
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 514: 149–161, 2014
doi: 10.3354/meps10983

Published November 6

INTRODUCTION

Ecosystem-level phase shifts from luxuriant kelp
beds to an alternative sea urchin barrens state, char-
acterized by a reduction in productivity, habitat com-
plexity, and biodiversity, have been documented on
temperate rocky reefs worldwide (Steneck et al.
2002, Filbee-Dexter & Scheibling 2014). The ecologi-
cal and economic consequences of this ‘collapse’ to a
barrens state, generally brought about through
destructive grazing of kelp beds by sea urchins
(North & Pearse 1970, Breen & Mann 1976, Hagen
1983, Johnson et al. 2005), underscores the impor-
tance of understanding the mechanisms that deter-

mine sea urchin abundance and the resilience of the
kelp state (Filbee-Dexter & Scheibling 2014). Popu -
lation outbreaks of sea urchins resulting in a shift to
the barrens state have been attributed to release
from predation due to overfishing, which results in
a trophic cascade (reviewed by Scheibling 1996,
 Steneck et al. 2004, Estes et al. 2010). Alternatively,
high settlement rates associated with environmental
anomalies (e.g. warm sea temperature) may lead to
recruitment pulses of sea urchins that overwhelm
predatory controls (Hart & Scheibling 1988, Hernán-
dez et al. 2010), leading to the eventual formation of
destructive grazing aggregations (Lauzon-Guay &
Scheibling 2010).
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ABSTRACT: Predation is an important agent of post-settlement mortality of sea urchins that is
mediated by the availability and suitability of spatial refuges, particularly during the vulnerable
juvenile stage. In laboratory and field caging experiments, we show that holdfasts of a dominant
kelp, Saccharina latissima, provide a spatial refuge for juvenile sea urchins Strongylocentrotus
droebachiensis (<20 mm, test diameter) from crabs Cancer borealis and C. irroratus, considered to
be the dominant predators of sea urchins in kelp-bed ecosystems in the northwestern Atlantic. In
treatments with individual crabs of either species, the presence of holdfasts reduced predation on
juvenile sea urchins by ~20 to 30% compared to treatments with no refuge. Crabs consumed juve-
niles (from 5 to 19 mm) in each of three 5 mm size classes in proportion to their abundance, regard-
less of treatment. In kelp beds in St. Margarets Bay, Nova Scotia, Canada, the number of juvenile
sea urchins per holdfast ranged from 0.3 to 0.9, with juveniles in holdfasts accounting for two-
thirds of the total urchin population density at one site. Up to 4 juveniles occurred within a single
holdfast, and there was a significant positive relationship between juvenile size (but not number)
and holdfast volume. Small adult sea urchins were not found within holdfasts in kelp beds and
rarely occupied holdfasts presented to them in laboratory cages. Our findings indicate an ontoge-
netic shift in sea urchin–kelp interactions, whereby kelp facilitates recruitment of its major grazer.
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Sea urchins, like most benthic marine invertebrates,
are subject to high rates of mortality at early  life-
history stages, as evidenced by order of magnitude
declines in abundance following settlement of plank-
tonic larvae (Rowley 1989, Scheibling & Raymond
1990, Hunt & Scheibling 1997). Predation is thought
to be an important source of post-settlement mortal-
ity of sea urchins (Scheibling & Hamm 1991, Mc -
Naught 1999, Hereu et al. 2005, Scheibling & Robin-
son 2008, Jennings & Hunt 2010, Bonaviri et al. 2012,
Clemente et al. 2013), although it is inherently diffi-
cult to study in the field, and these dynamics remain
poorly resolved. Juvenile sea urchins are prey to a
variety of benthic invertebrates and demersal fish
(Keats et al. 1985, Scheibling & Hamm 1991, Mc -
Naught 1999, Scheibling & Robinson 2008, Jennings
& Hunt 2010), while adults generally are vulnerable
only to large-bodied predators such as sea otters,
large fish and decapod crustaceans (Duggins 1980,
Tegner & Dayton 1981, Hagen & Mann 1992, Shears
& Babcock 2002). Post-settlement predation rate is
mediated by the availability of spatial refuges, in -
cluding biogenic (e.g. macroalgal turfs, mussel beds,
adult spine canopies) and physical (e.g. pits, crevices,
undersides of boulders, interstices of cobbles) micro-
habitats, which can vary with sea urchin size and
life-history stage (Tegner & Dayton 1977, Harrold &
Reed 1985, Keats et al. 1985, Witman 1985, Himmel-
man 1986, Scheibling & Raymond 1990, Ojeda &
Dearborn 1991, Scheibling & Hamm 1991, Dumont et
al. 2006, Clemente et al. 2013).

Along the Atlantic coast of Nova Scotia, Canada,
destructive grazing by green sea urchins Strongylo-
centrotus droebachiensis drives a phase shift from a
kelp-bed to a barrens state that potentially is stable
on a decadal scale (Mann 1977, Scheibling et al.
1999). A reverse shift back to kelp beds occurs when
outbreaks of disease cause mass mortality of sea
urchins, enabling kelps and other seaweeds to recol-
onize the rocky subtidal zone (Scheibling 1986,
Scheibling et al. 2013). The reestablishment of sea
urchin populations within emergent kelp beds fol-
lowing these mass mortality events occurs mainly
through recruitment via the planktonic larval stage
(Balch & Scheibling 2000). Predation on juvenile sea
urchins is broadly considered to be a major determi-
nant of recruitment success and the expansion of sea
urchin populations within these kelp beds (reviewed
by Scheibling 1996, Scheibling & Hatcher 2013; but
see also Feehan & Scheibling 2014).

Predation of S. droebachiensis in the northwestern
Atlantic is mediated by the availability and suitability
of spatial refuges from a variety of predators, includ-

ing small-mouthed fish (e.g. sculpin Myoxocephalus
octodecemspinosis, cunner Tautogolabrus ad sperses),
decapod crustaceans (e.g. crabs Cancer borealis,
C. irroratus) and sea stars (e.g. Asterias vulgaris)
(Scheibling 1996, Scheibling & Hatcher 2013). Mor-
tality due to predation is thought to be particularly
high during the late juvenile and early adult phase of
the benthic life history, when sea urchins outgrow
small spatial refuges, such as crevices and interstices
of cobbles, and move onto exposed rock surfaces to
graze kelp (Himmelman 1986, Scheibling & Ray-
mond 1990, Scheibling & Hamm 1991). Larger adult
urchins reach a size refuge from most predators
(Scheibling 1996). Bimodal size distributions ob -
served for populations of S. droebachiensis, and
other sea urchin species in temperate regions (e.g. S.
franciscanus in California), have been attributed to
high levels of predation on intermediate-sized sea
urchins (Tegner & Dayton 1981, Tegner & Levin
1983, Scheibling & Hamm 1991). The ontogenetic
transition between juvenile and adult habitats, with
high associated mortality, can create a bottleneck
that limits the growth rate of the sea urchin popula-
tion and confers resilience to the kelp-bed state
 (Feehan & Scheibling 2014). Recent evidence indi-
cates that large decapods, specifically cancrid crabs,
have become the apex predators of sea urchins in
the northwestern Atlantic because of overfishing of
higher trophic level predators, such as large demer-
sal fish (Steneck et al. 2004, 2013).

During a diving survey of populations of Strongylo-
centrotus droebachiensis in kelp beds in St. Mar-
garets Bay, Nova Scotia, in June 2010, we observed
juvenile sea urchins (<20 mm test diameter, Meidel &
Scheibling 2001) inhabiting holdfasts (anchoring
structures) of the dominant kelp Saccharina latis-
sima. Previous studies at sites with more wave expo-
sure off adjacent headlands showed that kelp (Lami-
naria digitata and S. latissima) holdfasts provide a
microhabitat for a variety of epifaunal and cryptofau-
nal invertebrates, including bivalves, sea stars, brittle
stars and polychaetes (Schmidt & Scheibling 2006,
Knip & Scheibling 2007, Scheibling & Lauzon-Guay
2007). Although juvenile Strongylocentrotus droe-
bachiensis were not recorded within kelp holdfasts in
these studies, young post-settlers (2 to 6 mm test
diameter) have been observed on branched and
undercut crustose coralline algae Lithothamnion
glaciale (Keats et al. 1985, Scheibling & Raymond
1990) or turfs of finely branched arborescent
coralline algae Corallina officinalis (R. E. Scheibling
pers. obs.) in sea urchin barrens. It has been sug-
gested that these macroalgal microhabitats provide
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juvenile sea urchins with a spatial refuge from pred-
ators (Keats et al. 1985, Scheibling & Robinson 2008).

Here, we examine the hypothesis that holdfasts of
the dominant kelp (Saccharina latissima) are a spatial
refuge for juvenile Strongylocentrotus droebachien-
sis from cancrid crabs (C. borealis and C. irroratus)
using caging experiments in both field and labora-
tory settings. These crabs are abundant in Nova Scot-
ian kelp beds and other macroalgal habitats (Schmidt
& Scheibling 2007, Kelly et al. 2011) and have long
been considered important predators of sea urchins
(Bernstein et al. 1981, Scheibling & Hamm 1991). We
also document the abundance and size distribution of
sea urchins within kelp holdfasts in St. Margarets
Bay and examine the relationship between holdfast
size (volume of available space) and the number and
size of resident sea urchins. Our findings indicate
that holdfasts are indeed an important microhabitat
and spatial refuge for juvenile sea urchins and indi-
cate an ontogenetic shift in sea urchin-kelp inter -
actions, whereby kelp facilitates recruitment of its
major grazer.

MATERIALS AND METHODS

Sampling of sea urchins in kelp holdfasts

To measure the abundance and size distribution of
sea urchins Strongylocentrotus droebachiensis within
kelp holdfasts, we used SCUBA to haphazardly sam-
ple adult sporophytes of the dominant species Sac-
charina latissima (>1 m blade length) in kelp beds at
8 to 12 m depth from 2 sites located ~2 km apart (lin-
ear distance) in St. Margarets Bay, Nova Scotia (The
Lodge: 44° 33.552’ N, 64° 01.869’ W; Birchy Head:
44° 34.473’ N, 64° 02.491’ W) in July 2010 and June
and August 2011 (Table 1). Holdfasts were carefully
loosened from the substratum using a dive knife, and
the kelp blade and stipe were excised ~4 cm above

the junction with the holdfast. Holdfasts were placed
in separate plastic bags and transported to the labo-
ratory, where they were dissected, and the associ-
ated sea urchins were counted and measured (test
diameter, 0.1 mm accuracy) using vernier calipers.

We examined the relationship between the refuge
space within a kelp holdfast and the number and size
of associated sea urchins at both sites in June 2011.
We estimated the available refuge space (Vrefuge, ml)
by subtracting the volume occupied by the haptera
(Vhaptera, ml) from the volume of a cone that approxi-
mated the shape of a holdfast (simplified from Jones
1971):

Vrefuge =  1/3 π r2h − Vhaptera (1)

where r (mm) is the radius of the holdfast (average of
the minimum and maximum diameter at the base
divided by 2) and h (mm) is the height of the holdfast
(measured parallel to the stipe). Vhaptera is measured
as the volume of water displaced by the holdfast
(excluding the stipe). Simple linear regression was
used to examine a relationship between size or num-
ber of associated sea urchins and holdfast volume.

To estimate the proportion of the sea urchin popu-
lation inhabiting holdfasts within a kelp bed, we com-
pared the estimated density within holdfasts to the to-
tal density of sea urchins measured in a haphazard
sample of 1 m2 quadrats at The Lodge in June 2010
(n = 8). Density in holdfasts was calculated by multi-
plying the mean number of individuals per holdfast,
based on our sample in July 2010, by the average
density of mature sporophytes of S. latissima meas-
ured in a sample of 1 m2 quadrats in June 2010 (n = 4).

The Kolmogorov-Smirnov 2-sample test was used
to examine whether the size-frequency distribution
of sea urchins in kelp holdfasts (pooled over samples
collected in 2010 and 2011) differed from that of the
total sea urchin population in the kelp bed (in all
microhabitats, including holdfasts) at The Lodge in
2010.
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Date                         Site             Depth     Sample       Total no. No. of urchins per holdfast     Urchin TD       Holdfast
                                                      (m)         size (n)       of urchins               Pooled     Range                 (mm)        volume (ml)

                                                                                                                                                                            
30 Jul 2010        The Lodge         8−12           110                 58                        0.53         0−4                 9.8 ± 3.5             ND
23 Jun 2011       The Lodge         8−12           35                 16                        0.46         0−3                 6.0 ± 4.8         90 ± 92
30 Jun 2011     Birchy Head         12             10                 9                        0.90         0−4                 5.8 ± 1.6         48 ± 26
24 Aug 2011     The Lodge         8−12           59                 17                        0.29         0−4                 9.6 ± 4.8             ND

Table 1. Dates and sites of sampling of holdfasts of Saccharina latissima (>1 m blade length), indicating depth (m) of sample,
sample size (n, number of holdfasts), total number of sea urchins Strongylocentrotus droebachiensis within holdfasts, number
of sea urchins per holdfast (pooled or as a range for each site and sampling date), mean (± SD) test diameter (TD, mm) of sea 

urchins within holdfasts and mean (± SD) holdfast volume (ml). ND: no data
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Laboratory experiments

To determine whether kelp holdfasts provide a spa-
tial refuge to sea urchins from predatory crabs, we
conducted laboratory experiments testing the survival
of juvenile sea urchins (<20 mm) enclosed with a sin-
gle crab (Jonah crab Cancer borealis or Atlantic rock
crab C. irroratus) in 2.3 l hemispherical (25 cm diame-
ter) plastic cages with or without holdfasts of S. latis-
sima as 2 levels of a refuge treatment (Fig. 1A). The
cages were constructed from kitchen colanders that
were slotted and perforated to provide 2 mm wide
openings to permit water flow. For each unit, a second
(top) colander served as a weighted lid for the cage
(Fig. 1B). The cages were placed in seawater tables
such that the water line (~12 cm depth at center) was
level with the top of the bottom colander, preventing

sea urchins from fleeing onto the lid during the exper-
iment. This hemispherical cage design eliminated
refuge space for sea urchins in corners while enabling
the crab to access the entire curved bottom area.

Divers collected juvenile sea urchins from urchin
barrens and collected crabs (males, 75 to 120 mm
carapace width) and holdfasts of S. latissima (>1 m
blade length) from kelp beds at sites between Halifax
Harbour and St. Margarets Bay between May and
August 2013. Crabs and sea urchins were maintained
in laboratory aquaria with flowing oxygenated ambi-
ent seawater prior to use in experiments and fed ad
libitum on kelp and crushed adult sea urchins,
respectively. Sea urchins and other associated fauna
(e.g. brittle stars, polychaetes, bivalves) were re -
moved from holdfasts before holdfasts were used in
experiments.
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Fig. 1. Refuge treatment of the laboratory (A) and field (D) experiment showing juvenile sea urchins Strongylocentrotus droe-
bachiensis and a crab Cancer irroratus (A) or C. borealis (D) amid attached holdfasts of the kelp Saccharina latissima. (B) Lab-
oratory cages constructed from two 25 cm diameter plastic colanders, one stacked on top of the other and held in place by a
lead weight, used to enclose juvenile sea urchins with a predatory crab and with or without holdfasts as a spatial refuge. The
bottom colander was immersed (~12 cm depth at the center) in a flow-through seawater table, providing a barrier to sea
urchins at the air-water interface. (C) Field cage (50 cm diameter, 100 cm height, 5 mm mesh) used to enclose sea urchins with
a predatory crab and with or without holdfasts as a spatial refuge. Cages were placed in a linear array on a level sand patch 

within a kelp bed at Birchy Head, St. Margarets Bay
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For each experiment with a given species of crab,
we conducted 4 or 5 trials blocked in time in a repli-
cated block design (Table 2). For each trial, 12 cages,
each containing 5 juvenile sea urchins from 3 size
classes (1 urchin, 5–9 mm; 3 urchins, 10–14 mm; 1
urchin, 15–19 mm), were placed in ~140 l seawater
tables with flowing (~3 l min−1) ambient seawater.
For the refuge treatment, we attached 5 holdfasts of
S. latissima (stipe excised ~4 cm above junction with
holdfast) in each of 4 cages by pinning individual
haptera to the bottom hemisphere of the cage with
10 cm (length) plastic cable ties to mimic attachment
to a rocky substrate (Fig. 1A). This represents a den-
sity of 50 thalli m−2 (based on surface area of the
hemispherical cage bottom), which approximates the
upper range of mean kelp density at Mill Cove in St.
Margarets Bay (12 to 42 thalli m−2) and the midpoint
of this range at Little Duck Island in neighbouring
Mahone Bay (40 to 60 thalli m−2), recorded during
intervals between defoliation events caused by an
invasive bryozoan from 1992 to 2002 (Scheibling &
Gagnon 2009).

After an acclimation period of 8 to 24 h (we
observed that sea urchins took at least 8 h to enter
and remain within holdfasts in the absence of a pred-
ator), we randomly assigned a single crab to each of
4 replicate cages in both the refuge (with holdfasts)
and the no-refuge (no holdfasts) treatment. An addi-
tional 4 cages with sea urchins but without a crab or
holdfasts acted as a control for other sources of sea
urchin mortality (e.g. disease or stress). To reduce

variability due to recent feeding history, crabs were
starved for 48 h before use in each trial. Sea urchin
mortality (proportion out of 5 urchins) in each cage
was measured 48 h after crabs were added to the
treatment cages. Two-way ANOVA was used to test
for an effect of refuge (fixed factor, 2 levels: holdfasts,
no refuge) and trial (random factor, 4 to 5 levels) on
the proportion of sea urchins consumed by crabs (in
separate tests for each crab species). At termination
of each trial, the carapace width of crabs and test
diameter of the surviving sea urchins were measured
using a plastic measuring tape (1 mm accuracy). A
chi-squared goodness-of-fit test was used to examine
differences between observed and expected fre-
quencies of 3 size classes of sea urchin (5–9, 10–14,
15–19 mm test diameter) surviving in cages with
crabs (C. borealis or C. irroratus) at 2 levels of a
refuge treatment (holdfast refuge, no refuge). Ex -
pected frequencies were based on the null hypothe-
sis of no size-selective predation. Data were pooled
over trials in separate analyses for each crab species.

Individual crabs were used in a maximum of 2 trials
and were allowed to acclimate for at least 1 wk in the
laboratory before each trial. Reusing crabs in differ-
ent trials could potentially introduce a bias if larger
and/or more voracious crabs were consistently used
within a particular treatment. To minimize this risk,
crabs were randomly assigned to cages within each
trial. Inspection of the mean carapace width of crabs
within treatments suggests no bias in crab size
among treatments within trials (Table 2).
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Expt                 Trial           Start           Water temp. CW of crabs (mm) Predation rate (urchins crab−1 d−1)
                          no.             date                   (°C)                     Holdfast         No refuge                 Holdfast         No refuge

Laboratory                                                                                                                                                                         
C. borealis         1             24 May           8.1 ± 0.4                 86 ± 3             85 ± 4                    1.0 ± 0.6         1.9 ± 0.6
                          2             11 Jun            6.2 ± 0.1                 99 ± 2             84 ± 5                    1.0 ± 0.5         1.5 ± 0.4
                          3             26 Jun            8.1 ± 0.1                 91 ± 6             101 ± 2                    1.5 ± 0.5         2.0 ± 0.4
                          4              17 Jul             10.2 ± 0.3                 101 ± 3             105 ± 3                    1.0 ± 0.4         1.5 ± 0.4
                          5              25 Jul             10.4 ± 0.3                 103 ± 3             104 ± 6                    0.5 ± 0.4         1.1 ± 0.5

C. irroratus         1              29 Jul             9.7 ± 0.4                 83 ± 1             83 ± 3                    0.8 ± 0.6         1.8 ± 0.6
                          2             10 Aug           8.8 ± 0.3                 85 ± 4             80 ± 2                    0.6 ± 0.6         0.8 ± 0.3
                          3             24 Aug           8.9 ± 0.4                 79 ± 3             86 ± 1                          0                1.4 ± 0.5
                          4             27 Aug           10.3 ± 0.2                 78 ± 3             81 ± 1                    0.4 ± 0.4         1.3 ± 0.7

Field                                                                                                                                                                                   
C. borealis         1              31 Jul             11.4 ± 0.9                 103 ± 2             103 ± 3                    2.3 ± 0.5         3.2 ± 0.5
                          2             13 Aug           8.6 ± 0.7                 99 ± 4             100 ± 2                    1.4 ± 0.3         2.2 ± 0.6
                          3             24 Aug           7.3 ± 0.8                 97 ± 8             90 ± 6                    2.2 ± 0.6         3.7 ± 0.6

Table 2. Summary of field and laboratory experiments investigating kelp holdfasts as a refuge for juvenile sea urchins
Strongylocentrotus droebachiensis from predatory crabs Cancer borealis and C. irroratus, indicating the number of experi-
mental trials, start date of trials in 2013, mean (± SD) seawater temperature (°C), mean (± SE) carapace width of crabs (CW,
mm) and mean (± SE) predation rate of crabs (urchins crab−1 d−1) in cages at 2 levels of a refuge treatment (holdfasts, no refuge) 

(n = 4)
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For the experiment with C. irroratus, seawater tem-
perature was continuously recorded (1 h intervals)
with a temperature logger (StowAway TidbiT Tem-
perature Logger, Onset Computer) placed within one
of the seawater tables. For the experiment with C.
borealis, we used temperature records provided by
the Aquatron, Dalhousie University (laboratory sea-
water source), for the May trial. For the trials in June
and July, we obtained temperatures recorded at 7 to
8 m depth in Bedford Basin (~5 km from the Aqua-
tron intake and at the same depth; J. Hackett pers.
comm.), which we adjusted for warming (+1°C) dur-
ing transfer to our laboratory. The experimental array
was illuminated by natural light from a large north-
west-facing window.

To examine size-specific utilization of kelp hold-
fasts as refuge/habitat by sea urchins, we measured
the tendency of sea urchins in 5 size classes (juve-
niles: 5–9, 10–14, 15–19 mm test diameter; small
adults: 20–24, 25–29 mm) to enter and reside within
holdfasts of S. latissima in our experimental cages. In
each of 3 trials blocked in time, we introduced 1 sea
urchin from each of the 5 size classes to each of 4
cages with 5 attached holdfasts (1 holdfast per sea
urchin, 1 urchin per size class per cage) in an unrepli-
cated block design. Cages were maintained in sea-
water tables with flowing (~3 l min−1) ambient sea-
water. After 24 h, we measured the proportion of sea
urchins (out of 4) within each size class that were
within a kelp holdfast. One-way ANOVA was used to
examine differences among size classes (fixed factor,
5 levels) in the proportion of sea urchins residing
within holdfasts. Tukey’s HSD test (α = 0.05) was
used to compare means among levels of size class.

Field experiment

To examine whether kelp holdfasts provide a spa-
tial refuge to sea urchins from predatory crabs under
ambient conditions in the field, we conducted an
experiment testing the survival of juvenile sea
urchins (<20 mm) enclosed with a single crab (C.
borealis) in 200 l cylindrical cages (5 mm aperture
nylon mesh) with or without holdfasts of S. latissima
as 2 levels of a refuge treatment (Fig. 1C,D). A cylin-
drical cage design (diameter = 50 cm, height =
100 cm) was used to minimize refuge space for sea
urchins in corners. The bottom of each cage was re -
inforced with plastic-coated steel mesh to allow for
attachment of holdfasts and bolted to a round plastic
base (diameter = 75 cm) that was anchored to the
seafloor with an iron weight (Fig. 1C). The mesh was

attached to a hollow plastic ring (‘hula hoop’) at the
top of the cage and suspended with small floats
(Fig. 1C). The lid of the cage was fashioned from
another plastic ring covered with mesh and attached
to the cage top with plastic cable ties to allow divers
access for observation (Fig. 1C). Crabs, sea urchins
and kelp for the field experiment were collected from
the same sites and over the same period as for the
laboratory experiments (see above). Water tempera-
ture was recorded at 10 min intervals using a temper-
ature logger (StowAway TidbiT Temperature Log-
ger, Onset Computer) at 8 m depth at The Lodge
(<2 km south-southwest of Birchy Head).

We conducted 3 trials blocked over time in a repli-
cated block design (Table 2). For each trial, 13 cages,
each containing 10 juvenile sea urchins from 3 size
classes (2 urchins, 5–9 mm test diameter; 6 urchins,
10–14 mm; 2 urchins, 15–19 mm), were deployed in a
linear array at 8 m depth on a level sand patch within
a kelp bed at Birchy Head. In each of 6 cages, we
attached 10 kelp holdfasts (stipe excised ~4 cm above
junction with holdfast) to the cage bottom (using the
same method of attachment as in the laboratory ex -
periments) for the holdfast refuge treatment (Fig. 1D).
This represents a density of 50 thalli m−2 (based on
surface area of the circular cage bottom), like that of
our laboratory experiments. We manually placed sea
urchins inside of holdfasts in the refuge treatment.
We then added a single C. borealis (males, 70–120
mm carapace width) randomly assigned to each of
the 6 replicate cages in both the refuge (with hold-
fasts) and the no-refuge (no holdfasts) treatment. A
single cage with sea urchins but no holdfasts or crab
acted as a control for other sources of sea urchin mor-
tality. Crabs were starved for 48 h before use in the
field experiment to standardize recent feeding his-
tory. Individual crabs were used in a maximum of 2
trials and were allowed to acclimate in the laboratory
for at least 1 wk before each trial.

Video cameras (GoPro Hero2, Woodman Labs),
with an extra battery pack (GoPro BacPac) to extend
the battery life of the camera to 4.5 h, were mounted
to the inside lid of cages of the refuge treatment to
monitor sea urchin and crab behavior at 30 s intervals
(time-lapse recording). Predation was not observed
during the first 4.5 h of the field experiment in time-
lapse video of the holdfast refuge treatment, likely
because crabs were still acclimating to the cages.
Juvenile sea urchins were frequently observed mov-
ing into and out of holdfasts, suggesting that they
also were acclimating to their surroundings during
this period. Attempts by larger juveniles to move into
holdfasts were sometimes unsuccessful. At the end of
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each trial, carapace width of crabs (mm) and test
diameter (mm) of the surviving sea urchins were
measured using a plastic measuring tape. Sea urchin
mortality (proportion out of 10 urchins) in each treat-
ment and control cage was measured 48 h after
crabs were added to the treatment cages. Two-way
ANOVA was used to test for an effect of refuge (fixed
factor, 2 levels: holdfasts, no refuge) and trial (ran-
dom factor, 3 levels) on the proportion of sea urchins
consumed. A chi-squared goodness-of-fit test was
used to examine differences between observed and
expected frequencies of 3 size classes of sea urchin
(5–9, 10–14, 15–19 mm test diameter) surviving in
cages with crabs at 2 levels of a refuge treatment
(holdfast refuge, no refuge). Expected frequencies
were based on the null hypothesis of no size-
 selective predation. Data were pooled over trials for
the analysis.

All statistical tests were run with Statistica 8 (Stat-
Soft). Assumptions of homoscedasticity for ANOVA
were tested using Cochran’s C-test (α = 0.05).

RESULTS

Field observations

The number of Strongylocentrotus droebachiensis
per holdfast of Saccharina latissima ranged from 0.29
to 0.90 in samples from kelp beds in St. Margarets
Bay in summer 2010 and 2011 (Table 1). Up to 4 sea
urchins occurred within a single holdfast. The mean
test diameter of S. droebachiensis in these samples
ranged from 5.8 to 9.8 mm (Table 1) about a grand
mean of 8.8 mm (Fig. 2A). Sea urchins >20 mm
(approximate size at sexual maturity; Meidel &
Scheibling 2001) were not observed in holdfasts
(Fig. 2A). There was a significant positive relation-
ship between the mean test diameter of sea urchins
within a holdfast and holdfast volume (Fig. 3) but no
relationship between the number of sea urchins
within a holdfast and holdfast volume (Table 1). The
mean ± SD density of adults of S. latissima (>1 m
blade length) at The Lodge in summer 2010 was 6.8 ±
4.0 sporophytes m−2, giving an estimated mean den-
sity of sea urchins within holdfasts of 3.6 ± 2.1 urchins
m−2, two-thirds of the total population density in the
kelp bed (5.5 ± 6.8 urchins m−2). The majority (~98%)
of the sea urchin population within the kelp bed in
summer 2010 was composed of juveniles (<20 mm)
(Fig. 2B). The size-frequency distribution of sea
urchins in kelp holdfasts (pooled over samples col-
lected in 2010 and 2011) did not differ from that of

the total sea urchin population in the kelp bed (in all
microhabitats, including holdfasts) at The Lodge in
2010 (Kolmogorov-Smirnov 2-sample test: D44,100 =
0.071, p > 0.10) (Fig. 2). Sea urchin density at The
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Fig. 2. Size-frequency (test diameter, mm) distributions of
sea urchins Strongylocentrotus droebachiensis sampled in
(A) holdfasts of Saccharina latissima in kelp beds in St. Mar-
garets Bay, Nova Scotia, in summer 2010 and 2011 (see
Table 1 for sample sites and dates); and (B) all microhabitats
in a kelp bed at The Lodge, St. Margarets Bay, in June 2010

Fig. 3. Relationship between size of sea urchins Strongylo-
centrotus droebachiensis (test diameter, mm) and kelp Sac-
charina latissima holdfast volume (ml). Data are from a sam-
ple of 15 holdfasts from kelp beds in St. Margarets Bay in
June 2011 (Table 1). Error bars are SD of mean test diameter 

for holdfasts with 2 to 4 sea urchins
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Lodge in 2010 approximated the grand mean (5.0 ±
3.3 urchins m−2) for kelp beds at 10 sites (including
The Lodge) sampled throughout St. Margarets Bay at
that time (Feehan & Scheibling 2014).

Experimental results

In laboratory experiments with predatory crabs, we
found significantly lower mortality of juvenile sea
urchins in treatments with kelp holdfasts than in
those with no refuge, for both Cancer irroratus and C.
borealis (Table 3, Fig. 4). Similarly, in a field experi-
ment with C. borealis, we found significantly lower
mortality of juvenile sea urchins in cages with kelp
holdfasts compared to cages with no refuge (Table 3,
Fig. 5). Most of the surviving sea urchins were found
within holdfasts at the end of each experimental trial:
available data indicate that >99 and 86 ± 13% (SD) of
surviving sea urchins were within holdfasts at the
end of trials 1 to 3 in laboratory and field experiments
with C. borealis, respectively. Predation by both spe-
cies of crab resulted in broken sea urchin test frag-
ments within cages. We observed no mortality of sea
urchins in control treatments without holdfasts or a
crab in both the laboratory and field experiments.
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Expt Source of df MS F p
variation

Laboratory
C. borealis Refuge 1 0.576 4.604 0.039

Trial 4 0.149 1.187 0.334
Refuge × Trial 4 0.009 0.060 0.993
Error 30 0.141

C. irroratus Refuge 1 0.845 5.465 0.027
Trial 3 0.113 0.733 0.541
Refuge × Trial 3 0.085 0.520 0.672
Error 24 0.163

Field
C. borealis Refuge 1 0.380 6.160 0.019

Trial 2 0.177 2.87 0.072
Refuge × Trial 2 0.020 0.314 0.733
Error 30 0.065

Table 3. Two-way ANOVA of the effect of refuge (fixed fac-
tor, 2 levels: holdfasts, no refuge) and trial (random factor, 3
to 5 levels) on the proportion of sea urchins Strongylocentro-
tus droebachiensis consumed by a crab after 48 h in labora-
tory cages (Cancer borealis or C. irroratus) or field cages (C.
borealis). Refuge and Trial were tested against the pooled
interaction (Refuge × Trial) and error MS. Bold values are
significant at α = 0.05. Data for all tests conform to the
assumptions of normality and homoscedasticity (Cochran’s 

C-test, α = 0.05)

Fig. 4. Proportion of mortality of sea urchin Strongylocentro-
tus droebachiensis juveniles (out of 5) exposed for 48 h to a
single crab, (A) Cancer borealis or (B) C. irroratus, in labora-
tory cages at 2 levels of a refuge treatment (5 kelp holdfasts,
no holdfasts). Data are mean (+ SE) for 4 replicate cages for
each of 4 or 5 experimental trials and grand mean (+ SE) for 

all trials

Fig. 5. Proportion of mortality of sea urchin Strongylocentro-
tus droebachiensis juveniles (out of 10) exposed for 48 h to a
single crab, Cancer borealis, in field cages at 2 levels of a
refuge treatment (10 kelp holdfasts, no holdfasts). Data are
mean proportion of urchin mortality (+ SE) for 6 replicate
cages for each of 3 experimental trials and a grand mean 

(+ SE) for all trials
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Predation rate on sea urchins tended to be higher for
C. borealis than for C. irroratus in the holdfast refuge
treatment in the laboratory experiments (grand mean
± SE of trials: 1.0 ± 0.2 vs. 0.5 ± 0.2 urchins crab−1 d−1,
respectively; t7 = 2.35, p = 0.051) but did not differ
among species in the no-refuge treatment (1.6 ± 0.2
vs. 1.3 ± 0.2 urchins crab−1 d−1, respectively; t7 = 1.07,
p = 0.32) (Table 2). The mean size (carapace width) of
C. borealis was greater than that of C. irroratus in
both treatments (holdfast refuge: t7 = 3.75, p < 0.01;
no refuge: t7 = 2.46, p = 0.044) (Table 2). Predation
rates by C. borealis were significantly higher in the
field than in the laboratory in both treatments (hold-
fast refuge: 2.0 ± 0.3 vs. 1.0 ± 0.2 urchins crab−1 d−1,
respectively; t6 = 3.26, p = 0.017; no refuge: 3.0 ± 0.4
vs. 1.6 ± 0.2 urchins crab−1 d−1, respectively; t6 = 3.70,
p = 0.010) (Table 2). There was no difference in the
size of C. borealis in field and laboratory experiments
(t14 = 0.727, p = 0.48) (Table 2). Predation rates of
crabs do not appear to be related to seawater temper-
ature during each experiment (Table 2). In both the
laboratory and field experiment, the size-frequency
distribution of surviving sea urchins (in three 5 cm
size classes, pooled across all trials) in cages with
crabs (C. irroratus or C. borealis) did not differ from
the expected size-frequency based on the null hypo -
thesis of no size-selective predation (i.e. consumption
by crabs was proportional to initial abundance in a
size class) in either treatment (holdfast refuge, no
refuge) (Table 4).

There was a significant difference among size
classes in the proportion of sea urchins residing
within holdfasts after 24 h of enclosure in laboratory

cages (1-way ANOVA: F4,10 = 11.455, p < 0.001)
(Fig. 6). Two separate groups emerged, with a signif-
icantly higher proportion of sea urchins from smaller,
juvenile size classes (<20 mm) within holdfasts com-
pared to sea urchins from larger, adult size classes
(20 to 29 mm) (Tukey’s test, p < 0.001, Fig. 6).

DISCUSSION

Kelp holdfasts as spatial refugia

We found that holdfasts of the dominant kelp Sac-
charina latissima act as an important refuge habitat
to juvenile sea urchins Strongylocentrotus droe-
bachiensis in Nova Scotian kelp beds. Kelp holdfasts
reduced the vulnerability of juvenile sea urchins
(<20 mm test diameter) to predation by cancrid crabs
(Cancer borealis and C. irroratus) by ~20 to 30% in
field and laboratory caging experiments. Most sur-
viving sea urchins exposed to a crab in the holdfast
refuge treatment were found within holdfasts at the
end of experimental trials in both the laboratory and
field experiment, indicating that the holdfasts pro-
vided a spatial refuge from predation. These crabs
currently are considered the dominant predators of
Strongylocentrotus droebachiensis in kelp beds and
other macroalgal habitats in the northwestern Atlantic
(Scheibling 1996, Steneck et al. 2002) and can reach
densities of 0.5 to 2.3 crabs m−2 in the summer and
fall in Nova Scotia (Schmidt & Scheibling 2007, Kelly
et al. 2011). Any reduction in vulnerability to crab
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Experiment            Treatment       N      df        χ2                p

Laboratory                                                                       
C. borealis              Holdfasts       59      2     0.407     0.816
                               No refuge       36      2     1.962     0.375

C. irroratus             Holdfasts       65      2     0.154     0.926
                               No refuge       39      2     1.812     0.404

Field                                                                                  
Cancer borealis     Holdfasts       75      2     5.333     0.069
                               No refuge       56      2     0.607     0.738

Table 4. Chi-squared goodness-of-fit (χ2) test for difference
between observed and expected frequencies of 3 size
classes of sea urchins Strongylocentrotus droebachiensis
(5–9, 10–14, 15–19 mm test diameter) surviving in cages
with crabs Cancer irroratus or C. borealis at 2 levels of a
refuge treatment (holdfast refuge, no refuge). Expected
 frequencies were based on the null hypothesis of no size-
selective predation. Data are pooled over 2 to 5 trials for 

each analysis; N = total number of surviving urchins

Fig. 6. Proportion of sea urchins Strongylocentrotus droe-
bachiensis (out of 4) within each of 5 size classes (test diam-
eter, mm) found within kelp holdfasts after 24 h in laboratory
cages. The vertical line indicates approximate size at matu-
rity of sea urchins (20 mm). Error bars are SE for n = 3 

experimental trials
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predation afforded by kelp holdfasts (this study), or
other biogenic or abiotic refuges (Keats et al. 1985,
Witman 1985, Scheibling & Raymond 1990, Scheib-
ling & Hamm 1991), is likely to greatly influence sea
urchin recruitment rates.

The maximum size threshold of sea urchins that
can effectively use kelp holdfasts as a spatial refuge
occurs at ~20 mm test diameter. We did not observe
adult sea urchins within holdfasts in the kelp beds
that we sampled in summer 2010 and 2011. Similarly,
we found that adult sea urchins (>20 mm) were less
likely to move into and remain within holdfasts in our
laboratory experiment that examined size-specific
utilization of holdfasts. Time-lapse video of our field
experiment showed that some large juvenile sea
urchins (15 to 19 mm) that attempted to move into
holdfasts were unsuccessful during the first 4.5 h in
cages with crabs (C. borealis). However, there was no
evidence of size-selective predation among the 3
experimental size classes of juvenile sea urchins in
field or laboratory cages with crabs (C. irroratus or C.
borealis), indicating that holdfasts likely provided
protection from crab predation across the entire juve-
nile size range.

In our laboratory experiments, C. irroratus and C.
borealis exhibited similar predation rates on juvenile
sea urchins in the no-refuge treatment; however, C.
borealis was a more effective predator in the refuge
treatment with holdfasts. We occasionally observed
individuals of C. borealis severing the haptera of
holdfasts using their claws, suggesting that the larger
claw size of C. borealis may allow it to more easily
extract sea urchins from holdfasts than C. irroratus of
similar body size. It should be noted that this behav-
ior could be an artifact of laboratory containment,
given that crabs were not offered alternative prey
that may have involved less handling effort (Wong &
Barbeau 2006). Moody & Steneck (1993) also found
that C. borealis exhibits different foraging tactics
than C. irroratus on blue mussel Mytilus edulis (e.g.
C. borealis utilized only crushing tactics, while C.
irroratus was more dexterous and utilized a greater
variety of tactics). We found that predation rate on
sea urchins by C. borealis was 2-fold greater in field
than in laboratory cages (Table 2). Given that crab
size and water temperature were similar in field and
laboratory experiments, we attribute this difference
in predation rate to cage design or some other artifact
of laboratory containment.

Kelp holdfasts have been shown to harbour a broad
range of algal, invertebrate and fish species in kelp
beds worldwide (Ghelardi 1971, Ojeda & Santelices
1984, Anderson et al. 1997, Christie et al. 2003,

Schmidt & Scheibling 2006, Knip & Scheibling 2007,
Blight & Thompson 2008, Schaal et al. 2012). Studies
in the northeastern and southeastern Pacific indicate
that juvenile sea urchins frequently shelter within
kelp holdfasts (Dayton 1975, Vasquez et al. 1984,
Pearse & Hines 1987, Tegner et al. 1995). Pearse &
Hines (1987) showed that juvenile Strongylocentro-
tus spp. in California, USA, move into kelp hold-
fasts once they have outgrown other spatial refuges,
such as crevices. Dayton (1975) observed juvenile
Strongy locentrotus sp. in holdfasts of Laminaria spp.
in Alaska, USA, where sea urchin populations are
strongly controlled by sea otter predation. He noted
that sea urchins disappeared from a study site when
the kelp canopy cover was removed, suggesting that
kelp provides a refuge from predation by sea otters.
Along the southwestern coast of South Africa, hold-
fasts of kelp Ecklonia maxima facilitate recruitment
of juvenile conspecifics by providing a refuge from
grazers such as sea urchins, abalone, limpets and
gastropods (Anderson et al. 1997).

Christie et al. (2003) found a significant positive
relationship between the total number of individuals
within holdfasts of L. hyperborea in Norway (incor-
porating up to 77 faunal species, including sea
urchins Echinus esculentus and Psammechinus mil-
iaris) and holdfast volume. Although we did not ob -
serve a direct relationship between sea urchin abun-
dance and holdfast volume of Saccharina latissima,
there were numerous other invertebrates within the
holdfast that were not considered. Knip & Scheibling
(2007) recorded 15 taxa (family, genus or species
level) from 6 phyla in holdfasts of L. digitata in a kelp
bed along a headland (Splitnose Point) ~40 km east-
southeast of St. Margarets Bay. Strongylocentrotus
droebachiensis was not recorded, possibly because
the haptera of L. digitata in wave-exposed habitats
are tightly applied to the rock substratum, leaving
less refuge space for juvenile sea urchins. These
holdfasts are filled by small bivalves and by brittle
stars and sea stars that can conform to small and
irregular gaps among haptera.

We found that the size of sea urchins within hold-
fasts was directly related to the volume of space
within a holdfast. Larger holdfasts can provide a spa-
tial refuge to sea urchins in late juvenile or early
adult stages that may be most vulnerable to preda-
tion, as they have outgrown smaller physical refuges
(e.g. narrow crevices, interstices of cobbles) but have
not yet reached a size refuge from small-mouthed
fish and decapod predators (Scheibling & Hamm
1991). Mesopredators of juvenile sea urchins, such as
sea stars and polychaetes, were rare within kelp
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holdfasts in our study, with only single individuals of
Asterias sp., Nereis sp., or Polynoidae observed in a
total of 45 holdfasts sampled in June 2011. We
observed no predatory decapods (e.g. juvenile can-
crid crabs) within holdfasts. This suggests that preda-
tion pressure on juvenile sea urchins within holdfasts
may be minimal.

Tegner et al. (1995) found that juveniles of Strongy-
locentrotus purpuratus and S. franciscanus graze
holdfasts of giant kelp Macrocystis pyrifera in Cali-
fornia, forming cavities that increase susceptibility of
kelp to breakage during storms, thereby increasing
kelp mortality. We found no evidence that juvenile S.
droebachiensis cause appreciable damage to hold-
fasts of Saccharina latissima, likely because they are
sustained by particulate algal detritus actively or
passively trapped within the holdfast microhabitat
(Bernstein et al. 1981, Rowley 1990, Scheibling &
Hamm 1991, Dumont et al. 2004).

Facilitation of sea urchin recruitment by kelp:
consequences for kelp-bed resilience

Positive feedback mechanisms within both kelp
beds and barrens increase the resilience of each state
to phase shifts, and these often involve facilitation
or inhibition of sea urchin recruitment (re viewed by
Filbee-Dexter & Scheibling 2014). For example, a
higher cover of coralline algae in barrens compared
to kelp beds may result in increased settlement of sea
urchin larvae in barrens due to induction by coralline
algae (Pearce & Scheibling 1990, Baskett & Salomon
2010). Conversely, the lower cover of coralline algae
in kelp beds promotes persistence of kelp beds by
reducing settlement rates of sea urchins (Baskett &
Salomon 2010). Other feedback mechanisms stabiliz-
ing the kelp bed state include increased habitat
available for benthic macroinvertebrates and demer-
sal fish that prey on sea urchins; the whiplash effect
of wave-driven kelp fronds, which impedes sea
urchin grazing; and the production of detrital algae
within the kelp bed, which promotes passive detri-
tivory rather than destructive grazing by resident sea
urchins (Filbee-Dexter & Scheibling 2014).

Adult sea urchins were rare in the kelp bed sam-
pled in St. Margarets Bay in summer 2010, following
an epizootic that caused a mass mortality of sea
urchins the previous fall (Feehan & Scheibling 2014).
Our results suggest that kelp holdfasts can act to
facilitate the reestablishment of sea urchin popula-
tions in kelp beds after disease outbreaks by provid-
ing refuge to juvenile urchins from predators such as

cancrid crabs. These crabs are now considered apex
predators in kelp beds in the northwestern Atlantic
as a consequence of historical overfishing of higher
trophic level predators, such as large demersal fish
(Steneck et al. 2004). In a recent review,  Filbee-
Dexter & Scheibling (2014) conclude that while
 positive feedbacks that strengthen resilience of kelp-
bed ecosystems are relatively well known, examples
of negative feedbacks that could destabilize kelp
 ecosystems are generally lacking. Given that dense
populations of S. droebachiensis destructively graze
kelp beds in the northwestern Atlantic, our findings
suggest a potentially important negative feedback
mechanism whereby a dominant kelp facilitates
recruitment of its major grazer. This also underscores
the importance of considering ontogenetic shifts in
predator-prey interactions that can govern ecosys-
tem dynamics.

Acknowledgements. We thank J. Lindley, K. Filbee-Dexter,
J. O’Brien, E. Simonson and D. Denley for field assistance
and A. Metaxas and 3 anonymous reviewers for helpful
comments on an earlier draft of the manuscript. This
research was funded by a Discovery Grant to R.E.S. from the
Natural Sciences and Engineering Research Council
(NSERC) of Canada. C.J.F was supported by an NSERC
Canada Graduate Scholarship and by a Dalhousie Univer-
sity Postgraduate Scholarship. F.T.Y.F. was supported by an
NSERC Summer Research Award.

LITERATURE CITED

Anderson RJ, Carrick P, Levitt GJ, Share A (1997) Holdfasts
of adult kelp Ecklonia maxima provide refuges from
grazing for recruitment of juvenile kelps. Mar Ecol Prog
Ser 159: 265−273

Balch T, Scheibling RE (2000) Temporal and spatial variabil-
ity in settlement and recruitment of echinoderms in kelp
beds and barrens in Nova Scotia. Mar Ecol Prog Ser 205: 
139−154

Baskett ML, Salomon AK (2010) Recruitment facilitation can
drive alternative states on temperate reefs. Ecology 91: 
1763−1773

Bernstein BB, Williams BE, Mann KH (1981) The role of
behavioural responses to predators in modifying urchins’
(Strongylocentrotus droebachiensis) destructive grazing
and seasonal foraging patterns. Mar Biol 63: 39−49

Blight AJ, Thompson RC (2008) Epibiont species richness
varies between holdfasts of a northern and a southerly
distributed kelp species. J Mar Biol Assoc UK 88: 469−475

Bonaviri C, Gianguzza P, Pipitone C, Hereu B (2012) Micro-
predation on sea urchins as a potential stabilizing pro-
cess for rocky reefs. J Sea Res 73: 18−23

Breen PA, Mann KH (1976) Destructive grazing of kelp by
green sea urchins in eastern Canada. J Fish Res Board
Can 33: 1278−1283

Christie H, Jørgensen NM, Norderhaug KM, Waage-
Nielsen E (2003) Species distribution and habitat
exploitation of fauna associated with kelp (Laminaria

http://dx.doi.org/10.1017/S0025315408000994
http://dx.doi.org/10.1007/BF00394661
http://dx.doi.org/10.1890/09-0515.1
http://dx.doi.org/10.3354/meps205139
http://dx.doi.org/10.3354/meps159265


Mar Ecol Prog Ser 514: 149–161, 2014

hyperborea) along the Norwegian coast. J Mar Biol
Assoc UK 83: 687−699

Clemente S, Hernández JC, Montano-Moctezuma C, Rus-
sell MP, Ebert TA (2013) Predators of juvenile sea urchins
and the effect of habitat refuges. Mar Biol 160: 579−590

Dayton PK (1975) Experimental studies of algal canopy
interactions in a sea otter-dominated kelp community at
Amchitka Island, Alaska. Fish Bull 73: 230−237

Duggins DO (1980) Kelp beds and sea otters:  an experimen-
tal approach. Ecology 61: 447−453

Dumont C, Himmelman JH, Russell MP (2004) Size-specific
movement of green sea urchins Strongylocentrotus droe-
bachiensis on urchin barrens in eastern Canada. Mar
Ecol Prog Ser 276: 93−101

Dumont CP, Himmelman JH, Russell MP (2006) Daily move-
ment of the sea urchin Strongylocentrotus droebachien-
sis in different subtidal habitats in eastern Canada. Mar
Ecol Prog Ser 317: 87−99

Estes JA, Peterson CH, Steneck RS (2010) Some effects of
apex predators in higher-latitude coastal oceans. In:  Ter-
borgh J, Estes JA (eds) Trophic cascades:  predators,
prey, and the changing dynamics of nature. Island Press,
Washington, DC, p 37−53

Feehan CJ, Scheibling RE (2014) Disease as a control of sea
urchin populations in Nova Scotian kelp beds. Mar Ecol
Prog Ser 500: 149−158

Filbee-Dexter K, Scheibling RE (2014) Sea urchin barrens as
alternative stable states of collapsed kelp ecosystems.
Mar Ecol Prog Ser 495: 1−25

Ghelardi RJ (1971) Species structure of the holdfast commu-
nity. In:  North WJ (ed) The biology of giant kelp beds
(Macrocystis pyrifera) in California. Nova Hedwigia 32: 
381−420

Hagen NT (1983) Destructive grazing of kelp beds by sea
urchins in Vesffjorden, northern Norway. Sarsia 68: 
177−190

Hagen NT, Mann KH (1992) Functional response of the
predators American lobster Homarus americanus
(Milne-Edwards) and Atlantic wolffish Anarhichas lupus
(L.) to increasing numbers of green sea urchin Strongylo-
centrotus droebachiensis (Muller). J Exp Mar Biol Ecol
159: 89−112

Harrold C, Reed DC (1985) Food availability, sea urchin
grazing, and kelp forest community structure. Ecology
66: 1160−1169

Hart MW, Scheibling RE (1988) Heat waves, baby booms,
and the destruction of kelp beds by sea urchins. Mar Biol
99: 167−176

Hereu B, Zabala M, Linares C, Sala E (2005) The effects of
predator abundance and habitat structural complexity on
survival of juvenile urchins. Mar Biol 146: 293−299

Hernández JC, Clemente S, Girard D, Pérez-Ruzafa A, Brita
A (2010) Effect of temperature on settlement and postset-
tlement survival in a barrens-forming sea urchin. Mar
Ecol Prog Ser 413: 69−80

Himmelman JH (1986) Population biology of green sea
urchins on rocky barrens. Mar Ecol Prog Ser 33: 295−306

Hunt HL, Scheibling RE (1997) Role of early post-settlement
mortality in recruitment of benthic marine invertebrates.
Mar Ecol Prog Ser 155: 269−301

Jennings LB, Hunt HL (2010) Settlement, recruitment and
potential predators and competitors of juvenile echino-
derms in the rocky subtidal zone. Mar Biol 157: 307−316

Johnson CR, Ling SD, Ross J, Shepherd S, Miller K (2005)
Establishment of the long-spined sea urchin (Cen-

trostephanus rodgersii) in Tasmania:  first assessment of
potential threats to fisheries. Project No. 2001/044, Final
Report, Fisheries Research and Development Corpora-
tion. University of Tasmania, Hobart

Jones DJ (1971) Ecological studies on macroinvertebrate
populations associated with polluted kelp forests in the
North Sea. Helgol Wiss Meeresunters 22: 417−441

Keats DW, South GR, Steele DH (1985) Ecology of juvenile
green sea urchins (Strongylocentrotus droebachiensis) at
an urchin dominated sublittoral site in eastern New-
foundland. Proc 5th Int Echinoderm Conf, Galway, 24−29
September 1984. Balkema Press, Rotterdam, p 295−302

Kelly JR, Scheibling RE, Balch T (2011) Invasion-mediated
shifts in the macrobenthic assemblage of a rocky subtidal
ecosystem. Mar Ecol Prog Ser 437: 69−78

Knip DM, Scheibling RE (2007) Invertebrate fauna associ-
ated with kelp enhances reproductive output of the
green sea urchin Strongylocentrotus droebachiensis.
J Exp Mar Biol Ecol 351: 150−159

Lauzon-Guay JS, Scheibling RE (2010) Spatial dynamics,
ecological thresholds and phase shifts:  modeling grazer
aggregation and gap formation in kelp beds. Mar Ecol
Prog Ser 403: 29−41

Mann KH (1977) Destruction of kelp beds by sea urchins:  a
cyclical phenomenon or irreversible degradation? Helgol
Wiss Meeresunters 30: 455−467

McNaught DC (1999) The indirect effects of macroalgae and
micropredation on the post- settlement success of the
green sea urchin in Maine. PhD dissertation, University
of Maine, Orono

Meidel SK, Scheibling RE (2001) Variation in egg spawning
among subpopulations of sea urchins Strongylocentrotus
droebachiensis:  a theoretical approach. Mar Ecol Prog
Ser 213: 97−110

Moody K, Steneck RS (1993) Mechanisms of predation
among large decapod crustaceans of the Gulf of Maine
coast:  functional vs. phylogenetic patterns. J Exp Mar
Biol Ecol 168: 111−124

North WJ, Pearse JS (1970) Sea urchin population explosion
in southern California coastal waters. Science 167: 209

Ojeda FP, Dearborn JH (1991) Feeding ecology of benthic
mobile predators:  experimental analyses of their influ-
ence in rocky subtidal communities of the Gulf of Maine.
J Exp Mar Biol Ecol 149: 13−44

Ojeda FP, Santelices B (1984) Invertebrate communities in
holdfasts of the kelp Macrocystis pyrifera from southern
Chile. Mar Ecol Prog Ser 16: 65−73

Pearce CM, Scheibling RE (1990) Induction of metamorpho-
sis of larvae of the green sea urchin, Strongylocentrotus
droebachiensis, by coralline red algae. Biol Bull (Woods
Hole) 179: 304−311

Pearse JS, Hines AH (1987) Long-term population dynamics
of sea urchins in a central California kelp forest:  rare
recruitment and rapid decline. Mar Ecol Prog Ser 39: 
275−283

Rowley RJ (1989) Settlement and recruitment of sea urchins
(Strongylocentrotus spp.) in a sea-urchin barren ground
and a kelp bed:  Are populations regulated by settlement
or post-settlement processes? Mar Biol 100: 485−494

Rowley RJ (1990) Newly settled sea urchins in a kelp bed
and urchin barren ground:  a comparison of growth and
mortality. Mar Ecol Prog Ser 62: 229−240

Schaal G, Riera P, Leroux C (2012) Food web structure
within kelp holdfasts (Laminaria):  a stable isotope study.
Mar Ecol (Berl) 33: 370−376

160

http://dx.doi.org/10.1111/j.1439-0485.2011.00487.x
http://dx.doi.org/10.3354/meps062229
http://dx.doi.org/10.1007/BF00394825
http://dx.doi.org/10.3354/meps039275
http://dx.doi.org/10.2307/1542322
http://dx.doi.org/10.3354/meps016065
http://dx.doi.org/10.1016/0022-0981(91)90114-C
http://dx.doi.org/10.1126/science.167.3915.209-a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17754140&dopt=Abstract
http://dx.doi.org/10.1016/0022-0981(93)90118-8
http://dx.doi.org/10.3354/meps213097
http://dx.doi.org/10.1007/BF02207854
http://dx.doi.org/10.3354/meps08494
http://dx.doi.org/10.1016/j.jembe.2007.06.011
http://dx.doi.org/10.3354/meps09284
http://dx.doi.org/10.1007/BF01611128
http://dx.doi.org/10.1007/s00227-009-1318-7
http://dx.doi.org/10.3354/meps155269
http://dx.doi.org/10.3354/meps033295
http://dx.doi.org/10.3354/meps08684
http://dx.doi.org/10.1007/s00227-004-1439-y
http://dx.doi.org/10.1007/BF00391978
http://dx.doi.org/10.2307/1939168
http://dx.doi.org/10.1016/0022-0981(92)90260-H
http://dx.doi.org/10.3354/meps10573
http://dx.doi.org/10.3354/meps10700
http://dx.doi.org/10.3354/meps317087
http://dx.doi.org/10.3354/meps276093
http://dx.doi.org/10.2307/1937405


Feehan et al.: Kelp refuge for sea urchins 161

Scheibling RE (1986) Increased macroalgal abundance fol-
lowing mass mortalities of sea urchins (Strongylocentro-
tus droebachiensis) along the Atlantic coast of Nova Sco-
tia. Oecologia 68: 186−198

Scheibling RE (1996) The role of predation in regulating sea
urchin populations in eastern Canada. Oceanol Acta 19: 
421−430

Scheibling RE, Gagnon P (2009) Temperature-mediated out-
break dynamics of the invasive bryozoan Membranipora
membranacea in Nova Scotian kelp beds. Mar Ecol Prog
Ser 390: 1−13

Scheibling RE, Hamm J (1991) Interactions between sea
urchins (Strongylocentrotus droebachiensis) and preda-
tors in field and laboratory experiments. Mar Biol 110: 
105−116

Scheibling RE, Hatcher BG (2013) Ecology of Strongylocen-
trotus droebachiensis. In:  Lawrence JM (ed) Edible sea
urchins:  biology and ecology. Elsevier, Amsterdam,
p 353−392

Scheibling RE, Lauzon-Guay JS (2007) Feeding aggrega-
tions of sea stars (Asterias spp. and Henricia sanguino-
lenta) associated with sea urchin (Strongylocentrotus
droebachiensis) grazing fronts in Nova Scotia. Mar Biol
151: 1175−1183

Scheibling RE, Raymond BG (1990) Community dynamics
on a subtidal cobble bed following mass mortalities of
sea urchins. Mar Ecol Prog Ser 63: 127−145

Scheibling RE, Robinson MC (2008) Settlement behaviour
and early post-settlement predation of the sea urchin
Strongylocentrotus droebachiensis. J Exp Mar Biol Ecol
365: 59−66

Scheibling RE, Hennigar AW, Balch T (1999) Destructive
grazing, epiphytism, and disease:  the dynamics of sea
urchin−kelp interactions. Can J Fish Aquat Sci 56: 
2300−2314

Scheibling RE, Feehan CJ, Lauzon-Guay JS (2013) Climate
change, disease and the dynamics of a kelp-bed eco -
system in Nova Scotia. In:  Fernández-Palocios JM,
Nascimiento LD, Hernández JC, Clemente S, González
A, Diaz-González JP (eds) Climate change perspectives
from the Atlantic:  past, present and future. Servicio de
Publicaciones, Universidad de La Laguna, Tenerife,
p 361−387

Schmidt AL, Scheibling RE (2006) A comparison of epifauna
and epiphytes on native kelps (Laminaria spp.) and the

invasive green alga (Codium fragile ssp. tomentosoides)
in Nova Scotia, Canada. Bot Mar 49: 315−330

Schmidt AL, Scheibling RE (2007) Effects of native and inva-
sive macroalgal canopies on the composition and abun-
dance of mobile benthic macrofauna and turf-forming
algae. J Exp Mar Biol Ecol 341: 110−130

Shears NT, Babcock RC (2002) Marine reserves demonstrate
top-down control of community structure on temperate
reefs. Oecologia 132: 131−142

Steneck RS, Graham MH, Bourque BJ, Corbett D, Erlandson
JM, Estes JA, Tegner MJ (2002) Kelp forest ecosystems: 
biodiversity, stability, resilience and future. Environ
Conserv 29: 436−459

Steneck RS, Vavrinec J, Leland AV (2004) Accelerating
trophic-level dysfunction in kelp forests ecosystems of
the western North Atlantic. Ecosystems 7: 323−332

Steneck RS, Leland A, McNaught DC, Vavrinec J (2013)
Ecosystem flips, locks, and feedbacks:  the lasting effects
of fisheries on Maine’s kelp forest ecosystem. Bull Mar
Sci 89: 31−55

Tegner MJ, Dayton PK (1977) Sea urchin recruitment pat-
terns and implications of commercial fishing. Science
196: 324−326

Tegner MJ, Dayton PK (1981) Population structure, recruit-
ment, and mortality of two sea urchins (Strongylocentro-
tus franciscanus and S. purpuratus) in a kelp forest near
San Diego, California. Mar Ecol Prog Ser 5: 255−268

Tegner MJ, Levin LA (1983) Spiny lobsters and sea urchins: 
analysis of a predator-prey interaction. J Exp Mar Biol
Ecol 73: 125−150

Tegner MJ, Dayton PK, Edward PB, Riser KL (1995) Sea
urchin cavitation of giant kelp (Macrocystis pyrifera C.
Agardh) holdfasts and its effects on kelp mortality
across a large California forest. J Exp Mar Biol Ecol 191: 
83−99

Vasquez JA, Castilla JC, Santelices B (1984) Distributional
patterns and diets of four species of sea urchins in giant
kelp forest (Macrocystis pyrifera) of Puerto Toro,
Navarino Island, Chile. Mar Ecol Prog Ser 19: 55−63

Witman JD (1985) Refuges, biological disturbance, and
rocky subtidal community structure in New England.
Ecol Monogr 55: 421−445

Wong MC, Barbeau MA (2006) Rock crab predation of juve-
nile sea scallops:  the functional response and its implica-
tions for bottom culture. Aquacult Int 14: 355−376

Editorial responsibility: Lisandro Benedetti-Cecchi,
Pisa, Italy

Submitted: February 21, 2014; Accepted: August 2, 2014
Proofs received from author(s): October 10, 2014

http://dx.doi.org/10.1007/s10499-005-9038-6
http://dx.doi.org/10.2307/2937130
http://dx.doi.org/10.3354/meps019055
http://dx.doi.org/10.1016/0022-0981(95)00053-T
http://dx.doi.org/10.1016/0022-0981(83)90079-5
http://dx.doi.org/10.3354/meps005255
http://dx.doi.org/10.1126/science.847476
http://dx.doi.org/10.5343/bms.2011.1148
http://dx.doi.org/10.1007/s10021-004-0240-6
http://dx.doi.org/10.1017/S0376892902000322
http://dx.doi.org/10.1007/s00442-002-0920-x
http://dx.doi.org/10.1016/j.jembe.2006.10.003
http://dx.doi.org/10.1515/BOT.2006.039
http://dx.doi.org/10.1139/f99-163
http://dx.doi.org/10.1016/j.jembe.2008.07.041
http://dx.doi.org/10.3354/meps063127
http://dx.doi.org/10.1007/s00227-006-0562-3
http://dx.doi.org/10.1007/BF01313097
http://dx.doi.org/10.3354/meps08207
http://dx.doi.org/10.1007/BF00384786

	cite10: 
	cite12: 
	cite14: 
	cite21: 
	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite32: 
	cite27: 
	cite41: 
	cite4: 
	cite43: 
	cite36: 
	cite8: 
	cite38: 
	cite52: 
	cite50: 
	cite54: 
	cite34: 
	cite47: 
	cite45: 
	cite29: 
	cite56: 
	cite1: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite26: 
	cite40: 
	cite19: 
	cite28: 
	cite42: 
	cite6: 
	cite37: 
	cite51: 
	cite35: 
	cite39: 
	cite53: 
	cite33: 
	cite48: 
	cite46: 
	cite31: 
	cite44: 
	cite55: 
	cite7: 


