During the course of the
experiment, one predator escaped its tank and one sea
urchin in the control treatment died. These two repli-
cates were excluded from the analysis (final sample size
for each treatment, n = 4).
We analyzed differences in P. oceanica consumption

rates between all treatments using linear models, with
treatment (predator or injured sea urchin and control) as
a fixed factor. The analysis was done independently for
each size class of sea urchins (large and small sea urch-
ins) because the initial conditions of the sea urchins and
the set up of the experiments were different. In the first

FIG. 2. Urchin grazing impact on macroalgal assemblage.
(A) Individual sea urchin grazing halo. The red arrow repre-
sents the halo diameter. (B) Grazing halo in a crevice that
includes several sea urchins. The red arrows represent the differ-
ent measurements done along the crevice.
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experiment with damaged conspecifics and large sea
urchins, we additionally included tank as a random fac-
tor since the two sea urchins within each tank were not
independent (Matassa 2010).

Field experiment.—To quantify whether the mechanisms
identified in the laboratory had potential consequences
for macroalgal assemblages in the field, we examined the
grazing impact of sea urchins at our two contrasting pre-
dation risk zones (Fig. 1c). Instead of using cages to
exclude predation on sea urchins, we introduced sea
urchins in natural refugia (crevices) to restrict predators
from consuming them. Sea urchin foraging excursions
around these crevices create a conspicuous grazing halo
around them (Fig. 2B; Nelson and Vance 1979, Verlaque
1984). The extent of this halo is a measure of how far
from shelter herbivores are willing to risk foraging, and
represents a rapid and effective way of measuring behav-
iorally mediated indirect effects of predators on vegeta-
tion (Madin et al. 2011). At high- and low-risk study
sites, we identified a total of three large crevices (>2 m
long and ~25 cm deep and wide; three crevices in the
high-risk site; and two and one crevice in the low-risk
sites, respectively) surrounded by macroalgae but devoid
of sea urchins. We experimentally stocked the selected
crevices with large sea urchins (4.5–6 cm; 11 sea urchins
per each meter of crevice length), as our field investiga-
tions determined that only large sea urchins modify their
behavior when predators are present, and small-sized sea
urchins do not overgraze macroalgae (see Results). We
maintained sea urchin densities for 40 days. We then
measured the extent of the halo (defined as the distance
from the mouth of the crevice to the edge of the bare
grazing patch, see Fig. 2B) at five random points around
each crevice.
A linear mixed-effects model was used to test the

effects of the fixed factor risk and the random factor cre-
vice nested within risk (three levels) on the response vari-
able halo length (five replicates/measurements per
crevice). We did not include the factor site as a random
factor because the total number of crevices was the same
in the high- and the two low-risk sites (n = 3; see experi-
mental set up above).

Influence of predator presence on sea urchin abundance
and macroalgae

To examine possible overall indirect effects of top-
down control in the surveyed rocky reefs, we surveyed
sea urchin density and algal assemblage cover and bio-
mass at our high and low-risk sites (Fig. 1d). We mea-
sured sea urchin density by placing 40 9 40 cm
quadrats every 2 m along three 30-m randomly placed
transects (15 quadrats per transect, total n = 45 per site)
and classifying them into small and large classes, as per
our laboratory experiments above (small, 1–3.9 cm;
large, 4–6 cm; urchins smaller than 1 cm were not
counted as they are highly inconspicuous). To obtain

algal biomass estimates from each of the sites, algal bio-
mass samples were additionally taken on each of the
transects from a 20 9 20 cm subquadrat on three ran-
domly selected 40 9 40 cm quadrats along the transect
(total number of algal samples per site = 9). All algae
were scraped from the bottom using a putty knife and
stored in a sealed bag filled with seawater. In the labora-
tory, algae were air-dried for 5 min, weighed (fresh
mass) and classified into functional groups (see below).
Algae were then dried at 60°C for 48 h, and reweighed
(dry mass). For each 40 9 40 cm quadrat, we also esti-
mated the total cover for the following benthic compo-
nents: canopy-forming algae (>10 cm tall, e.g.,
Cystoseira spp., Dictyota spp., Sphaerococcus coronopi-
folius), algal turfs (<10 cm tall; e.g., filamentous algae,
Padina pavonica, Laurencia spp.), Codiums (Codium
bursa and C. vermilara), crustose coralline algae
(Mesophyllum spp., Litophyllum spp.), bare rock, and
sediment.
We used generalized linear mixed-effects models to

test the effect of risk on the response variables sea urchin
density and algal biomass, with each algal class analyzed
separately. We considered the factor site nested within
risk (one and two sites in the high- and low-risk, respec-
tively); and transect nested within site (three transects at
each site), as random factors. In addition, we included
sea urchin size class (two levels, large and small) as an
additional explanatory fixed factor for the sea urchin
density surveys.

RESULTS

Size-mediated predator consumptive effects

Predation was size-dependent at all sites, decreasing as
sea urchins increased with size (Table 1). No predation
was recorded on sea urchins larger than 5.6 cm. In the
low predation risk scenario, the probability of a sea
urchin being consumed rapidly decreased with size, with
20–30% average mortality for 2–3 cm sea urchins mor-
tality (Fig. 3A; see also Appendix S1: Fig. S2 for site to
site variation in predation susceptibility). Although pre-
dation was also clearly size dependent in the high-risk
scenario, predation susceptibility decreased much less
steeply with size, and 4–5 cm sea urchins still experi-
enced 30–40% average mortality. Predation between the
two risk levels differed the most in intermediate sea
urchin sizes (Fig. 3A).

Size-specific sea urchin grazing on algal assemblages

Sea urchin size strongly affected their grazing impact
(halo size) on algal cover, increasing non-linearly with
size. Small size classes did not have noticeable effects on
algal cover (i.e., they did not create a grazing halo;
Fig. 3B), whilst sea urchin grazing impact increased lin-
early with sea urchin size for urchins larger than 3 cm
(R2 = 0.698, P < 0.001; Fig. 3B).
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Size-mediated predator non-consumptive effects

Laboratory experiments.—Small sea urchins did not
alter their feeding rates significantly when injured con-
specifics were present (Table 2; Fig. 4A). This was
despite the fact that they were in smaller aquaria where
injured conspecific cues were likely at higher concentra-
tions (see Methods). In contrast, when we exposed large
sea urchins to injured conspecifics, their mean grazing
rates declined by ~83% (Table 2; Fig. 4B). Similarly, the
presence of predator cues suppressed large sea urchin
grazing by ~96% on average (Table 2; Fig. 4C).

Field experiment.—A clear grazing halo had developed
around the crevices experimentally stocked with sea urchins
after 40 days. In the high risk-area, the grazing impact of
sea urchins around the crevices was significantly lower than
in the low-risk area (Table 1; Fig. 5A), featuring halos 60%
smaller on average (high-risk halo length, 8.5 � 1.8 cm;
low-risk halo length, 20.3 � 3.2 cm; mean� SE).

Influence of predator presence on sea urchin abundance
and macroalgae

Mean sea urchin density was significantly lower at the
high-risk site compared to the low-risk sites (Table 1),
representing a more than twofold difference of both
small and large sea urchin size classes (Table 1, Fig. 5B;
see also Appendix S1: Fig. S3 for site to site variation in
sea urchin density). Overall, total algal biomass was
lower at low-risk sites, as was the biomass of
canopy-forming algae and algal turfs (Table 1, Fig. 5C,
Appendix S1: Fig. S4). In contrast, the biomass of
Codium species, an alga that is usually avoided by sea
urchins, was not significantly different between loca-
tions. These trends were similar when considering per-
centage cover (Appendix S1: Fig. S5). The percentage of
bare rock cover was also higher at low-risk sites
(Appendix S1: Fig. S5).

DISCUSSION

Our results provide further evidence of the existence
of non-consumptive trophic cascades in subtidal marine
systems (e.g. Byrnes et al. 2006, Haggerty et al. 2018),
but suggest that prey body size plays a key role in deter-
mining their strength and impacts on ecosystem struc-
ture, as the relative importance of consumptive and non-
consumptive effects varied with the ontogeny of prey
(Fig. 6B). Consumptive effects were strongest on small
prey and decreased with size as sea urchins become
increasingly difficult to capture and kill (Sinclair et al.
2003), with the oldest and largest individuals being vir-
tually beyond the reach of most extant predators.

FIG. 3. (A) Urchin predation susceptibility in high and low predation risk areas (blue and green lines; inside and outside a mar-
ine reserve, respectively), and grazing impact (B) as a function of test diameter (cm). The predation susceptibility curves correspond
to the predictions of a generalized linear model with a binomial distribution where a given sea urchin size has only two states (dead
or alive), as per our field experiment results. The grazing impact increases linearly after a threshold of 3 cm (indicated by the dashed
line), while the susceptibility of urchins to predation decreases with size.

TABLE 2. Generalized linear model results to test for
differences in Posidonia oceanica consumption rates between
a fear treatment (injured conspecific or predator odor) and a
control in different urchin sizes (small or large).

Experiment df F P

Injured conspecific
Small 1,22 1.21 0.28
Large 1,6 19.98 0.004

Predator odor
Large 1,6 19.37 0.004

Bold values indicates Significant of P < 0.05
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However, with size, prey also grew in fear, reducing their
herbivory in the presence of predators, even when preda-
tion posed a comparatively small threat (Fig. 6A). This
ontogenetic decoupling between risk and fear has far-
reaching consequences when prey are key structuring
ecosystem agents, whose grazing impacts also vary
strongly with age and size. Thus, while predators play a
strong role in maintaining the population of smaller
prey, their ability to mediate the behavior of larger indi-
viduals merely with their presence makes them doubly
effective agents of top-down control (Fig. 6, dashed
arrow).

Size-dependent predation can be a primary organizing
force in ecological communities (Brooks and Dodson
1965, Sousa 1993, Vadas et al. 1994), with sizes that
escape predation being able to perform critical ecosys-
tem functions (Paine 1976). Urchin body size was
strongly correlated with predation susceptibility, suggest-
ing that fish predators strongly influence the size struc-
ture of key herbivorous prey in our system, as well as
their ecological function. Although our tethering assays
may have overestimated the predation rates of small
individuals in natural field conditions by restricting their
ability to find refugia, predation is still heavily size
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dependent even when urchins have access to shelters
(Guidetti 2007). That is because while young prey are
easy pickings for a diverse guild of fishes (Sala 1997),
large sea urchins are able to reach a size refuge, with
only a predator individuals from a handful of species
having the necessary strength to crack their tests and
negotiate their spines (Sala et al. 1998, Hereu et al.
2013, Stevenson et al. 2016). In systems with a wide
range of predators and predator functional traits (e.g.,
hunting mode, mobility) however, escaping from one
predator may not guarantee safety. For example, large
adult sea urchins reach a size refuge by sea stars (Burt
et al. 2018), but are preferred and actively targeted by
sea otters (Stevenson et al. 2016). The abundance and
type of predators in a given habitat will thus influence
the risk profile of each ontogenetic stage of prey, as well
as their net contribution to ecosystem function.
Sea urchins could detect predation risk via the cues

released by predators or injured conspecifics in our labo-
ratory experiments, suggesting a chemosensory mecha-
nism geared to respond to fear. Chemical cues have been
shown to trigger different behavioral responses in several
species of sea urchin (Vadas and Elner 2003, Freeman
2006, Matassa 2010, Morishita and Barreto 2011), and
seem to play a key role in subtidal ecosystems where
invertebrates are important grazers (Haggerty et al.
2018). An important consideration when assessing the
effects of fear on prey populations using predator cues is
that the magnitude of those cues may be artificially
enhanced by the experimental setup, making them diffi-
cult to compare with cues in the prey’s natural environ-
ment (Peers et al. 2018). Turbulent, high-flow conditions
may rapidly dilute predator cues in aquatic environ-
ments, with prey showing low response levels to predator
presence in field conditions compared to laboratory tri-
als (Freeman 2006, McKay and Heck 2008, Harding
and Scheibling 2015). Crucially however, the reduced

grazing haloes we recorded in high-risk environments
show that prey responses in the presence of predators
were not merely a laboratory artefact, but had measur-
able functional consequences in natural field conditions.
Interestingly, large sea urchins showed marked behav-

ioral responses to the presence of predators, while smal-
ler urchins, despite being more vulnerable to predation,
did not. The asset protection principle (Clark 1994)
offers a potential explanation for the observed muted
responses of small prey to predator cues. Small sea urch-
ins may have fewer assets to protect (e.g., lower reproduc-
tive potential; S�anchez-Espa~na et al. 2004), and may be
bolder and forage in risky situations since they have more
to gain from each foraging event. Metabolic theory states
that small organisms have higher energy intake require-
ments per unit weight than large ones (Hemmingsen
1960), and small sea urchins indeed consume algae at
higher mass-specific rates compared to larger urchins
(Stevenson et al. 2016). Therefore, smaller prey may also
tolerate higher risks since they are much more vulnerable
to starvation (McNamara and Houston 1987). On the
other hand, large individuals may be able to afford miss-
ing foraging excursions since they can survive on their
reserves for longer and be less willing to jeopardize their
survival given their higher reproductive potential.
Whether the response threshold to predator cues varies
with sea urchin size (i.e., smaller urchins responding to
concentrations of predator/conspecific cues higher than
the ones used in our study) remains to be tested. Alterna-
tively, it could also be possible that smaller sea urchins
are incapable of responding to predator presence, or that
fear is an “acquired” behavior that develops with age. If
fear is an acquired behavior, it is possible that growing up
in predator-rich environments conditions prey to reduce
their foraging in the presence of these cues.
The reduction of predation risk as prey increased with

size was matched with a concomitant increase in their
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functional impact on the ecosystem. Unregulated, sea
urchin populations have driven dramatic regime shifts
of several temperate reefs worldwide (including the
Mediterranean), as they destructively overgraze macroal-
gal forests transforming them into rocky barrens (Pin-
negar et al. 2000, Filbee-Dexter and Scheibling 2014,
Ling et al. 2015, Boada et al. 2017). Our field observa-
tions reveal that the vast bulk of overgrazing is probably
mainly due to large individuals (>3 cm in test diameter),
whose grazing rates were able to surpass algal growth,
thus creating patches of bare rock known as grazing
halos. Although mass-specific consumption rates
decrease with animal biomass (size), our findings indicate
that the absolute consumption rates of herbivores, which,
contrastingly, increase with body size, are, key drivers of
ecosystem structure (Lokrantz et al. 2008, Fong et al.
2016).
Functionally then, the foraging behavior of larger her-

bivorous prey is key (Bakker et al. 2015), and the ability
of predators to disproportionately influence their behav-
ior makes non-consumptive pathways critical in main-
taining trophic cascades (Fig. 6). Supply-side processes
and direct predatory control of younger individuals cer-
tainly remain the primary filters limiting how many indi-
viduals make it to adult size classes (Prado et al. 2012),
but in areas with plenty of physical refuge, prey may be
able to effectively negotiate this bottleneck by limiting
their foraging and their movement until they are large
enough to escape predation risk (Sala et al. 1998, Boada
et al. 2015). Under these conditions, non-consumptive
predator control of prey in late ontogenetic stages may
be essential in preventing regime shifts, particularly in
systems where inherent conditions lower the resilience of
the vegetated state (Boada et al. 2017).
Going forward, it would be important to determine

how common the decoupling between predator effects
and prey ontogeny is in other predator–prey systems. Pre-
dator functional characteristics such as hunting mode
have a strong influence on the relative importance of their
effects on prey as they shift ontogenetic stages (Preisser
et al. 2007, Burt et al. 2018). For instance, size-limited
predation and a weakening of predator consumptive
effects with increasing prey size often occurs when preda-
tors are physically constrained in their ability to capture
prey (e.g., by the size of their gape; Urban 2007), as is
common in aquatic environments (Brose et al. 2006).
However, some predators may overcome these constraints
with hunting tools (e.g., claws, radulae, fangs), which
enable them to capture much larger prey than their size
would normally allow (Brose et al. 2006). On the other
hand, the imprint of fear will depend largely on the ability
of prey to accurately evaluate risk in relation to their
ontogenetic stage. Apart from having the neurosensory
mechanisms of detecting danger and/or the ability to
learn from early experience, dynamic risk evaluation
requires additional sophistication in accounting for your
own size, physical state, and defensive capabilities in rela-
tion to the predators around (Vadas et al. 1994).

In summary, the decoupling between risk and fear as
prey grow documented here suggests that the imprint
of fear may have important consequences for ecosystem
functioning even after prey reach an apparent refuge
size from predation. Its ecological significance will
likely be highest when (1) there are size-specific asym-
metries in predator effects due to trade-offs (e.g., when
larger prey may be less at risk of predation, but have
more assets to protect, making them more fearful) and
(2) prey that reach an escape size perform critical
ecosystem functions. Identifying how common, and
under what circumstances these conditions are met
would help clarify how important these ontogenetic
switches in predator-prey interactions are to the struc-
turing of terrestrial and aquatic ecosystems. That
predator non-consumptive effects are prevalent across
ecosystems is already clear (Peacor and Werner 2004,
Schmitz et al. 2004, Trussell et al. 2006, Burkholder
et al. 2013), even in the most paradigmatic examples of
trophic cascades (Peckarsky et al. 2008). A fuller
understanding of how such non-consumptive effects
vary with life stage will significantly enrich predator-
prey theory (Preisser and Bolnick 2008). As we show,
fear can cast a long shadow, continuing to influence
prey behavior and function long after the risk has
passed.

ACKNOWLEDGMENTS

The authors would like to thank Manel Bolivar and Xavier
Bu~nuel for field support, Sandra Mu~noz for contributing signifi-
cantly to the laboratory experiments, and Toni Llobet for the
illustrations in Figs. 3 and 5. 1,4 and 6. The Spanish Ministry of
Science and Innovation funded this research (UMBRAL;
Respuestas de la vegetaci�on marina bent�onica al estr�es: transi-
ciones cr�ıticas, resiliencia y oportunidades de gesti�on’,
CTM2017-86695-C3-3-R) and supported J. Boada’s scholarship
(no. BES-2011-043630). The Spanish National Research Coun-
cil supported R. Arthur’s visitorship with the Memorandum of
Understanding between CEAB-IMEDEA-NCF. J. Boada
acknowledges the funding received by the Australian Govern-
ment (ERF_PDR_5888_2017). J. F. Pag�es acknowledges finan-
cial support from the Welsh Government and Higher Education
Funding Council for Wales through the Sêr Cymru National
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