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Although sea urchins can strongly influence the structure of benthic communities and are abundant in the
Galápagos Islands, factors mediating predation on urchins have not been studied experimentally. Here, we
examine how habitat structure and behavioral patterns of prey influence predation on the pencil urchin Euci-
daris galapagensis, an abundant grazer in rocky subtidal habitats. Results indicate that the distribution, abun-
dance and body sizes of E. galapagensis vary predictably by habitat in the central Galápagos. Urchins were five
times more abundant and significantly smaller in rubble than in exposed ledge habitats. We thus hypothe-
sized that rubble habitats provide a refuge from predation, and conducted tethering manipulations using
small and large urchins as prey. Predation by the hogfish, Bodianus diplotaenia, triggerfishes, and the sea
star Pentaceraster cumingi, was significantly higher in exposed than in rubble habitats for small urchins, indi-
cating that rubble habitats represent a refuge. In addition, urchin activity over a 24-hour period indicated that
E. galapagensis were significantly more abundant on exposed substrate at night than during the day as they
emerged from refugia at dusk. Since the fish that prey on E. galapagensis are predominantly diurnal, we sug-
gest that the nocturnal activity patterns of the urchins represent a predator avoidance strategy. These results
underscore the importance of considering spatial refugia and prey behavior in investigations of top-down
control of sea urchins in the Galápagos Marine Reserve.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Predation can determine the structure of biological communities,
though several processes can increase or dampen its influence on
communities (Carpenter et al., 1985). Consumers from higher trophic
levels regulate lower-food web components through ‘top-down’ con-
trol when predation and herbivory alter the distribution and abun-
dance of prey species either directly or indirectly (Burkepile and
Hay, 2008; Guidetti et al., 2005; Pace et al. 1999). Direct consumption
reduces prey populations, but predation can also alter species abun-
dances and community structure through trophic cascades when
the effects of predation propagate down two or more trophic levels
(Hairston et al., 1960; Paine, 1980; Strong, 1992). However, the rela-
tive importance of predation as a process that structures communities
depends on how efficiently a predator can exploit its prey— necessi-
tating an understanding of the conditions that promote, eliminate,
or dampen the effects of top-down control (Power, 1992). Factors
that mediate the effects of predation, such as the availability of spatial
refugia and prey behavior, play an important role in altering

predator–prey dynamics (Byrnes et al., 2006; Duffy and Hay, 2001;
Nelson and Vance, 1979; Witman, 1985).

Prey refugia, including any strategy, habitat, or behavior capable of
decreasing the risk of predation and preventing overexploitation of
prey (Ives and Dobson, 1987; Sih, 1987; Sih et al., 1988) can alter
predator–prey dynamics and forestall trophic cascades (Duffy and
Hay, 2001; Nelson and Vance, 1979; Witman, 1985). Behavioral re-
sponses by prey, such as predator-avoidance strategies, can reduce
their risk of mortality and, therefore, dampen the effects of top-
down control (Heithaus et al., 2008; Schmitz et al., 1997; Siddon
and Witman, 2004). Prey can hide or switch their patterns of habitat
usage to areas where their predators are absent, interrupting preda-
tor–prey interactions and altering the distribution and foraging pat-
terns of prey (Madin et al., 2010; Sih et al., 1988). In support,
theoretical and empirical studies indicate that spatial refugia, such
as habitat complexity, are critical for the persistence of prey (Gause,
1934; Huffaker, 1958). For instance, spatial refugia are important for
the persistence of sea urchin populations in rocky reefs in the Gulf
of Maine (Witman, 1985), in the Mediterranean Sea (Hereu et al.,
2005; Sala, 1997), in tropical rocky intertidal habitats (Menge and
Lubchenco, 1981), and in Kenyan coral reefs (McClanahan, 1998). In
addition to altering their spatial patterns of habitat use to reduce
their risk of mortality, prey may alter their patterns of activity
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becoming active when their predators are inactive or absent, poten-
tially representing a temporal refuge from predation (Power, 1992).

The presence of prey refugia and its function in dampening top-
down control is particularly important for benthic invertebrates
(e.g. sea urchins) in tropical systems like Galápagos Islands where
rates of predation are high (Vermeij, 1978). Since urchins can be im-
portant prey species and consumers of algae, their addition or remov-
al can cause drastic changes in communities (Paine, 1980). As
important grazers, sea urchins can regulate the productivity and
structure of benthic algal communities (Brandt et al., in press;
Guidetti and Dulcic, 2007; Hereu et al., 2005; Paine and Vadas,
1969; Sala et al., 1998), and at high densities, they can convert foliose
algal assemblages to urchin barrens (Hereu et al., 2005; Witman,
1985). For these reasons, understanding the direct and indirect fac-
tors – such as predation and availability of prey refugia – that influ-
ence the dynamics of sea urchin populations is important.

Eucidaris galapagensis is the most abundant sea urchin species in
the central Galápagos archipelago (Brandt and Guarderas, 2002). As
an omnivore, E. galapagensis consumes algae (Brandt, 2003; Glynn
and Wellington, 1983; Irving and Witman, 2009; Ruttenberg, 2001),
barnacles (Glynn, 1994) and corals (Glynn et al., 1979), and at high
densities it affects benthic community structure (Brandt, 2003;
Glynn and Wellington, 1983; Witman et al., unpublished data). How-
ever, predators may decrease the abundance of E. galapagensis and
alter its distribution among habitats as it is an important prey for sev-
eral species, including the slipper lobster Scyllarides astori, the spiny
lobster Panulirus penicillatus, the Mexican hogfish Bodianus diplotae-
nia, and the triggerfishes Balistes polylepis and Pseudobalistes naufra-
gium (Glynn and Wellington, 1983; Hearn, 2006; Ruttenberg, 2001;
Witman et al., unpublished data). Recognizing that different types of
hard substrate habitats such as rubble rocks and smooth exposed
ledges were available to urchins in Galápagos subtidal rocky reefs,
we examined the potential for spatial refugia and the ability of ur-
chins to switch habitats (prey behavior) to mediate predation on E.
galapagensis. Specifically, we addressed four main questions: 1) Do
the abundance and the body size of E. galapagensis differ among hab-
itats in the rocky subtidal zone? 2) Do rubble habitats provide a ref-
uge from predation for small and large urchins? 3) Do urchins have
a size escape from predation? And finally, 4) Does the abundance of
E. galapagensis on exposed substrate change on a diel basis?

2. Materials and methods

2.1. Study sites

This study was conducted at five subtidal sites in the central Galá-
pagos archipelago, located 965 km off the coast of Ecuador. Situated
around Santa Cruz and Floreana Islands, all sites (Baltra, Rocas Gor-
don, Guy Fawkes, Rocas Beagle, and Champion islands) occur within
the Galápagos Marine Reserve. Sites were chosen based on compara-
ble bottom topography and distribution of habitat types (see Fig. 1. of
Witman et al., 2010 for site locations). Within each site, research was
conducted using SCUBA during May–July 2007, January 2008, and
June–July 2008 in three common hard substrate habitats: 1) vertical
rock walls (“wall habitat” hereafter), 2) patches of rock rubble on
ledges (“rubble habitat” hereafter), and 3) horizontal-gently sloping
substrate (“exposed habitat” hereafter).

2.2. Urchin abundance and body size patterns

To ascertain patterns of habitat use, the densities and body sizes of
E. galapagensis were surveyed at all sites in May–June 2007, January
2008, and June–July 2008 at depths between 6 and 16 m. The sam-
pling procedure consisted of haphazardly placing a 625 cm2 quadrat
on the substrate 7–171 times to quantify the densities and test diam-
eter of urchins in the wall, rubble and exposed habitats. Urchin

densities were quantified in rubble and exposed habitats at all five
sites, and compared using a two-way ANOVA test, with habitat and
site as fixed factors. Urchin body size-frequency distributions were
constructed for wall, rubble and exposed habitats; however, in ex-
posed habitats, they were created only at three sites (Baltra, Rocas
Gordon and Champion), as urchin densities were too low at the
other two sites. Given that sample sizes were low for the exposed
habitats, Kolgomorov–Smirnov and T-tests were only applied to com-
pare urchin body size-frequency distributions between rubble and
wall habitats within sites.

2.3. Predator abundance

Band transects were conducted to estimate the abundance of po-
tential predators of Eucidaris galapagensis, including hogfish (B. diplo-
taenia), triggerfish (B. polylepis, P. naufragium) slipper (S. astori) and
spiny (P. penicillatus) lobsters (Hearn, 2006; Ruttenberg, 2001;
Martínez, 2000; Witman et al., 2009; Witman et al., unpublished
data), and the sea star, Pentaceraster cumingi (this study). For preda-
tory fish, one 50×3 m band transect was performed at 6 and 15 m
depths at the sites where experiments were conducted (Guy Fawkes,
Rocas Beagle and Baltra) in June–July 2008 and again in January 2009
using the methods of Edgar et al. (2004a, 2004b). In addition, fish
were counted in eleven 30×5 m band transects at 10 m depth at Bal-
tra, in January 2008. The total numbers of individuals greater than
20 cm were recorded for the entire transect area (150 m2). Data on
the abundance of predatory sea stars at the study sites was taken
from an ongoing benthic monitoring program (Witman et al., 2010,
unpublished data). Sea stars were counted in three replicate 10×1 m
band transects at 6 and 15 m depths at each site. Surveys of predator
abundance were usually conducted during the same month of the ur-
chin population surveys and predation experiments, and are used as
supplemental observations to infer some of the causes of differences
in predation between sites.

2.4. Predation experiments

We tested the hypothesis that the rubble habitat functions as a
spatial refuge from predation for E. galapagensis at 3 sites (Baltra,
Rocas Beagle Guy Fawkes), by conducting tethering manipulations
using urchins as prey to compare relative predation rates between
rubble and exposed habitats (Aronson and Heck, 1995; Aronson et
al., 2001; Peterson and Black, 1994). Data from surveys (see
Results) revealed that the frequency of test diameters for E. galapa-
gensis was bimodal, with modes centered at 2–3 cm and at 5–6 cm.
Consequently these two size classes were used in the predation ex-
periments. Small urchins (2–3 cm) were tethered in an experiment
that ran ~24 h at each of the three sites, while the experiments with
large urchins (5–6 cm) consisted of two 6-day trials at Baltra and
one 24-h trial at both Guy Fawkes and Rocas Beagle. For the
experiments with large urchins, data from Guy Fawkes and Rocas
Beagle were pooled due to the low sample size.

To minimize artifacts in the tethering experiments, each experi-
mental unit used a natural substratum, which consisted of a flat vol-
canic cobble (approximately 240 cm2 top surface area) collected
from the area. A small eyebolt was attached to the center of the cob-
ble with marine epoxy (Koppers Splash Zone compound). A single ur-
chin was tied to the eyebolt with nylon twine onto its own cobble
(Fig. 1). All urchins were collected prior to the experiment and a
non-invasive “harness” method was used to tether the urchins.
Exploiting the wide interambulacral areas of E. galapagensis, the har-
ness was made by tying two loops of twine around interambulacra
and secured by a square knot. The use of a standardized substrate
and a non-invasive tethering procedure enabled urchins to move
around on the top of the cobbles (Fig. 1) and prevented injuries to
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the urchins posed by other tethering techniques, such as piercing ur-
chin tests.

Two experimental treatments were created. First, the exposed
treatment consisted of placing replicate experimental units on the
flat exposed horizontal substrate. Second, the rubble treatment mim-
icked natural rubble habitats by placing experimental units on the
substrate, overturning the units, and surrounding them by several
other rocks. Replication was achieved by deploying ~11 urchins teth-
ered to cobbles per treatment per trial at 12–15 m depth at all sites.

At the end of the predation trials, each urchin was recorded as pre-
sent, absent or consumed as indicated by E. galapagensis remains.
Rates of predation were then calculated as proportions and classified
as “confirmed predation rate” (consumed urchins) and “disappear-
ance rate” (absent urchins) with the former being a more conserva-
tive measure. Confirmed predation rates only counted unambiguous
evidence of predation. To be classified as “confirmed predation,” ur-
chin tests were found either cracked, crumbled, crushed, or
hollowed-out and attached to or adjacent to the experimental cob-
bles. Evidence of predation was documented by photography under-
water or at the surface (Figs. 2, 3). Based on observations and time-
lapse photographs of fishes and sea stars preying upon urchins in
these and similar urchin tethering experiments in the Galápagos
(Witman et al., unpublished data), we are confident that these urchin
remains indicate predation. Disappearance rates included urchins
that disappeared over the duration of the experiment, most likely
due to predation; however, there was no direct evidence.

Since disappearance rates may have included urchins that escaped
from their tethers as well as ones that were actually consumed, an ex-
periment was conducted to estimate daily escape rates for small ur-
chins. This was accomplished by enclosing urchins tethered to
cobbles in mesh cages that excluded predators. An escape was scored
when urchins were found unattached to their tethers in the cages.
Three trials were conducted in Academy Bay (adjacent to the Charles

Fig. 1. Illustration of tethering methods used in the predation experiments showing the same Eucidaris galapagensis urchin moving on its string tether. The photo on the right was
taken 4 min later. The sea urchins were tethered by tying a string around their test, between the spines, with the opposite end tied to an eyebolt embedded in the top of a flat-
topped cobble (as shown).

Fig. 2. Evidence of predation during an experiment that tested whether rubble habitats
represent a refuge for large urchins at Baltra. Exposed and rubble treatments are shown
in the top left and bottom right, respectively. Note the cracked urchin tests in the Exposed
treatment, which are test remains from predation by triggerfish. Rates of confirmed pre-
dation in exposed habitats were significantly higher than in the rubble in 2 trials
(P=0.0059).

Fig. 3. Evidence of predation by different predators. A) shows the oral surface of Euci-
daris galapagensis eaten by an adult hogfish, Bodianus diplotaenia. Hogfish tended to
pick out the underside leaving an irregular hole. B) shows results of triggerfish preda-
tion, which typically cleaved the urchin test in half. Note centimeter scales in both
photos.
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Darwin Research Station) with 10 replicate urchins individually teth-
ered in cages during each trial (3–4 m depth). The cages were
checked daily for 6–7 days. The average urchin escape rate for all
three trials was 10% per 24 h. Consequently, a corrected disappear-
ance rate for small urchins was obtained by subtracting 10% of the ur-
chins that disappeared in the tethering experiments from the
disappearance rate. No large urchins escaped in trials with large ur-
chins in a 24-h period when time-lapse images were taken in 1-min
intervals (Witman et al., unpublished data).

2.5. Sea star feeding observations

To determine whether the sea star P. cumingi consumes E. galapa-
gensis under natural, non-experimental conditions, feeding observa-
tions were conducted since this interaction has not been previously
documented in peer-reviewed literature. The diet of P. cumingi was
quantified by overturning all individuals randomly encountered
within the study depths at Rocas Beagle, Baltra, and Guy Fawkes dur-
ing June–July 2008 and January 2009. Sea stars were classified as not
feeding when their stomachs were inverted and as feeding when sto-
machs were everted on prey. For the feeding sea stars, the substrate
or species on which the sea star was found were recorded as sub-
strate, gastropods, or E. galapagensis with a total of 176 sea stars
assessed. The substrate category referred to rock with or without cor-
alline algae and debris, including barnacle plates, E. galapagensis
spines, small rocks (b2 cm), loose sediment, and shell remains from
other invertebrates.

2.6. Urchin behavioral patterns

To investigate diel variation in urchin activity patterns, a time-
lapse camera system was deployed at Academy Bay for 24 h on July
7, 2008. The camera focused on the natural exposed substrate at
3.0–4.0 m depth, covering an area of approximately 15 m2. E. galapa-
gensis individuals were counted from the photographs. The time lapse
system consisted of a Canon D20 digital camera in an Aquatica metal
housing, equipped with an external remote and Canon timer. A wide-
angle (10–22 mm) lens was used to cover a large area of the bottom.
Photographs were taken at 2-min intervals using an external strobe
(Sea and Sea YSI) for illumination. The time and the number of ur-
chins in each photo (n=720 photos) were recorded. Daylight was
considered to extend from 5:50 AM to 6:30 PM corresponding to sun-
rise and sunset, respectively, while night was from 6:31 PM to
5:49 AM.

3. Results

3.1. Urchin abundance and body size

Population surveys indicated that there were striking differences
in the densities and body sizes of E. galapagensis among the habitat
types. Results from a two-way ANOVA revealed that habitat type (ex-
posed vs. rubble) and site had significant effects on urchin density
(Table 1). Urchin densities in the rubble were five times higher than

in the exposed habitats (Post-hoc Tukey HSD: pb0.05, q=1.98;
Fig. 4). In addition, higher urchin densities were found at Champion
than at Guy Fawkes (Post-hoc Tukey HSD: pb0.05, q=2.76), yet
there were no other significant differences between the other sites.
The interaction between habitat and site was not significant
(Table 1), indicating that urchin densities were always higher in rub-
ble habitats.

E. galapagensis body size–frequency distributions differed signifi-
cantly between rubble and wall habitats (Table 2, Fig. 5). Urchins
were significantly larger in wall habitats at all sites (Table 2). Several
size–frequency distributions from rubble habitats (Baltra, Champion,
Fig. 5) were bimodal with a first test diameter mode centered at
1.5–2.5 cm and a second at around 4.0–6.0 cm. Finally, small urchins
(b3.0 cm) were rare in exposed habitats at the three sites (Fig. 5).

3.2. Predator abundance

The highest abundance of the predatory sea star, P. cumingi, oc-
curred at 6 m depth at Rocas Beagle (x=1.33, SD=1.53 per 10 m2)
in June–July 2008, followed by Guy Fawkes at mean densities of
0.667 (SD=1.1547) per 10 m2 in the January 2009. No sea stars
were recorded in the band transects at Baltra, however, P. cumingi
was commonly observed in adjacent, slightly deeper habitats

Table 1
Results of two-way ANOVA comparing the effects of habitat type (exposed vs. rubble
habitat) and site (five sites) on Eucidaris galapagensis density. Samples sizes of
625.0 cm2 quadrats were N=79 in rubble habitats and N=82 in exposed habitats.
Note that the interaction between habitat and site was not significant.

Effect DF SS F Ratio P-value

Habitat 1 52.54418 147.5707 b.0001
Site 4 3.063531 2.7829 .0287
Habitat*Site 4 1.336848 .9386 .4433
Model 9 61.61957 19.2288 b.0001
Error 153 54.47735

Fig. 4.Mean Eucidaris galapagensis densities (+/−1 SE) in exposed and rubble habitats
(five sites pooled). Sample sizes were N=79 and N=82 (625.0 cm2 quadrats) in rub-
ble and exposed habitats, respectively. Note that the habitat effect is highly significant
(pb0.0001).

Table 2
Kolmogorov–Smirnov tests and Student's T-tests yielded significant differences be-
tween wall and rubble urchin body size–frequency distributions for all sites. Maximum
differences with their two-sided probabilities are given. Urchin test size (cm) means
+/−1 SD are shown. Site abbreviations are as follows: GOR: Rocas Gordon, BAL: Baltra,
RB: Rocas Beagle, GF: Guy Fawkes, and CHA: Champion.

Site Habitat x SD T-tests K-S tests N

P-value D-max

GOR Rubble 3.1 1.879 b0.0001 0.602 115
Wall 5.9 1.463 112

BAL Rubble 3.2 1.400 0.001 0.221 151
Wall 4.09 1.435 165

RB Rubble 3.66 1.696 b0.0001 0.514 171
Wall 5.69 1.422 156

GF Rubble 3.79 1.790 b0.0001 0.360 126
Wall 5.33 1.464 139

CHA Rubble 4.09 1.954 b0.0001 0.293 131
Wall 5.54 1.311 115
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(>12 m) outside of the transect. Statistically, sea star abundance did
not vary significantly through time, depth, or across sites as shown
by a one-way ANOVA testing the effect of time on P. cumingi abun-
dance and by a two-way ANOVA testing the effects of depth, site,
and their interaction on P.cumingi abundance (Supplemental mate-
rials, Table 1).

All fish transects indicated that hogfish, B. diplotaenia, were the
most abundant predatory fish at the three sites. Specifically, juvenile
B. diplotaenia were more abundant ( x=9.27 individuals per
150 m2) than both adult B. diplotaenia (x=0.636 individuals) and
triggerfish (x=0.727, all per 150 m2). B. diplotaenia (>20 cm length)
were more abundant at Guy Fawkes than at Baltra and Rocas Beagle
in June–July 2008. No triggerfish (B. polylepis or P. naufragium) were
recorded in the transects. However, P. naufragium was seen at all
sites during deployments of the refuge experiments, with the most
frequent observations at Baltra followed by Guy Fawkes, whereas B.
polylepis was only seen at Baltra (Dee et al., personal observations).
No lobsters were observed during the daytime surveys at the study
sites.

3.3. Predation experiments

Rates of confirmed predation on small urchins were five times
higher in exposed than in rubble habitats (Table 3, Fig. 6). Similarly,
both disappearance and corrected rates were significantly higher in
exposed than in rubble habitats (Table 3). These results indicate
that rubble habitats function as a spatial refuge from predation for
small urchins (Table 3). As observed during the experimental setup
and retrieval, adult B. diplotaenia, P. cumingi, and a species of trigger-
fish, B. polylepis, consumed small urchins in the exposed habitat (Dee
et al., personal observations).

Predation rates on large urchins were significantly higher in ex-
posed than in rubble habitats as indicated by the results of the 6-
day tethering experiments at Baltra (Fig. 7), with both confirmed

Fig. 5. Size–frequency distributions of Eucidaris galapagensis body sizes in exposed,wall and rubble habitats. The top row of graphs show data from exposed habitats at three sites:
Baltra (a), Rocas Gordon (d), and Champion (g). The middle row depicts size frequency distributions in wall habitats at five sites: Baltra (b), Rocas Gordon (e), Champion (h), Rocas
Beagle (j), and Guy Fawkes (l), while the bottom row shows size–frequency distributions in rubble habitats at five sites: Baltra (c), Rocas Gordon (f), Champion (i), Rocas Beagle (k),
and Guy Fawkes (m). The numbers of urchins measured and mean test diameters are shown.

Table 3
Results from one-way ANOVAs comparing the effects of habitat (rubble vs. exposed) on
three measures (confirmed predation, disappearance rates, and corrected disappear-
ance rates) of predation on small urchins in 24-h trials at three sites pooled (Baltra,
Rocas Beagle and Guy Fawkes). Note that habitat had a significant effect on all three
categories of predation.

Measure Effect DF SS F Ratio P-value

C. predationa Habitat 1 0. 65941089 26.9952 0.0065
Disappearance Habitat 1 1.6692522 32.4862 0.0047
Corrected disb Habitat 1 1.1563102 34.7498 0.0041

a Confirmed predation.
b Corrected disappearance after escape rate correction.
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Fig. 6.Mean predation (+/−1 SE) rates of confirmed predation on small urchins (three
sites pooled) in rubble and exposed habitats in 24-h trials. Note that habitat had a
highly significant effect on predation rates (p=0.0065).
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predation and urchin disappearance data (Table 4). However, shorter
(24-h) experiments with large E. galapagensis at Guy Fawkes and
Rocas Beagle did not reveal a significant effect of habitat on predation
rates (Table 4).

3.4. Sea star feeding observations

A majority of the P. cumingi sea stars surveyed were feeding: 111
out of 175 individuals (63%). Of the proportion of P. cumingi that
were feeding, 6.25% of these preyed on E. galapagensis with 2.84%
feeding on gastropods (Hexaplex princeps whelks, other unidentified
whelks and Conus spp.) The remaining 53.9% of feeding sea stars
were observed with their stomachs everted on debris and rock sub-
strate, typically covered with bleached or unbleached crustose coral-
line algae.

3.5. Urchin behavioral patterns

Time-lapse images taken in Academy Bay showed that urchins
started occupying exposed habitats at dusk, which began at approxi-
mately 5:20 PM (Table 5). No urchins were observed during most of
the daytime hours (8:30 AM–5:20 PM). Between 6:50 PM and
8:15 PM, densities increased up to 15 urchins, and by 9:20 PM a max-
imum of 30 individuals were observed (Fig. 9). Urchin abundance tri-
pled within an hour between 6:00 and 7:00 PM. These results suggest
that urchins become active and emerge from their spatial refugia in
rubble habitats at approximately 6:50 PM and then re-occupy rubble

habitats at dawn (approximately 5:30–5:50 AM). No potential noc-
turnal predators, such as lobsters, were observed in these time-
lapse images.

4. Discussion

This study indicates that the distribution, abundance and body
sizes of pencil urchins and patterns of predation on them vary pre-
dictably by habitat in the central Galápagos. By experimentally test-
ing predation on urchins across habitat types, this study provides a
necessary step toward understanding how habitats can influence
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Fig. 7.Mean predation (+/−1 SE) rates of confirmed predation on large urchins in rub-
ble and exposed habitats in 6-day trials at Baltra. Note that habitat had a highly signif-
icant effect on predation rates (p=0.0059).

Table 4
Results of one-way ANOVAs comparing the effects of habitat (rubble vs. exposed) on
two measures (confirmed predation and disappearance) on predation on large urchins
in Baltra and in pooled trials from Guy Fawkes and Rocas Beagle. Note that habitat had
a significant effect on both “confirmed predation” and “disappearance rate” at Balta.
Site abbreviations follow Table 2.

Site Duration N P-value DF SS F ratio

Confirmed predation
BAL 6 days 2 0.0059 1 1.056179 167.3506
GF and RBa b24 h 2 0.0730 1 0.203126 12.2169

Disappearance rate
BAL 6 days 2 0.0054 1 1.0634408 184.5211
GF and RBa b24 h 2 0.2950 1 0.08399556 1.9760

a Data from the one-day experiments at GF and RB were pooled for analysis.

Table 5
Day-night comparison of Eucidaris galapagensis counts at 3.0–4.0 m depth, (approxi-
mately 15 m2 area) in Academy Bay from the time-lapse camera deployment. Note
that urchins were near 5 times more abundant at night than during the day.

Day (5:30 AM–6:30 PM) Night (6:30 PM–5:30 AM)

Mean SE SD Mean SE SD

2.52 0.7702 0.15404 12.676 7.0381 0.8663

Fig. 8. Predation by Pentaceraster cumingi sea stars on small tethered Eucidaris galapa-
gensis in the experiments testing whether rubble habitats function as a refuge at Rocas
Beagle. 8. A) The sea star at left is feeding on an urchin tethered to a cobble (as in
Fig. 4), which was immediately beneath it. The crushed, dead tethered urchin at the
top of the photo was found beneath the sea star at the right. The sea star was removed
from the urchin for the photograph. 8. B) Another P. cumingi feeding on an urchin from
the exposed treatment— tethered to the cobble below. Six E. galapagensis spines and
parts of the test are visibly protruding from the mouth of the sea star while remains
of the crushed test are still attached to the string tether at the top of the cobble.
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trophic links in the Galápagos. Specifically, we found that rubble hab-
itats can function as important spatial refuges for small urchins by re-
ducing predation rates. This may also be for the case for large urchins,
but the significance of the refuge effect on large urchins varied among
sites. By reducing predation rates, rubble habitats provided a spatial
refuge that may mediate top-down predation of E. galapagensis at
these study sites. Without testing predation rates in different habi-
tats, studies of top-down control in this system may overestimate
the importance of predation on E. galapagensis.

4.1. Predation experiments

Tethering experiments can provide an effective estimate of rela-
tive predation rates when artifacts are addressed. While approxi-
mately only half of 22 studies discussed potential artifacts
associated with tethering in 1994 (Peterson and Black, 1994), poten-
tial tethering biases have been increasingly addressed over the past
several years making predation experiments more realistic
(Kuhlmann et al., 2008; Mills et al., 2008). To avoid inflating preda-
tion rates in this study, we accounted for the possibility of E. galapa-
gensis escaping from their tethers. First, urchins were recorded as
“alive” (rather than consumed) when cut or abraded string (tethering
harness) was observed because urchins leave abraded harnesses or
cut tethers when they escape. Second, we provided a correction fac-
tor, by conducting a parallel experiment to estimate a daily escape
rate of urchins from their tethers in order to calculate a corrected dis-
appearance rate (see Results). And finally, the use of a time-lapse
camera system helped document and account for artifacts improving
the reliability of our tethering methods in the field (Fig. 4, Kuhlmann
et al., 2008; Mills et al., 2008). Based on observations from time-lapse
images, we adjusted our tethering methods to minimize the number
of urchins that escaped, died from the experimental setup or experi-
enced restricted movement.

In addition to determining a refuge effect, the tethering experi-
ments contributed to the understanding of predator–prey interac-
tions by identifying several major predators of E. galapagensis. Since
predators have different strategies of consuming E. galapagensis, we
determined characteristic damage on urchin test remains from differ-
ent predators (Figs. 2, 3). For instance, predation by hogfish left
cracked urchin tests with holes bitten in the oral surface (Fig. 3a). In
contrast, triggerfishes B. polylepis and P. naufragium, cracked urchin
tests in half (Figs. 2, 3b), whereas sea stars crushed the test to ingest
the viscera (e.g. gonads) of the urchins (Fig. 8). This study identified
the sea star, P. cumingi, as an important predator of E. galapagensis,
which to our knowledge, has not been described previously. Five

predation events by P. cumingi occurred in the tethering experiments
(as in Fig. 8). Confirming the general occurrence of this interaction in
nature, feeding observations revealed that 6.25% of the feeding P.
cumingi were consuming E. galapagensis. While it has not been
reported in the Galápagos, predation on urchins by sea stars is well
known from other subtidal ecosystems, such as in the Pacific North-
west (Mauzey et al., 1968), Mediterranean (Sala, 1997) and the Chan-
nel Islands National Marine Sanctuary, California (Behrens and
Lafferty, 2004).

We documented the importance of spatial refugia for reducing
predation rates on small urchins in particular; however, this study
did not test the relative importance of spatial refugia in comparison
to other predictors of predation rates and intensity on urchins. The
relative importance of spatial refugia provided by rubble habitats
may depend on the proportion of rubble habitat available in compar-
ison to other habitat types, but we did not rigorously quantify the
proportions of the rubble, exposed, and wall habitats in the subtidal
landscapes.

4.2. Importance of spatial refuge for large urchins

Rubble habitats provide a refuge for small urchins; however, the
evidence that rubble habitats also provide a refuge for large urchins
is not conclusive. Results from the experiments using large urchins
suggest that a size escape from predation does not necessarily exist
for this species in the Galápagos or may depend on local predator as-
semblages. In contrast, previous investigations of predation on inver-
tebrates, specifically with mussels (Paine, 1976), urchins (Sala et al.,
1998), and crabs (Beck, 1995) indicate that a size escape from preda-
tion exists or that the use of refugia is not driven by predation, but by
other factors such as hydrodynamics forces. However, results from
the 6-day experiments at Baltra showed significantly reduced rates
of predation on urchins in rubble habitats indicating that large ur-
chins have a spatial refuge from predators in the rubble habitats, rath-
er than a size escape from predation. Alternatively, the 24-h
experiments with large urchins at Rocas Beagle and Guy Fawkes did
not show a significant effect of habitat on predation rates. This
difference may be explained by differences in the abundance of
predators among sites or by an increased likelihood that predators
of large urchins will encounter urchins in the longer trials (i.e.
during the 6-day trial at Baltra). For example, the finescale triggerfish,
B. polylepis, a much larger fish than the hogfish with potentially
higher probabilities of eating large urchins, was only spotted at Baltra.
Although our surveys included no triggerfish at other sites, a few
were observed while deploying the experiments (Dee et. al., personal
observation), possibly indicating that these species are either rare at
these sites or more sensitive to the presence of divers. Despite their
absence in our fish surveys, triggerfish are likely important predators
of large urchins in the Galápagos (Witman et. al., unpublished data) as
noted in Kenya (McClanahan, 1998) and the Mediterranean (Guidetti,
2007). Site-specific variation in predator abundance (Eklöf et al.,
2009) should be investigated in more detail in the Galápagos since
the composition and abundance of predators may create differences
in predation pressure on E. galapagensis across sites. Depending on
the differences in predation pressure and composition of predators,
the importance of spatial refugia may decrease or increase across
sites and for larger size classes of prey (Bruno and Cardinale, 2008;
Menge and Lubchenco, 1981; Witman, 1985).

4.3. Does a temporal refuge exist?

Temporal variation in predation pressure is an inescapable com-
ponent of nature, however, temporal refugia are less frequently docu-
mented than spatial refugia (McClanahan, 1998; Menge and
Lubchenco, 1981; Power, 1992; Sih et al., 2000; Witman and
Grange, 1998). Accordingly, this study investigated day–night
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differences in the behavior of E. galapagensis and its occupation of ex-
posed habitats over a 24-h period. At dusk, urchin abundance in the
exposed habitat increased (when diurnal predatory fish are inactive,
and remained high until dawn (approximately 6:30 PM to
5:50 AM). The habitat-switching behavior displayed by E. galapagen-
sis over a 24-h period may provide evidence of a behavioral
response to avoid top-down control. Because urchins are not abun-
dant on exposed substrates during the day (Fig. 4) when predatory
fish are active, we hypothesize that night-time represents a temporal
refuge for urchins. At night, predatory fishes are absent but urchins
are active on the exposed substrate, so predatory fish do not always
coincide with urchins in time and space at these sites (Witman et
al., 2009). Previous studies (Nelson and Vance, 1979; Vance and
Schmitt, 1979) suggest that the nocturnal activity of urchins is a com-
mon predator-avoidance behavior. Habitat-switching behavior may
allow urchins to emerge from their spatial refugia to graze on the ex-
pose rock substrate at night when the risk of predation by fishes is
lower. Therefore, the relative importance of spatial refugia versus
prey behavior (predator-avoidance strategies) may shift over the
course of a day.

4.4. Alternative hypotheses

These results suggest that predation and refugia from predators
influence the distribution and abundance of E. galapagensis; however,
the extent of their influence on the distribution patterns of E. galapa-
gensis with respect to other factors, such as variation in recruitment,
is currently unknown. Thus, alternative hypotheses should be consid-
ered. First, the structural complexity of habitats may not only reduce
predation rates but also decrease exposure to environmental stress,
such as high water flow, which may cause urchins to occupy different
habitat types (Drolet et al., 2004; Siddon andWitman, 2003; Witman,
1987). Second, variation in larval recruitment can affect urchin distri-
butions across space and habitats (Behrens and Lafferty, 2004;
Cameron and Schroeter, 1980; Hereu et al., 2005; Witman, 1985).
Since these alternative processes were not tested in this study, differ-
ences in urchin size distributions among exposed, rubble, and wall
habitats, as well as the scarcity of small urchins in exposed habitats,
cannot be solely attributed to predation (Fig. 5). Third, in contrast
to the nocturnal activity pattern documented here, Irving and
Witman (2009) found E.galapagensis to be active during the day in
exposed boulder and sloping ledge habitats at shallower (2.5 m)
depths of Academy Bay. These differences may be related to spatial
differences in the risk of predation, as some of the predatory fish
that feed on urchins such as triggerfish, are rare in shallow water
(Witman et al., unpublished observations).

4.5. Implications for fisheries and future research

As mentioned above, fishing pressure may dampen the effects of
predation in addition to the effects of habitat heterogeneity and
prey behavior documented in this study (Jackson et al., 2001;
Witman and Sebens, 1992). If fishing removes predators and reduces
the risk of predation, the relative importance of spatial refugia for
prey persistence may decrease. In the Galápagos, the extraction of
predatory species, such as fishes and lobsters, may decrease rates of
predation on urchins or even eliminate some predator–prey interac-
tions (e.g. lobster predation on urchins). Therefore, predation rates
in different habitat types should be investigated along a gradient of
fishing pressure where the abundances of predatory species differ. Al-
though there are no fisheries for E. galapagensis and P. cumingi, the
predatory fishes and lobsters that consume urchins are targeted as
fisheries species in the Galápagos (Edgar et al., 2010; Hearn, 2004;
Witman et al., unpublished data). In particular, lobsters may eliminate
or reduce the efficacy of spatial and behavioral refugia used by ur-
chins since they are nocturnal predators and occupy rocky habitats

(Hearn, 2006; Witman, unpublished data). In areas where the densi-
ties of predators are reduced from overharvesting, predatory sea
stars may compensate for the loss of other predators to some extent
by controlling the abundance of E. galapagensis via predation; howev-
er, more work is needed to investigate the role of P. cumingi as a pred-
ator of urchins and other species.

At sites with high densities of urchins and low predation rates,
such as in some urchin barrens, refugia may become less important
than competition for food and space when the risk of predation is
low. At low abundances of predators, sea urchin populations can in-
crease to densities at which they overgraze algal assemblages (their
food resources) and convert benthic communities into alternate and
generally less productive states as documented in rocky subtidal
and coral reefs around the world (Eklöf et al., 2009; Guidetti, 2006;
McClanahan and Shafir, 1990; Pinnegar et al., 2000; Sala et al.,
1998; Tenger and Dayton, 1981; Witman, 1985).

The importance of predation and the processes that dampen or in-
crease predation can elucidate the ways that humans are impacting
this system, which is important in the context of the increasing fish-
ing pressures and removal of predators in the Galápagos Marine
Reserve.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.jembe.2012.02.016.
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