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ABSTRACT: On the Atlantic coast of Nova Scotia, transitions between alternative states of the subtidal ecosystem, kelp beds and sea urchin barrens, occur on a decadal scale. To explore the process of
urchin aggregation within kelp beds that leads to the shift to barrens, we developed a coupled map
lattice model to simulate the spatial dynamics of kelp and green sea urchin Strongylocentrotus droebachiensis abundance over time. Our simulations show that the following factors can cause sea
urchins to form grazing aggregations that create gaps in a kelp bed: (1) random movement by > 60%
of sea urchins residing in the bed, (2) moderate to high levels of spatial variability in sea urchin
recruitment (30 to 90 [urchins m–2]2), (3) localized aggregation of sea urchins (150 urchins m–2) amid
a moderate to high background density of sea urchins within the kelp bed (>10 urchins m–2), with or
without a chemotactic response of sea urchins to kelp, and (4) removal of kelp from areas > 20 m2 (to
simulate physical or biological disturbance, or harvesting). Gaps formed at random locations within
the spatial domain and expanded and coalesced to form barrens in which sea urchins were randomly
distributed. Sea urchins formed circular fronts around gaps in the kelp bed. The rate of advance of
fronts (and increase in gap size) was linearly related to the density of sea urchins at the front. The
duration of the transition to the barrens state decreased with increases in (1) the proportion (Pm) of sea
urchins moving (from > 6 yr for Pm = 0.8 to < 2 yr for Pm = 1) and (2) the variance of sea urchin recruitment (from > 5 yr for 30 [urchins m–2]2 to < 3 yr for 90 [urchins m–2]2). Our findings support observations of gap formation within kelp beds that resulted in widespread destructive grazing on this coast
in the late 1960s. Our model provides a predictive tool for the design of monitoring programs and
field experiments to explore the underlying mechanisms of an ecosystem phase shift that has major
ecological consequences.
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INTRODUCTION
The notion that ecosystems can exist in multiple stable states has long been recognized by ecologists. This
concept rests on the premise that a state persists until
mounting environmental change, or a perturbation of
sufficient magnitude, drives the system beyond a
threshold (breakpoint), causing a transition from one
stable domain to another. Initial theoretical underpinnings (Holling 1973, May 1977) have become well
grounded in empirical studies across a wide range of

terrestrial, aquatic and marine ecosystems (reviewed
by Folke et al. 2004, Scheffer et al. 2005, Schröder et al.
2005). In the marine realm, alternative states have
been proposed for fouling communities (Sutherland
1974), kelp forests (Simenstad et al. 1978, Estes & Duggins 1995), coral reefs (Hughes 1994, McManus &
Polsenberg 2004), rocky intertidal (Petraitis et al. 2009)
and subtidal (Barkai & McQuaid 1988) communities,
soft sediments (van de Koppel et al. 2001) and pelagic
and demersal fish assemblages (Steele 2004, Frank et
al. 2005). Although there is considerable theoretical
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debate over the stability and alternativity or multiplicity of states (Peterson 1984, Sutherland 1990, Bertness
et al. 2002, 2004, Petraitis & Dudgeon 2004a,b,
Schröder et al. 2005, Bruno et al. 2009, Mumby 2009),
abrupt transitions between states often are viewed as
catastrophic because they entail pronounced changes
in ecosystem structure and function, and the loss of
services that benefit humans (Folke et al. 2004, Scheffer et al. 2005). Therefore, in the face of global climatic
change, identifying thresholds and understanding
mechanisms that drive transitions between alternative
ecosystem states (or phase shifts) has rapidly become a
central issue in conservation ecology (Mumby et al.
2007, de Young et al. 2008, Andersen et al. 2009).
Analytical models of alternative states often have
ignored spatial interactions, limiting their predictive
power for spatially extensive, heterogeneous ecosystems (Rietkerk et al. 2004). More recently, however,
mechanisms that explain spatial pattern formation
have been identified (van de Koppel et al. 2008) and
efforts have been made at linking patch-size distribution to community transitions (Kéfi et al. 2007). The
alternative states of the kelp bed –sea urchin barrens
ecosystem in the northwest Atlantic Ocean (Johnson &
Mann 1988) and in cold temperate regions globally
(Dayton 1985, Steneck et al. 2002), is a prime example
of the importance of spatial distribution patterns in
governing transitions between states (Lauzon-Guay et
al. 2009). Understanding scale-dependent feedback
mechanisms and the potential for self-organized
patchiness (Rietkerk et al. 2004) enables us to better
resolve the threshold levels in kelp and sea urchin
abundance at which phase shifts occur. On the Atlantic
coast of Nova Scotia, Canada, the transition from barrens to kelp bed state occurs relatively rapidly (months
to years) and over extensive areas as a result of mass
mortality of green sea urchins Strongylocentrotus
droebachiensis, the dominant grazers (Miller 1985,
Scheibling 1986). In contrast, the reverse transition is
more gradual and mediated by sea urchin behaviour
and population structure (e.g. individual size, density
and spatial distribution, Lauzon-Guay et al. 2009).
Kelp beds are generally stable and may persist on
decadal scales (Johnson & Mann 1988). In areas where
rocky substrata extend beyond the lower depth limit of
kelp, deep-living sea urchins (unaffected by disease)
form feeding aggregations (fronts) at the lower margin
of regenerating kelp beds (Scheibling et al. 1999,
Brady & Scheibling 2005, Lauzon-Guay & Scheibling
2007a). These fronts then propagate to shallow waters
consuming all erect macroalgae and creating barrens
in their wake. In areas where the lower limit of kelp
beds is bounded by soft substrata, fronts do not form in
deeper regions and the transition from kelp beds to
barrens occurs within the beds rather than at their

margins. Mann (1972) observed gaps with high densities of sea urchins within kelp beds. These gaps eventually expanded, resulting in a shift from kelp beds to
barrens across a large section of coast (Breen & Mann
1976b, Mann 1977).
Typically, high densities of consumers have drastic
effects on the availability of resources. In some
instances, these effects are simply the sum of individual contributions (Mumby et al. 2007). Alternatively,
the effect of an aggregation can be greater than that
expected from individual behaviours, as is the case
when high densities of consumers lead to phenotypic
(Anstey et al. 2009) or behavioural (Mann 1985)
changes that affect resource availability. For example,
crown-of-thorns sea stars Acanthaster planci are typically solitary at low density and have a negligible
effect on coral reefs, but at high density they become
gregarious and drastically transform the reef ecosystem by consuming live corals (Moran 1986). Similarly,
sea urchins at low density within kelp beds do not
aggressively feed on kelp but hide in crevices and feed
on drift algae or detritus (Mann 1985). However, once
their density exceeds a threshold level, sea urchins
emerge from spatial refuges to collectively graze on
attached seaweeds, leading to the destruction of kelp
beds (Breen & Mann 1976a,b, Scheibling et al. 1999).
In Nova Scotia, densities of sea urchins within kelp
beds (Chapman 1981, Miller 1985, Scheibling et al.
1999) are usually much lower than the threshold density required for destructive grazing. Nonetheless, various factors can affect the spatial distribution of sea
urchins, leading to localized, high-density aggregations (reviewed by Scheibling 1996). Here, we develop
a spatially explicit mathematical model to evaluate factors that increase the likelihood of feeding aggregations that can create gaps in a kelp bed and precipitate
a transition to the barrens state. More specifically, we
use our model to address the following questions: (1)
Can random movement of sea urchins result in aggregations that are capable of forming gaps within kelp
beds? (2) Can spatial heterogeneity in sea urchin
recruitment result in gap formation within kelp beds?
(3) Is there a minimum background density of sea
urchins required for gaps to propagate? (4) How does a
chemotactic response of sea urchins to kelp affect the
dynamics of gap formation and propagation? (5) What
scale of disturbance (that creates a gap) is required for
the propagation of gaps? (6) What is the relationship
between the density of sea urchins at the margin of a
gap and the rate of increase in gap size? We address
these questions in a series of ‘model experiments’ that
test the effects of specific parameter values on the formation and propagation of feeding aggregations that
create gaps of barren substratum within our simulated
kelp bed.
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MATERIALS AND METHODS
Model framework. We developed a coupled map
lattice model (Solé & Bascompte 2006) to simulate the
spatial dynamics of kelp and sea urchin abundance
over time. Coupled map lattice models consider space
and time as discrete variables and state (as measured
in terms of kelp biomass or sea urchin density) as a
continuous variable. We used a 50 × 50 lattice of 1 × 1 m
cells, each with a neighbourhood of 4 cells. This cell
size ensured that daily movement of sea urchins in our
simulations (1 m) was consistent with field observations for Strongylocentrotus droebachiensis (range:
0.40 to 1.72 m d–1, Dumont et al. 2006). Boundary conditions were reflective; therefore, sea urchins could not
leave the domain and, in the absence of mortality and
recruitment, population size remained constant over
time. Such a closed system is representative of kelp
beds bounded by sand or other soft sediment unsuitable to sea urchins (Sivertsen & Hopkins 1995).
Kelp dynamics. The dynamics of kelp within each
cell follows the model of front formation of Strongylocentrotus droebachiensis developed by Lauzon-Guay
et al. (2008, 2009). At each time step (1 d) seaweed biomass (St) is calculated in each cell as:
⎡
St +1 = max ⎢St
⎣

S
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e ⎝ K⎠

⎤
− H Ut , 0⎥
⎦

(1)

where r and K are the intrinsic growth rate and carrying capacity of kelp, respectively, Ut is the local density
of sea urchins (urchins m–2), and H is a grazing function of sea urchins defined as:
⎧g
⎪⎪
H = ⎨
⎪0
⎪⎩

cUt
> T⎫
⎪⎪
St
⎬
cUt
≤ T⎪
if
⎪⎭
St
if

(2)

where c is the average mass of a sea urchin (50 g), T is
the feeding threshold ratio (0.5) of sea urchin to kelp
biomass and g is the individual grazing rate on kelp. A
grazing function is necessary because field observations suggest that below a certain density sea urchins
do not actively feed on erect macroalgae (Breen &
Mann 1976a,b, Scheibling et al. 1999, Lauzon-Guay &
Scheibling 2007a). Once seaweed biomass reached
zero, it was reset to 50 g at the next time step to
account for a constant supply of spores from adjoining
cells. We used the same parameter estimates as those
used in Lauzon-Guay et al. (2008, 2009), which
resulted in a good agreement between model predictions and field observations.
Sea urchin movement. Sea urchins are mobile invertebrates and, in our simulations, movement occurred at
each time step. The proportion of sea urchins moving
from each cell was dependent on the biomass of sea-
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weed within the cell. Sea urchins could only move from
their cell into the 4 neighbouring cells. Sea urchins
exhibit different foraging behaviours in kelp beds and
barrens: sea urchins in a kelp bed generally are sedentary, feeding mainly on drift kelp, while those in barrens move in search of food (Mann 1985). For simplicity, we considered cells with <100 g of seaweed as
being in the barrens state, and cells with >100 g of seaweed as being in the kelp bed state. This dichotomy
between states is realistic, as the switch from kelp beds
to barrens usually occurs over a very narrow boundary
(1 to 2 m, Lauzon-Guay & Scheibling 2007a) and sea
urchins generally do not leave the boundary until most
of the kelp biomass has been consumed. In barrens
cells, all sea urchins moved at each time step, while in
kelp bed cells, no sea urchins moved or only a proportion (Pm) of the population moved. In simulations without chemotaxis, the proportion of sea urchins moving
from each cell was randomly redistributed to its 4
neighbouring cells. When chemotaxis was included in
the model, the proportion of sea urchins moving to a
cell j (pj) was proportional to the biomass of seaweed
(Si) in the 4 neighbouring cells (i), such that:
pj =

Sj
4

∑ Si

(3)

i =1

If none of the neighbouring cells contained seaweed,
sea urchins redistributed randomly among neighbouring cells.
Urchin population growth. Unless otherwise specified, we set initial conditions of seaweed biomass at
carrying capacity in all cells (4000 g m–2, Mohn &
Miller 1987, Lauzon-Guay et al. 2008) and sea urchin
density at the average reported for this species in kelp
beds (14 urchins m–2, Meidel & Scheibling 2001). Only
adult sea urchins (individual mass = 50 g) are considered in our model of front formation, and all references
to sea urchin density are for adults. When simulations
were continued for more than 1 yr, we included sea
urchin recruitment and survival. Precise estimates of
survival in barrens and kelp beds are not available;
therefore, we used a constant survival rate independent of the state of each cell (84%, Russell et al. 1998,
Chen & Hunter 2003) to parameterize our model. We
used different values of recruitment for cells in the barrens versus kelp bed state (44 and 17 recruits m–2,
respectively, Balch & Scheibling 2000). We also
assumed that recruits would spend 2 yr as juveniles
before becoming adults foraging in the open (Scheibling & Hamm 1991). Survival rate of juveniles (62%,
Raymond & Scheibling 1987) is generally lower than
that of adults; therefore, we added only 38% (0.622) of
the recruiting sea urchins to each cell every 365 time
steps to account for the mortality that would have
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occurred during their juvenile stage. Mean recruitment was constant for each state from one year to the
next, but varied spatially. We randomly selected the
level of recruitment for each cell of the model each
year from a log-normal distribution (Evans et al. 2000)
for different variance levels. Recruits entered into our
model of front formation only once they became adults.
Simulations. We conducted a series of model experiments to test the effects of parameter values on the formation of feeding aggregations and gaps in our simulated kelp bed, as well as on the propagation of these
gaps and shift to the barrens state. We considered that
a gap had formed within a kelp bed when seaweed
biomass within a cell fell below 100 g (the lower
threshold for the barrens state). Unless otherwise
stated, we ran 100 replicate runs of the model for each
set of parameter values in an experiment. Each time
step in a simulation was 1 d. Separate experiments are
described as follows:
Expt 1. To test whether random movement of sea
urchins could create gaps within kelp beds we ran simulations with different proportions of the population
moving (Pm). For each level of Pm (ranging from 0.6 to
1.0), we calculated the probability of a gap forming at
each time step over 1 yr. For each level of Pm that
resulted in a gap forming (Pm ≥ 0.8) within the first year,
we ran additional simulations (n = 100) to track the
transition from kelp bed to barrens as the gaps grew
within the model domain. For each time step, we calculated the percentage of the barren cells for up to 6 yr.
Expt 2. To test whether spatial heterogeneity in
recruitment results in gap formation within kelp beds
we ran simulations with the same mean values of
recruitment, but with different levels of variance in
recruitment (10, 30, 50, 70, 90 [urchins m–2]2) between
cells. We calculated the cumulative probability of gap
formation over 6 yr, and tracked the transition from
kelp bed to barrens as in Expt 1.
Expt 3. To test the effect of sea urchin density in a
kelp bed on the propagation of a gap formed by a
localized aggregation of sea urchins, we added 150 sea
urchins to the center cell of our lattice (density = 7.5 kg
m–2) to exceed the threshold of sea urchin:kelp biomass (0.5) for destructive grazing, and ran simulations
with different levels of sea urchin density (5, 10, 11, 14
urchins m–2) in all other cells. For each level of sea
urchin density, we followed the change in gap size
over 2.75 yr.
Expt 4. To test the effect of chemotaxis on gap dynamics, we repeated Expt 3 with 150 sea urchins in the
central cell and 14 urchins m–2 in other cells (which resulted in the formation of a gap that expanded over
time) and compared simulations with sea urchins moving randomly over 4 yr with those in which urchins exhibit directed movement toward kelp via chemotaxis.

Expt 5. To test whether the scale of disturbance
events (removal of kelp) affected the propagation of
gaps created in a kelp bed we ran simulations over 1 yr
with gaps of different initial size (ranging from 1 to
81 m2) that were cleared at the center of the bed and
followed the change in gap size over 1 yr.
Expt 6. To examine the rate of increase in gap size
and sea urchin density at the front surrounding a gap,
we repeated Expt 5 with an initial gap size of 36 m2 and
ran simulations over 2.5 yr.
In all simulations sea urchin population size was held
constant (i.e. we did not include recruitment or mortality in the model) except in Expt 2, which was aimed at
testing the effect of spatial variability in recruitment.
Sea urchins did not move within kelp beds (Pm = 0) in
all simulations, except in Expt 1, which was aimed at
testing the effect of the proportion moving within kelp
beds.

Fig 1. Expt 1. Effect, over time, of the proportion of sea
urchins moving randomly within a kelp bed (Pm) on (A) the
probability of gap formation within the bed and (B) the percentage of the spatial domain in a barrens state. Numbers
below lines are Pm used in simulations
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Elasticity analysis. We calculated the elasticity of the
proportion of the landscape in a barren state after 1 yr
to changes in parameter values (T, g, Pm, K and r) and
in the cut-off biomass of kelp (set at 100 g) that designates a cell as being either in the kelp bed or barrens
state. Initial conditions were those of Expt 1 with a proportion of sea urchins moving (Pm) of 0.85. We
increased each parameter by 1% separately, ran 200
simulations and calculated the proportional change in
the model output after 1 yr.

RESULTS
In Expt 1, gaps formed within 1 yr when > 60% of sea
urchins were allowed to move randomly within kelp
beds (Fig. 1A). When all sea urchins were allowed to
move, gaps formed within 90 d in all simulations. Gaps
formed at random locations within the spatial domain
and, once formed, expanded and coalesced to form
barrens in which sea urchins were randomly distributed (Fig. 2A). The transition to the barrens state was

Fig. 2. Expts 1 and 2 (Panels A
and B, respectively). Schematic
representations of (A) a simulation run over 700 d with a 100%
probability of sea urchins moving within the kelp bed (Pm = 1)
and without recruitment and
(B) a simulation run over 1100 d
without sea urchin movement
(Pm = 0) and a variance in
recruitment of 90 (urchins m–2)2.
Darker cells represent higher
kelp biomass (top rows) and
higher sea urchin density (bottom rows); white cells have a
value of 0
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more rapid when high proportions of sea urchins were
allowed to move within kelp beds (Fig. 1B). On average, the transition to a barrens state was complete in
< 2 yr when Pm = 1.0, while it took > 6 yr when Pm = 0.8
(Fig. 1B).
In Expt 2, spatial variability in recruitment had a
large effect on the probability of gap formation (Fig.
3A). Gaps formed within 1 yr in all simulations when
variance in recruitment was > 70 (urchins m–2)2. The
same probability was attained after 2 and 3 yr with
variances of 50 and 30 (urchins m–2)2, respectively.
After 6 yr, gaps formed in 60% of simulations with a
variance in recruitment of 10 (urchins m–2)2 (Fig. 3A).
Increasing the variance in recruitment of sea urchins in
the kelp bed also accelerated the transition to the barrens state (Fig. 3B). The transition was complete within
3 yr with a variance of 90 (urchins m–2)2, while barrens
cover was only 10% after 6 yr with a variance of
10 (urchins m–2)2 (Fig. 3B). The pattern of patch
dynamics resulting from variance in recruitment
(Fig. 2B) was similar to that resulting from random
movement of sea urchins within kelp beds (Fig. 2A),
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Fig. 4. Expt 3. Effect, over 1000 d, of sea urchin density in a
kelp bed on the increase in area of a gap formed by a local
aggregation of urchins (150 urchins m–2) at the center of the
domain

Fig. 3. Expt 2. Effect, over 6 yr, of the spatial variance in
recruitment on (A) the time to gap formation within a kelp
bed and (B) the percentage of the spatial domain in a barrens
state. Numbers below lines are the variance in recruitment
([urchins m–2]2) in simulations. Recruitment in each cell of the
model was selected randomly from a log-normal distribution
with a mean of 44 and 17 recruits m–2 for cells in barrens and
kelp bed states

although small isolated patches of kelp survived temporarily within large clearings.
In Expt 3, the density of sea urchins in the kelp bed
had an effect on the propagation of the front formed by
a localized aggregation of sea urchins (150 urchins
m–2) at the center of the spatial domain (Fig. 4). At densities <10 urchins m–2 throughout the rest of the kelp
bed, a gap formed but eventually stopped expanding
and kelp recolonized the gap. At densities > 10 urchins
m–2 gap size increased at an accelerating rate.
In Expt 4, gaps formed in all simulations (with a
localized aggregation of sea urchins at the center of
the domain and 14 urchins m–2 throughout the rest of
the kelp bed) whether or not chemotaxis (directed
movement) was included in the model (Fig. 5). A circular front developed that radiated outwards from the
initial release point of sea urchins. The front was com-

posed of more individuals, and advanced more rapidly,
in simulations with chemotaxis than in simulations
with random movement of sea urchins. Without
chemotaxis, a small number of sea urchins remained
within the gap as the front advanced and prevented
regrowth of kelp within the gap. With chemotaxis, sea
urchins were almost absent from the clearing and a
small amount of kelp started to grow in the centre of
the clearing after 1 yr. The emergent kelp bed grew in
size and biomass for 3 yr. Once sea urchin fronts
reached the boundary of our spatial domain sea
urchins spread within the clearing and the front dissipated. A small front later developed around the newly
formed kelp bed in the center of the clearing (after
3.5 yr, data not shown) and consumed all kelp by Year
4 (Fig. 5).
In Expt 5, kelp beds were resilient to small-scale disturbances that removed kelp at the center of the spatial
domain: clearings < 20 m2 did not increase in size after
1 yr, while larger clearings resulted in gaps that grew
in proportion to the initial clearing size (Fig. 6). In Expt
6, with an initial clearing of 36 m2, sea urchin density at
the front surrounding the gap increased over 2.5 yr
(Fig. 7A), resulting in an increase in the rate of
advance of the front, which was measured as the
change in the square root of the gap area (Fig. 7B).
There was a strong linear relationship (r2 = 0.97, p <
0.001) between rate of front advance (A, m mo–1) and
sea urchin density (U, urchins m–2) at the front: A =
–2.051 + 0.066U (Fig. 7C).
Elasticity analysis indicates that model estimates of
the proportion of the landscape in a barren state after
1 yr is particularly sensitive to small increases in the
proportion of sea urchins moving (35.9% increase) or
the feeding threshold (27.7% decrease). Increasing sea
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Fig. 5. Expt 4. Propagation of a feeding front for sea
urchins exhibiting random movement or directed
movement (chemotaxis) at a gap formed by a local
aggregation of urchins (150 urchins m–2) at the center
of the domain (x = 25, y = 25), and an initial sea urchin
density of 14 urchins m–2 in all other cells. Kelp
biomass (left column) and sea urchin density (right
column) over 4 yr are shown along a transect in the
center of the spatial domain (y = 25)

debated (Wharton & Mann 1981, Elner & Vadas
1990, Scheibling 1996), and only recently has a
mechanistic understanding of front formation
come to light (Lauzon-Guay et al. 2008). Several studies have described the onshore advance of grazing fronts, driven by migration of
sea urchins from greater depths (Scheibling et
al. 1999, Brady & Scheibling 2005, LauzonGuay & Scheibling 2007a). Deep-dwelling sea
urchins (below 20 to 25 m) appear to have a
thermal refuge from a disease that periodically decimates populations in shallow water
(Scheibling 1984, Scheibling & Stephenson
1984, Scheibling et al. 1999). A mathematical
model of the formation and advance of grazing
fronts, and consequent phase shift from kelp
beds to urchin barrens, predicts sea urchin density at fronts and the rate of transition between
states with reasonable accuracy (Lauzon-Guay
et al. 2008, 2009). However, this previous model
is predicated on the assumption that refuge
populations of sea urchins, which serve as a
source of migrants and larval recruits, exist in
deeper waters. Surveys of steeply sloping headlands reveal extensive populations of S. droebachiensis on deep rocky substrata along this
urchin grazing rates resulted in an increase in the proportion of barrens by 8.1%, while increases in kelp
carrying capacity, growth rate and the cut-off kelp biomass resulted in decreases of 9.5, 6.9 and 3.3%,
respectively.

DISCUSSION
Effects of sea urchin behaviour, density and
recruitment variation on gap formation
On the Atlantic coast of Nova Scotia, the occurrence
of dense aggregations of Strongylocentrotus droebachiensis in the rocky subtidal zone, resulting in
destructive grazing of kelp beds, has been well documented (reviewed by Scheibling & Hatcher 2006).
Causative factors underlying increases of sea urchin
abundance that presage these events have been hotly

Fig. 6. Expt 5. Effect of the spatial scale of a disturbance
(removal of kelp) that generates a gap on the increase in gap
size within a kelp bed after 1 yr. Gaps of varying size (ranging
from 1 to 81 m2) were created at the center of the kelp bed at
the beginning of each simulation run
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Fig. 7. Expt 6. Expansion of a gap (36 m2), created within a
kelp bed at the center of the domain, over 1000 d. (A) Increase
in the maximum sea urchin density at the front surrounding
the gap over time. (B) Increase in the rate of advance of the
front over time as measured by the change in the square root
of the gap area. (C) Relationship between the increase in front
advance and maximum sea urchin density

coast (Brady & Scheibling 2005, R. E. Scheibling
unpubl. data).
The above scenario does not apply to large semiprotected bays where the rock substratum typically
grades to sand (an unsuitable sea urchin habitat)
above 25 m (Mann 1972). In these areas sea urchin
populations can be completely eliminated by severe

outbreaks of disease and kelp beds become re-established within 2 yr (Miller 1985, Scheibling 1986).
Destructive grazing of Nova Scotian kelp beds by
Strongylocentrotus droebachiensis was first documented in this type of habitat. Breen & Mann (1976a,b)
hypothesised that the biomass of sea urchins in kelp
beds in St. Margarets Bay, Nova Scotia, had increased
to the point where urchins began grazing ‘holes’ in the
kelp canopy at several locations. These gaps progressively expanded and coalesced, such that 70% of the
kelp bed along 15 km of shoreline was destroyed
within 6 yr (Mann 1977).
To explore how sea urchin aggregations and gaps in
the kelp canopy may form within kelp beds, we
embedded our model of front formation (Lauzon-Guay
et al. 2008) in a coupled map lattice framework. An
integral component of this model is the feeding threshold, the ratio of urchin:kelp biomass at which sea
urchins exhibit a behavioural shift from feeding on
drift algae to cooperatively grazing by climbing up and
weighing down kelp blades. Kelp beds will regress
only once the ratio of sea urchin to kelp biomass at the
boundary exceeds the threshold value. Our understanding of this switch in foraging behaviour is based
mainly on field observations that destructive grazing of
kelp beds occurs once sea urchin biomass exceeds
~2 kg m–2 (Breen & Mann 1976a, Scheibling et al. 1999,
Lauzon-Guay & Scheibling 2007a); no experimental
tests have been conducted to rigorously evaluate this
threshold, but the high sensitivity of our model output
to changes in the threshold value suggests that it can
affect the state of the system. Environmental factors,
such as wave action, temperature and the availability
of spatial refuges and drift algal material, can influence the propensity of sea urchins to forage gregariously (Scheibling & Hamm 1991, Konar & Estes 2003,
Lauzon-Guay & Scheibling 2007b), as can the sizestructure and density of kelp and sea urchin populations (Scheibling et al. 1999, Lauzon-Guay et al. 2008).
The complex balance between consumers and a
resource is a common feature controlling boundaries in
other marine systems (Silliman et al. 2005, Robles et al.
2009).
Our simulations (Expt 1) indicate that random movement of sea urchins within a kelp bed is sufficient for
destructive grazing aggregations to form, and that
even small changes in the proportion of urchins moving can have large effects on the state of the system.
The probability of an aggregation forming increased
with the proportion of sea urchins moving above a
threshold proportion of 60%. The few studies that have
examined movement of Strongylocentrotus droebachiensis within kelp beds suggest that these sea
urchins are mainly sedentary (Foreman 1977, Dumont
et al. 2006). Therefore, it seems unlikely that 60% of
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the urchins would move a distance of 1 m in a day
while foraging. It is possible, however, that external
factors, such as the presence of predators, could locally
increase the movement of sea urchins, which in turn
could lead to the formation of feeding aggregations
(Bernstein et al. 1983, Vadas et al. 1986).
Over longer time scales (years to decades), the stochastic nature of larval recruitment (Siegel et al. 2008)
also could result in sufficient spatial heterogeneity in
sea urchin density for aggregations to form locally
without requiring urchin movement. Variance in
recruitment between 1 m2 quadrats can be as high as
~45 (recruits m–2)2 (estimated from Fig. 6 in Balch &
Scheibling 2000). Our simulations (Expt 2) indicate
that destructive grazing aggregations could form in 1
or 2 annual recruitment events. This relatively short
time scale suggests that spatial (or temporal) variability
in recruitment alone could provide the necessary
mechanism for formation of gaps within kelp beds.
Spatial heterogeneity could increase spatial variance
in recruitment by creating ‘hot-spots’ where recruitment is consistently higher due to larval retention, or
because a more suitable microhabitat increases rates
of settlement or post-settlement survival (Scheibling &
Robinson 2008).
Our simulations (Expts 1 and 2) provide estimates of
the rate of transition from kelp bed to barrens at varying levels of movement or variance in recruitment.
When all sea urchins moved within the kelp bed, the
minimum transition time was 1.5 yr compared with
> 6 yr when < 85% of sea urchins moved. If spatial variation in recruitment is the mechanism for gap formation, then our model predicts a minimum transition
time of 3 yr, when the variance in recruitment is 90
(urchins m–2)2, but well over 6 yr when variance is 10
(urchins m–2)2. These model estimates of the rate of
transition from kelp bed to barrens are within the
range observed for fronts moving onshore from deep
waters (Scheibling et al. 1999, Brady & Scheibling
2005, Lauzon-Guay & Scheibling 2007a). As mentioned above, the only documented case of a transition
occurring through sea urchin aggregation within a
kelp bed (St. Margarets Bay) suggests a span of ~6 yr
between the occurrence of gaps (tens of metres in
diameter, Mann 1972) and the shift to sea urchin barrens (Breen & Mann 1976b). Although the initial formation of gaps in the kelp bed or the point at which the
transition to barrens was complete are not precisely
known in this case, the time course of the observed
transition is within the range predicted by our model.
The density of adult sea urchins in kelp beds directly
affects the number accumulating at the moving front
as a gap increases in size. Based on field surveys, sea
urchin density within kelp beds can be highly variable,
ranging from 0 to 239 urchins m–2 (Meidel & Scheibling
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2001), although high densities typically reflect recruitment pulses that contribute little to overall sea urchin
biomass because of the small size of juveniles. Our
simulations (Expt 3) suggest that a background density
of >10 adult urchins m–2 is needed for a sea urchin
front, formed by a localized aggregation of urchins
within the kelp bed, to advance over time. When the
density of adult sea urchins in the surrounding kelp
bed exceeds this threshold, our model predicts that
gaps will expand in area over time, even if there is no
movement of urchins within the surrounding kelp bed.
In a previous application of our grazing model we
suggested that sea urchins could form fronts without a
chemotactic response to kelp (Lauzon-Guay et al.
2008), which is in contrast to littorinid snails that
appear to use chemotaxis to form grazing fronts in salt
marshes (Silliman et al. 2005). Although chemotaxis
may be beneficial at the individual level in optimizing
foraging efficiency, our simulations (Expt 4) show that
chemotaxis, while increasing the rate of front advance,
also increases the resilience of the system by enabling
kelp beds to reform after passage of a sea urchin front.
Barrens can be stable at large spatial and temporal
scales (Mann 1977, Wharton & Mann 1981), which supports the notion that chemotaxis is not involved in the
formation of sea urchin fronts (Lauzon-Guay et al.
2008). Rather, random foraging movements of sea
urchins and a limited ability to detect distant food
sources, may be responsible, in part, for the long-term
persistence of barrens. If urchins were more effective
at detecting kelp by chemoreception, kelp beds may
be able to reestablish in barrens without the mass mortality of sea urchins.

Role of disturbance on gap formation
and phase shifts
Apart from factors affecting sea urchin populations,
disturbance events that result in a loss of kelp biomass
(e.g. kelp harvesting, strong wave forces that fragment
or dislodge thalli) also can influence kelp bed stability
(Steneck et al. 2002, Konar & Estes 2003). A reduction
in kelp biomass would have the same effect as an
increase in sea urchin density on the feeding threshold
(urchin:kelp biomass) for destructive grazing. Our simulations (Expt 5) show that kelp beds are resilient to
small-scale disturbances that create gaps < 20 m2,
which do not expand after 1 yr. Larger disturbances,
however, can produce gaps that grow in proportion to
the initial gap size. Sea urchins within disturbed areas
are likely to start moving in search of food once the
kelp canopy is removed (Lauzon-Guay et al. 2006). As
the size of the disturbed area increases, a greater number of sea urchins become active and, through random
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movement, eventually encounter the edge of the clearing, where they accumulate. If clearings are small,
urchins simply remain at the edges and kelp eventually recolonises the disturbed area. However, if the
clearings are sufficiently large, sea urchin density at
the kelp edge reaches the threshold value and grazing
aggregations form.
Whether clearings continue to grow over time also
depends on sea urchin density within surrounding
kelp beds. Unlike fronts forming at the lower limit of
kelp beds, fronts within kelp beds are circular features
that increase in length over time as the circumference
of the clearing increases. Therefore, without a constant
influx of sea urchins to the front, the density of urchins
per linear metre of front will inevitably decrease as the
front advances. If an insufficient number of sea urchins
are being recruited to the front urchin density may fall
below the threshold value and the front will cease
advancing. When density exceeds the threshold, our
simulations (Expt 6) show that gap size (measured as
the square root of the clearing area) increases linearly
with the density of sea urchins at the front. This linear
relationship between the rate of advance of a sea
urchin front (resulting in the increase in gap size) and
the density of urchins within the front is consistent with
field observations (Breen & Mann 1976a, Scheibling et
al. 1999, Lauzon-Guay & Scheibling 2007a) and previous model predictions (Lauzon-Guay et al. 2008, 2009).
The invasion of an epiphytic bryozoan, Membranipora membranacea, has resulted in mass defoliation of
kelp beds and reductions in kelp cover of over 70%
(Scheibling et al. 1999, Saunders & Metaxas 2008,
Scheibling & Gagnon 2009). These disturbance events
could greatly increase the probability of gap formation
in affected beds with sufficient densities of sea urchins
(Scheibling et al. 1999). However, large-scale defoliation of kelp beds by this bryozoan also facilitates the
establishment of an invasive green alga, Codium fragile ssp. fragile (formerly ssp. tomentosoides), which can
displace kelp and become the dominant canopy-forming seaweed (Chapman et al. 2002, Levin et al. 2002,
Scheibling & Gagnon 2006). The formation of dense
Codium meadows in some areas, which exceed the
biomass of former kelp beds (Chapman et al. 2002), is
likely to affect the potential for gap formation by
destructive sea urchin grazing. Although Strongylocentrotus droebachiensis consumes C. fragile when
other algal foods are unavailable (Scheibling &
Anthony 2001, Sumi & Scheibling 2005), a chemical
feeding deterrent (Lyons et al. 2007) renders the invasive alga unpalatable to sea urchins, and it is generally
avoided in the presence of other seaweeds (Lyons &
Scheibling 2007, 2008). In the only published account
of a sea urchin front encountering a mixed algal stand
that included C. fragile, the urchins appeared to

bypass C. fragile and another chemically defended
seaweed before succumbing to an outbreak of disease
(Lyons & Scheibling 2008). Therefore, the question of
whether feeding aggregations of sea urchins can form
within or at the margins of Codium meadows remains
unresolved, as does the value of the feeding threshold
that triggers such aggregations.

Conclusions and prospects for further research
Our simulations show that destructive grazing
aggregations can form within kelp beds in response to
various factors that influence the foraging behaviour,
abundance and spatial distribution of sea urchins,
resulting in a transition to urchin barrens. We also
show that disturbances that remove kelp on scales of
tens of square metres, also can precipitate destructive
grazing and gap formation in kelp beds by providing
conditions that facilitate the formation of sea urchin
fronts. Predictions based on our model are consistent
with empirical observations that large-scale disturbance (tens to hundreds of square metres) are required
to destabilise kelp beds on the Atlantic coast of Nova
Scotia (Johnson & Mann 1988). However, even small
human-induced changes that have little apparent
effect on ecosystem state can alter resilience of an
existing state and, hence, the likelihood of a phase
shift (Scheffer et al. 2001). Therefore, while human
activity (e.g. overexploitation of predatory fishes, kelp
harvesting) may not appear to directly affect kelp
beds, such perturbations may nonetheless facilitate the
shift to sea urchin barrens. Although predicting the
occurrence of a phase shift in this system will be difficult because of stochastic processes, monitoring may
provide the best predictive tool. Rietkerk et al. (2004)
hypothesised that catastrophic shifts in ecosystems can
be predicted by self-organised patchiness. For the
rocky subtidal ecosystem of the Atlantic coast of Nova
Scotia, the presence of gaps and sea urchin aggregations within kelp beds is probably an early warning
sign that the system is in its transitional stage. The
presence of spatial patterns, indicating the imminent
transition between states, has also been suggested for
arid ecosystems, where patch-size distribution can
serve as a warning sign of desertification (Kéfi et al.
2007).
Mathematical models, such as ours, can be used to
inform the design of monitoring programs and field
experiments to test predictions about the pattern and
process of phase shifts. Our approach could be used in
other systems where consumers play a role in controlling the trajectory of the ecosystem. This is likely to be
the case for grasslands (Pech et al. 1992), coral reefs
(Lewis 1986), rocky shores (Bertness et al. 2002) and
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salt marshes (Silliman et al. 2005). In particular, transplantation experiments that increase local densities of
sea urchins in kelp beds can be used to rigorously test
and define the feeding threshold ratio for destructive
grazing, a key element of our model. In the Aleutian
archipelago (North Pacific Ocean), where Strongylocentrotus polyacanthus also forms aggregations along
the interface of kelp beds and barrens, Konar & Estes
(2003) found that experimentally increasing sea urchin
density within kelp beds resulted in a marked
decrease in the cover of kelp and other seaweeds and
maintained barren patches in experimental plots
where these algae initially were cleared. These types
of experiments could be expanded to examine the
effect on gap formation of different levels of the mean
and variance of urchin density in kelp beds, as well as
factors such as predators and wave action that affect
the movement and foraging ability of sea urchins
(Vadas et al. 1986, Konar & Estes 2003, Lauzon-Guay &
Scheibling 2007b). Finally, experimental manipulation
of kelp biomass or creation of gaps within kelp
canopies could elucidate the role of disturbance, and
its interaction with urchin grazing pressure, as a determinant of kelp bed stability. In the face of recent species invasions in the northwest Atlantic Ocean, which
can profoundly alter the structure and dynamics of
native macroalgal assemblages and associated sea
urchin populations (Harris & Tyrell 2001, Levin et al.
2002, Scheibling & Gagnon 2006, 2009), the need for
further theoretical and empirical research is urgent.
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