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1.  INTRODUCTION

Predators alter prey behavior (Werner & Peacor
2003), densities (Preisser et al. 2005), and size distri-
butions (Brooks 1968), and in so doing, have a pro-
found influence on community dynamics, energy
flow, and material transport. Predator density (John-
son 2006) and identity (Sih et al. 1998) are particu-

larly important in determining the magnitude of
effects of predators on prey populations (Soluk &
Collins 1988, Abrams 1993, Griffin et al. 2008).
Additionally, interactions among predators due to
intraspecific density dependence, interspecific inter-
ference, or intraguild predation (Soluk & Collins
1988, Arditi & Ginzburg 1989, Vance-Chalcraft et
al. 2007) can modulate predator effects. For exam-
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ple, combinations of predators can lead to multiple
predator effects (MPEs) in which effects of 2 or
more predator species combine non-additively to
either increase or reduce predation risk (Sih et al.
1998, McCoy et al. 2012). Additionally, effects on
prey may have important implications for other spe-
cies in the community that are affected directly or
indirectly by the prey (e.g. via trophic cascades;
Terborgh & Estes 2010). A first step in understand-
ing the role of predators in a community is a quanti-
tative description of the relationships between pred-
ators, prey, and their habitat.

While we have a detailed understanding of con-
sumer−resource interactions in some systems (e.g.
planktivore−zooplankton in lakes; Brooks & Dodson
1965, Mittelbach et al. 1995, Maszczyk & Gliwicz
2014), other systems remain relatively understudied.
This is particularly true for species-rich tropical sys-
tems, such as coral reefs. Studies of predators on
coral reefs often focus on species that directly con-
sume coral or impose indirect effects on coral via
herbivory. For example, crown-of-thorns sea stars
selectively consume branching corals, leading to
dramatic changes in coral cover and community
composition following sea star outbreaks (Kayal et
al. 2012). Herbivorous fish often limit the abundance
of algae and thus affect coral dynamics; i.e. the
removal of herbivores increases algae, which can
then lead to de clines in coral cover via competition
(Hughes 1994, Lirman 2001, Bellwood et al. 2004,
Burkepile & Hay 2006). Thus, the persistence of
coral colonies and their associated communities will
often depend on the effects of consumers (e.g. pred-
ators), although many predator−prey interactions
involving prey that affect corals are currently
unknown.

Vermetid snails reduce coral growth, survival, and
photophysiology (Shima et al. 2010, 2013, 2015).
Thus, understanding how predators affect vermetid
populations can have important implications for
understanding indirect responses of coral communi-
ties to changes in food-web structure on coral reefs.
We recently published the first observation that the
predatory muricid snail, Mancinella (formerly Thais)
armigera consumes Ceraesignum maximum (Brown
et al. 2014), although the details of this interaction
remain unknown. M. armigera, found throughout the
South Pacific, is a predatory gastropod in the family
Muricidae (Taylor 1978). Other muricid gastropods,
such as Coraliaphila and Drupella, are more widely
studied as they consume corals and affect coral growth
and distribution (Hamman 2017). M. armigera often
co-occurs with other muricids (e.g. Menathais tu be r -

osa), but little is known about its fine-scale distribu-
tional patterns or interactions with other species,
including other muricids (e.g. via competition or intra -
guild predation). Additionally, there are no quantita-
tive data detailing muricid−vermetid interactions
(e.g. feeding rates or size preferences). Prior observa-
tions suggest that M. armigera consumes vermetids
(Brown et al. 2014), and due to their somewhat simi-
lar size and ecology, we hypothesized that M. tu ber -
osa might also be a predator of vermetids. Further-
more, given the slightly larger size of M. armigera, we
also hypothesized that M. armigera is a predator of
M. tuberosa, and that this predation (or threat of pre-
dation) could drive spatial patterns of the muricids
and influence the mortality of vermetids.

Here, we report on studies conducted in Mo’orea,
French Polynesia, to quantify the interactions among
muricids and the vermetid snail, C. maximum. We
used field surveys to determine the habitat distribu-
tion of the muricids and their relationship to patterns
of vermetid mortality by examining (1) the density of
M. armigera and M. tuberosa on reefs; (2) the degree
of spatial segregation between M. armigera and M.
tuberosa; and (3) patterns of snail mortality in the
local vicinity of M. armigera. In the laboratory, we in -
vestigated the potential for MPEs between M. ar mi -
gera and M. tuberosa using an experiment designed
to evaluate intraspecific and interspecific inter -
actions. We used a manipulative field experiment to
assess the effect of M. armigera density on vermetid
survival. In both the laboratory and field experi-
ments, we also quantified patterns of size-selective
mortality of vermetids.

2.  MATERIALS AND METHODS

2.1.  Study site

The field surveys and experiment were conducted
in the shallow back reef along the north shore of
Mo’orea, French Polynesia (17.48° S, 149.82° W). Lab-
oratory studies were conducted at the UC Berkeley
Richard B. Gump Laboratory. At the time of the stud-
ies, Ceraesignum maximum (hereafter, ‘vermetid’)
was common in the backreef, attaining densities as
high as 32 vermetids m−2 (Shima et al. 2010). The
back reef is also inhabited by several muricid spe-
cies, of which Mancinella armigera and Me na thais
tuberosa are the largest and most conspicuous (89.28
± 8.17, 66.76 ± 0.91 cm, respectively; Fig. S1 in the
Supplement at www. int-res. com/ articles/ suppl/ m615
p121 _ supp .pdf).
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2.2.  Field surveys

To determine the densities and habitat distribu-
tions of M. armigera and M. tuberosa, we conducted
surveys from 20−24 June 2014. Starting at the reef
crest, we laid out seven 50 m long reference lines
perpendicular to the reef crest. Each reference line
was at least 37 m from the next nearest reference
line. Transects were located in areas that were a
combination of hard reef substrate and sand. At 10 m
intervals along each reference line, a 30 m transect
tape was laid out parallel to the reef crest (i.e. per-
pendicular to the reference line). We used the belt
transect method and searched for both species of
muricids within 1 m of the 30 m transect tape. The
densities (muricids m−2) of M. armigera and M.
tuberosa were calculated separately at each 10 m
interval. We compared densities of M. armigera and
M. tuberosa across distance using a mixed effects
model with each reference line comprising a block
(and modeled with a random intercept), and ana-
lyzed the data with ANOVA using the Satterthwaite
approximation for degrees of freedom (Kuznetsova
et al. 2016). These, as well as all other analyses
were conducted in R (R Core Team 2016). Residuals
were visually assessed to ensure distributions were
ap proximately normally distributed around zero.

Additionally, whenever we encountered at least
one M. armigera, we placed a 1 × 1 m2 quadrat
(n = 37) on the bottom substrate (centered on the
muricid), counted all of the C. maximum shells in
the quadrat, and categorized each shell as alive
(with the snail intact) or recently killed (i.e. a
bright, white empty tube; see Brown et al. 2016).
Tubes with interiors that were fouled with algae or
invertebrates were not recorded. Control quadrats
were positioned ~3 m away from the focal M.
armigera and inspected to ensure they did not con-
tain another muricid. We similarly counted all live
and recently killed vermetids in the control
quadrats (n = 32 paired quadrats). We hypothesized
that recently killed vermetids were attributed to
the focal muricid, as would be expected if muricids
did not move great distances (as suggested by our
field experiment; see Section 3.3), and therefore
used a paired t-test to compare the number of
recently killed vermetids in quadrats with vs. with-
out muricids (R Core Team 2016). Similarly, we
tested if the total number of vermetids (alive and
recently killed) differed among plots with vs. with-
out a muricid to determine if muricids were more
likely to be found among denser concentrations of
vermetids.

2.3.  Lab experiment: consumption rates 
of multiple predators

To determine the feeding rates of M. armigera and
M. tuberosa, and to assess if intraguild interactions
(and MPEs) affected feeding rates and habitat distri-
butions, we conducted a lab experiment in 5 large
(~1000 l, ~135 cm diameter, 85 cm deep) outdoor
mesocosms with constant seawater inflow, at the
Richard B. Gump Marine Station, Mo’orea, French
Polynesia. In each mesocosm, we placed 5 pieces of
coral rubble collected from the field that had ver-
metids attached to them. Live and dead vermetids
were counted on each piece of rubble (mean ± SD:
60.67 ± 6.17 live vermetids tank−1), and their aperture
diameters were recorded. We then randomly as -
signed 1 of 5 treatments to each of the 5 mesocosms:
(1) 10 M. armigera (10 Ma), (2) 10 M. tuberosa (10 Mt),
(3) 10 M. armigera and 10 M. tuberosa combined
(10 Ma + 10 Mt), (4) 5 M. armigera and 5 M. tuberosa
combined (5 Ma + 5 Mt), and (5) a control with no
muricids (control). This design combines a substitu-
tive design (in which the total density of muricids is
fixed) and an additive design (in which adding
another species leads to an increase in the total num-
ber of predators). Although the additive design uses
densities that exceed ambient (see Section 3.1), we
used these densities to facilitate our tests of multiple
predator effects. MPE studies typically use additive
designs, but these studies confound the effects of
intra- and interspecific MPEs. This limitation can be
overcome by combining additive (treatments 1, 2, 3,
and 5) and substitutive (treatments 1, 2, 4, and 5)
designs (Griffen 2006). Muricids were maintained in
feeding tanks with vermetids and then starved
overnight before the start of the trail.

Individual trials were carried out for 6 d. On each
day, the cumulative number of newly killed vermetids
was counted (as determined by the abundance of
new empty white tubes). We ran 3 sets of trials (i.e.
blocks): early October 2014, late October 2014, and
late January 2015. We observed no mortality in the 0-
predator treatment and therefore interpret all mortal-
ity to be due to consumption by muricids. To deter-
mine the shape of the relationship between the
cumulative number of vermetids that were consumed
and time, we compared models fit with a random ef-
fect of block and fixed effects of day and treatment,
where day was modeled with a linear or quadratic
term. We compared the linear and quadratic models
using Akaike’s information criterion (AIC).

We also compared the total mortality of vermetids
(i.e. on Day 6) across the 5 treatments using a linear
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mixed effects model with a random effect of block
using the ‘lme4’ package (Bates et al. 2015) in R
v.3.3.2, with 4 orthogonal contrasts: (1) the effect of
muricids (i.e. all treatments with vermetids vs. con-
trol: treatments 1, 2, 3, and 4 vs. treatment 5); (2) the
effect of composition, holding total density fixed (i.e.
10 Ma and 10 Mt vs. 5 Ma + 5 Mt: treatments 1 and 2
vs. treatment 4); (3) the effect of total density (i.e.
treatments with 10 snails vs. the treatment with 20
snails: treatments 1, 2, and 4 vs. treatment 3); and (4)
the effect of species (i.e. 10 Ma vs. 10 Mt: treatment 1
vs. treatment 2).

To calculate per capita feeding rates in each treat-
ment, we divided the total number of vermetids
killed by length of the experiment (6 d) for each
treatment and by the number of muricids. We com-
pared the feeding rates in treatments 1−4 using a lin-
ear mixed effects model, with a random effect for
experimental block (n = 3), followed by a Tukey’s
HSD multiple comparison test.

To specify the null expectation for the expected
vermetid mortality in the presence of 2 predator spe-
cies, we generated a prediction based upon the
responses observed in the 2 single-predator treat-
ments with 10 muricids (i.e. 10 Ma in treatment 1 and
10 Mt in treatment 2). We assumed that predators
were handling-time limited (i.e. that feeding rates
did not depend on prey density), as justified by the
observed linear relationship between cumulative
number of prey killed and time (see Section 3.2). We
therefore predicted the number of vermetids killed in
the other treatments as: FaNaT + FtNtT, where Fi is
the average feeding rate per predator of species i (in
treatment 1 or 2), N is the density of predator species
i (in the treatment of interest), T is the duration of a
trial (T = 6 d), and i = a indicates M. armigera while
i = t indicates M. tuberosa. Note that this formulation
differs from some other studies (e.g. Vonesh & Osen-
berg 2003) which assume that predators are prima-
rily search-time limited (see McCoy et al. 2012).

2.4.  Field experiment

To assess how the density of M. armigera influ-
enced vermetid mortality under field conditions, we
set up an experiment on the north shore of Mo’orea,
French Polynesia (17° 28.349’ S, 149° 47.026’ W). In
July 2014, we selected 16 reefs that ranged in size
from 10−23 m2 (area estimated as the surface area of
a cylinder excluding its base). All dead vermetid
shells on the reefs were notched (using a hammer
and chisel) so that we could distinguish them from

live snails that subsequently died during the experi-
ment. We removed all muricids from the reefs, ran-
domly assigned reefs to 1 of 4 muricid treatments,
and then placed 0, 3, 6, or 12 M. armigera on each
reef. On Days 3, 10, 12, and 24 we counted the num-
ber of vermetids on each reef that had recently died
(i.e. their shells were bright white and not notched).
We notched all recently killed vermetid shells. At
each census, we also recorded the number of muri-
cids (i.e. M. armigera) on each reef. If reefs deviated
from their initial assigned treatment densities of
muricids, we removed or added muricids; we re-
stocked to experimental densities on 4 occasions over
the course of the experiment (Fig. S2: i.e. on 11 July,
15 July, 23 July, and 25 July 2014). In October 2014
(Day 60 of the experiment), we counted and meas-
ured the aperture diameter of all vermetid shells
greater than 7 mm and classified vermetids as alive
or dead and notched or unnotched.

We calculated the cumulative mortality of ver-
metids by summing the number of unnotched, dead
vermetids (i.e. those that died since the last census)
over the course of the experiment, and obtained the
initial number alive by summing the final number
alive and the cumulative number that died over the
experiment. We analyzed the cumulative number of
vermetids killed (i.e. on Day 60) using a generalized
linear model with a negative binomial distribution
(from the MASS package; Venables & Ripley 2002)
with the fixed effect: average number of muricids.

For each interval, we also estimated the predation
rate of muricids on vermetids (vermetids consumed
muricid−1 d−1) on reef x as:

Px = [Nx,i(1 − C) − Nx,f] / [(Mx,i + Mx,f) / 2]T (1)

where Nx,i and Nx,f are the number of live vermetids
at the start and end of the interval for reef x, Mx,i and
Mx,f are the number of muricids at the beginning and
end of the interval for reef x, T is the duration of the
interval (in days), and C is the loss rate from the 4
reefs in the control treatment: i.e. 

over the same interval. During the last time
interval (Days 24 to 60) only 3 of the control reefs
were included because the fourth reef included one
M. armigera.

We analyzed the predation rate by M. armigera us-
ing a mixed effects model in which reef identity was a
random effect (random intercept) and fixed effects
were the average number of muricids on each reef,
the number of days after the experiment was initiated
(0, 3, 12, 24, 60 d), and the initial abundance of ver-
metids on each reef. These data were analyzed in R (R
Core Team 2016) with the ‘lme4’ and ‘lmerTest’ pack-

N Nx f x i( ) /, ,1

4∑ −
Nx i( ),1

4∑
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ages (Bates et al. 2015, Kuznetsova et al. 2016). Data
were checked for temporal autocorrelation by apply-
ing a correlation matrix including a variable for auto-
correlation in the mixed effects model (ACF, in the
‘nlme’ package; Pinheiro et al. 2017).

2.5.  Size selection

We used the laboratory and field data to quantify
the size-selection of muricids feeding on vermetids.
For the lab study, we assessed size-selective predation
at the end of our study. We divided living and recently
consumed vermetids into size bins based upon aper-
ture diameter: >7−9, >9−10, >11−12, and >13−15 mm.
Vermetids >15 or <7 mm were not sufficiently abun-
dant to analyze. For the field experiment, we assessed
size-selective predation using data collected between
Days 24 and 60, using the same ranges of aperture
 diameter to construct size bins (and for field-based
observations we had sufficient numbers to evaluate
an additional size class comprised of individuals with
aperture diameters >15 mm). For each replicate in
each experiment, we calculated se lectivity using the
Manly-Chesson Index (α) that accounted for depletion
(Manly et al. 1972, Chesson 1983):

(2)

where ri is the number of vermetids in size class i that
were eaten during the foraging period (i.e. from Day

0−6 in the lab study and Day 24−60 in the field
study), ni is the number of vermetids in size class i
that were alive at the start of the foraging period (i.e.
on Day 0 in the lab, or Day 24 in the field), and m is
the number of size classes (4 or 5). The standardiza-
tion in the denominator of Eq. (1) assures that ele-
ments in a given preference vector sum to 1.0. Alpha
ranges from 0−1, with α < 1 / m indicating avoidance
and α > 1 / m indicating preference (Chesson 1983).
Selectivity vectors were compared using a linear
mixed effects model with reef (for the field experi-
ment) or temporal block (for the lab experiment) as
the random effect, and size class of vermetids and
treatment (density of muricids or density and identity
of muricid) as fixed effects using the ‘lme4’ and
‘lmerTest’ packages (Bates et al. 2015, Kuznetsova et
al. 2016) in R v.3.3.2.

3.  RESULTS

3.1.  Field surveys

The density of Mancinella armigera was greatest in
transects close to the reef crest (10 m), decreased
shoreward, and was entirely absent in transects 50 m
from the reef crest (Fig. 1). Menathais tuberosa
showed the opposite pattern with the greatest den-
sity further from the reef crest (i.e. at the 40 and 50 m
sites). The opposing habitat use patterns resulted in a
significant interaction between distance and muricid
species (F1,60 = 9.30, p = 0.003) (Table 1).

Where we found a M. armigera, we were more
likely to find recently killed vermetids in close prox-
imity (within ~0.5 m) compared to nearby plots that
did not contain M. armigera. Frequencies of recently
killed vermetids were 8 times greater in plots with M.
armigera (mean ± SE: 0.72 ± 0.19 recently killed ver-
metids when muricids were present vs. 0.09 ± 0.07 re -
cently killed vermetids when muricids were absent;
t1,31 = −3.13, p = 0.004). We found no significant dif-
ference in the overall density of vermetids in quadrats
with muricids (7.13 ± 1.65 vermetids quadrat−1) vs.
without muricids (6.88 ± 1.46; t1,31 = −0.156, p = 0.87).

3.2.  Lab experiment: consumption rates 
of multiple predators

The field data suggest that M. armigera consumes
vermetids, and due to their somewhat similar size
and ecology, we hypothesized that M. tuberosa
might also be a predator of vermetids. Furthermore,

ln[( ) / ]
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−
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given the negative spatial correlation between the
abundances of the 2 muricids, and the slightly larger
size of M. armigera, we also hypothesized that M.
armigera is a predator of M. tuberosa, and that this
predation (or threat of predation) could be responsi-
ble for the spatial patterns we observed. Thus, we
tested the relative predation rates of the 2 muricids
on vermetids, and we assessed whether the presence
of both predators resulted in risk reduction for ver-
metids (as is expected in many systems with intra -
guild predators; Polis et al. 1989).

No vermetids died in the control treatment, sug-
gesting that handling artefacts were minimal and
that there were no cryptic sources of mortality in the
mesocosms. Thus, we attributed all mortality to pre-

dation by muricids. During the 6 d predation trials,
vermetid densities declined up to 62%. Despite this
strong reduction in the number of living vermetids,
the cumulative number of killed vermetids was ap -
proximately linear over the 6 d (AIC linear = 565.5;
quadratic model = 573.0; Fig. 2), suggesting that
predator feeding rates were independent of prey
density and thus that feeding rates were primarily
limited by handling time, not search time. The treat-
ment with 10 M. armigera yielded a per predator
feeding rate (0.55 ± 0.14) that was 60% greater than
the feeding rate in the treatment with 10 M. tuberosa
(0.31 ± 0.07; ANOVA: F3,6 = 5.64, p = 0.035; Fig. 3),
suggesting that M. armigera is a more effective pred-
ator of vermetids. To evaluate synergistic effects, we
compared the total consumption of vermetids in the
presence of 5 M. armigera and 5 M. tuberosa to that
expected based upon the mono-specific treatments —
the observed consumption rate was very close to the
expected consumption (Fig. 2; 24 ± 9.01 vermetids vs.
25.8) and was not significantly different from the sin-
gle-species treatments (treatments 1 and 2: 10 Ma
and 10 Mt, vs. treatment 4: 5 Ma + 5 Mt; t1,8 = −0.43,
p = 0.68; Table S1). Importantly, none of the M.
tuberosa died during this experiment, suggesting
that it is not a preferred prey item of M. armigera.
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Based upon these data, we reject the hypothesis of
risk reduction and intraguild predation when overall
density is held constant.

In contrast to the results observed in the substitu-
tive portion of the experiment, the cumulative loss of
vermetids in the presence of 10 M. armigera and 10
M. tuberosa (10 Ma + 10 Mt) was only slightly greater
than in the monospecific treatments (i.e. 10 Ma or 10
Mt), despite the presence of twice as many predators
(Fig. 2; orthogonal contrast: t1,8 = 1.38, p = 0.2,
Table S1). The observed consumption rate (32 ± 8.02
snails) was appreciably lower than the expected loss
of 51.6 vermetids if predator effects were additive
(which we obtained by adding the observed losses
in the treatments with 10 M. armigera and 10 M.
tuberosa). Thus, we conclude that there was risk
reduction, but it only manifested at the highest pred-
ator density.

3.3.  Field experiment

The treatments were effective at maintaining a
gradient of densities of M. armigera (Fig. S2), al though
there was some loss (and some gain) of predators on
all reefs, indicating some degree of muricid move-
ment. Deviations from treatment levels were most
apparent on Day 60 (when predators had not been
restocked for over 1 mo; Fig. S2). We also observed
loss of vermetids on the 0-muricid treatment reefs,
potentially indicating other sources of mortality.

Vermetid mortality increased approximately lin-
early with muricid density, but decreased over time
(except in the control treatment). We observed the
highest abundance of dead vermetids where muricid
densities were greatest: e.g. ~100 vermetids died over
the 60 d on reefs with 12 muricids, while <10 died on
the control reefs (Fig. 4; significant difference be -

tween treatments on Day 60,
deviance1,14 = 41.51, p < 0.001).
Similarly, the loss rate (d−1) dur-
ing each sampling period in -
creased approximately linearly
with muricid density (Fig. S3),
but the slope of this relationship
decreased over time (muricid
density × time: F1,47.39 = 6.670,
p = 0.0123; Fig. S3). The highest
loss rates occurred after the
first 3 d, especially on the reefs
stocked with 12 muricids (5.1
vermetids d−1). As a result, there
was a consistent per predator

rate of consumption across predator density treat-
ments (ranging between 0.44−0.47 vermetids muri-
cid−1 d−1; F1,55 = 0.02, p = 0.89; Fig. 5) and this con-
sumption rate decreased over time (F1,55 = 6.9, p =
0.01). We found no lag effects (AIC comparing mod-
els with and without lag were 27.93 and 25.97,
respectively).

3.4.  Size selection

We did not observe any strong variation in size
selection in the lab or field experiment (Fig. 6). In the
lab experiment, muricids preferentially consumed
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Days 3, 12, 24, and 60

                   Slope estimates   SS      MS    Numer-    Denomi-    F-value   p-value
                      (mean ± SE)                           ator df     nator df

Distance (D)  −0.07 ± 0.02     7.30    7.30         1             60.1           2.69         0.11
Muricid (M)  −3.47 ± 0.89     41.5    41.5         1             57.9           15.2    2.51 × 10−4

D × M             0.09 ± 0.03      32.8    32.8         1             57.9           12.1    9.84 × 10−4

Table 1. Results of a 2-way mixed effects model comparing distance × muricid spe-
cies, with transects treated as a random effect and the distance effect fit using a linear
relationship. The intercept value was 3.38, which is the predicted value for the den-
sity of Mancinella armigera (Ma) at distance of 0 m from the reef crest. Thus, the dis-
tance estimate in the table applies to Ma, while the interaction indicates how this es-
timated slope is modified for Menathais tuberosa (Mt) (i.e. it shifts from negative,
−0.07 for Ma, to positive, 0.034 for Mt). ANOVA results were calculated with 

Satterthwaite approximation for df
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vermetids of intermediate size relative to the smallest
and largest size classes (significant effect of size
class, F3,31 = 5.14, p = 0.005); i.e. selectivity was high-
est for the 11−13 mm size classes (mean ± SE: 0.35 ±
0.04). Generally, selectivity was higher for the 9−
11 mm (0.31 ± 0.03) and 11−13 mm size classes
(above the random expectation of 0.25), whereas
selectivity for the smallest size class (7−9 mm, 0.15 ±
0.03) and largest size class (13−15 mm, 0.19 ± 0.04)
were below the null expectation of 0.25. This pattern
of size-selectivity, however, did not vary across the
muricid treatments (F3,31 = 0.09, p = 0.96), suggesting
that prey choice did not vary with muricid density or
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predator species composition, nor was there a signif-
icant interaction (size class × muricid treatment:
F9,31 = 0.95, p = 0.50). In the field experiment, selec-
tivity was fairly uniform, ranging from 0.18−0.24, and
did not vary among treatments (F3,53 = 0.21, p = 0.89)
or size classes (F4,53 = 0.33, p = 0.85). See Fig. S4 in
the Supplement for numbers of vermetids alive and
dead in each size class.

4.  DISCUSSION

This is the first study to investigate the predator−
prey relationship between muricids and vermetids.
We demonstrated that both Mancinella armigera and
Menathais tuberosa consume vermetids, al though M.
armigera appears to be a more voracious predator.
Furthermore, the combined effects of these 2 species
are approximately additive, except under very high
predator densities. Additionally, increased conspe-
cific predator density in the field did not affect the
per-predator feeding rate. The lab experiment sug-
gested that muricids may preferentially consume
vermetids of intermediate size; however, in the field,
muricids were non-selective.

M. tuberosa and M. armigera exhibited spatial seg-
regation in the field; however, our results provide no
evidence that their habitat partitioning results from
either intraguild predation or inter specific competition.
When M. tuberosa and M. armigera were combined
for a total density of 10 snails in the lab experiment,
we did not observe any evidence of interference
competition: muricids did not consume each other or
alter their feeding rates nor did we observe a decline
in feeding rates (substitutive design). However, at a
density of 20 snails (10 of each species, additive
design), the observed feeding rate was considerably
less than expected based upon the conspecific trials.
We suspect that this reduction in feeding rate may
have been due to an increase in competition. One
effect that may manifest at this high density could be
a reduction in the feeding rate of M. tuberosa. In -
deed, consumption in the 10 Ma + 10 Mt treatment
matched the consumption rate in the 10 Ma treat-
ment, suggesting that the smaller muricid (i.e. M.
tuberosa) may have stopped feeding in the presence
of the other predator. These multiple predator ef -
fects, in this case risk reduction, only arose at very
high densities; i.e. when muricid densities exceeded
~1 snail m−2, which is much greater than the average
we observed in the field.

In contrast, the highest density of predators in the
field experiment did not reduce the per-predator

feeding rate. This difference with the laboratory
results (where we observed a decline in feeding at
the highest predator density), is likely a consequence
of the higher density used in the lab experiment: i.e.
20 muricids per small rubble pile with ~60 vermetids
vs. 12 muricids on a small reef with over 100 ver-
metids. Both of the highest densities used in the
experiments exceeded the density observed in the
field survey. As a result, we conclude that predator
interference is unlikely under all but the most
extreme conditions.

The field experiment also showed that feeding
rates declined over time. This may have been the
result of prey depletion, although such an interpreta-
tion is unlikely because (1) the lab studies incurred
strong reductions in density but very little reduction
in feeding rates (i.e. the cumulative number of ver-
metids killed increased linearly with time; Fig. 2);
and (2) the field data showed no effect of muricid
density on feeding rates despite much higher prey
depletion in the high density treatment (Fig. 5). The
lack of a response to prey depletion suggests that
exploitative competition for vermetids is not strong,
although these muricids could compete for other
types of prey (Taylor 1978). It is likely that other fac-
tors, not competition or intraguild predation, control
the distributions of these 2 predators, especially at
the muricid densities we observed in the field. We
therefore suggest that other factors likely caused the
temporal decline in feeding rates, possibly due to
changes in water temperature (Fig. S5), current
velocity, inaccessibility of prey or the availability of
an alternate prey during the 2 mo duration of the
field experiment.

Vermetids (notably Ceraesignum maximum) have
deleterious effects on corals, reducing their growth,
survival, and photophysiology (Shima et al. 2010,
2013, 2015, but see Zill et al. 2017). As a result, it is
likely that the removal of C. maximum by these pred-
ators could lead to an indirect beneficial effect on
corals. Additionally, as both muricids and C. maxi-
mum are found mainly in high-flow, shallow portions
of the reef near the reef crest, their spatial association
potentially increases the intensity of their interaction.
To provide a rough estimate of the possible role of
muricids on the population dynamics of C. maximum
(and thus their potential to have positive indirect
effects on corals), we used the available data to esti-
mate field feeding rates. Our field experiment sug-
gests that the mortality of vermetids in the absence of
muricids is relatively low (Fig. 5), suggesting that
muricids are a major cause of vermetid mortality.
Using the average (3 muricids per 60 m2, or 0.05 m−2)
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and the maximum (9 muricids per 60 m2, or 0.15 m−2)
density of the 2 species of muricids that we observed
on our transects, and the average feeding rate esti-
mated in our lab experiment (~0.5 vermetids muri-
cid−1 d−1), the muricid assemblage would be pre-
dicted to kill an average of 9 vermetids m−2 yr−1 (max.
of 27 vermetids m−2 yr−1). As these estimates are
based on transects that were approximately 50%
sand, and vermetids are only found on hard sub-
strate, it is possible that average and maximum con-
sumption of vermetids could double (18 or 54 ver-
metids m−2 yr−1). In Mo’orea, French Polynesia, C.
maximum were found in densities up to 32 m−2 of
hard reef substrate (Shima et al. 2010). Thus, these
muricids could potentially remove one-third of the
population of C. maximum in a single year, and in
some locations could potentially remove the entire
local population. Because muricids have an approxi-
mately constant consumption rate, these predators
might be even more effective at controlling vermetids
when densities of vermetids are low. Recently, C.
maximum experienced a massive die off in Mo’orea
(and surrounding islands; Brown et al. 2016). Although
muricids did not cause this population crash, it is pos-
sible that they could greatly limit the recovery of the
vermetid population.
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