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INTRODUCTION

Climate change is predicted to have major impacts
on the distribution of species in the worlds’ oceans
(Rosenzweig et al. 2007). As oceans warm, a reshuf-
fling of species distributions towards the poles (e.g.
Walther et al. 2002, Parmesan & Yohe 2003) will lead to
changes in biological interactions which may in turn
lead to major shifts in coastal ecosystems, particularly
if ecologically dominant species undergo range modifi-
cation (e.g. Hughes 2000, Harley et al. 2006). While
many species are known to play dominant functional
roles in particular coastal ecosystems (e.g. Andrew &
Byrne 2001, Steneck et al. 2002, Micheli & Halpern

2005), the dynamics of such species and their eco-
logical significance at higher latitudes is speculative.
While species-specific and/or regional idiosyncrasies
are likely, understanding the population dynamics and
function of such species within new ranges will be
essential to anticipate broader ecosystem responses.

Driven by a changing regional climate, the diade-
matid sea urchin Centrostephanus rodgersii (Agassiz)
has undergone recent poleward (southern) range
extension from southeast mainland Australia to Tas-
mania (Johnson et al. 2005, Ling et al. 2008, Ling et al.
in press). Invading dense and productive macroalgal
beds, incursion of C. rodgersii in Tasmania is important
given the species’ ability to catastrophically overgraze
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algal-dominated habitat, which results in widespread
and persistent sea urchin barrens throughout the spe-
cies’ historical range in New South Wales (NSW)
(reviewed by Andrew & Byrne 2001). Indeed, such is
the dominant ecological effect of C. rodgersii that,
within its historical range, the sea urchin has formed
and maintains barrens over approximately 50% of all
near-shore rocky reefs (Andrew & O’Neill 2000).

Since its first detection on the Tasmanian mainland
coast in 1978, the sea urchin’s abundance has in-
creased, and evidence of barren areas now occur in
some Tasmanian locations (Johnson et al. 2005). The
potential for broad-scale ecological shifts from luxuri-
ant macroalgal beds to sea urchin barrens in Tasmania
therefore poses a major threat to local biodiversity and
valuable reef-based fisheries that depend on macroal-
gal habitat (Johnson et al. 2005, Ling 2008). Hence,
understanding the characteristics of Centrostephanus
rodgersii populations leading to barrens formation and
the expression of such characters on reefs within the
extension-region is therefore important in assessing
the ecological role of this sea urchin within Tasmania.

From studies in NSW, it is clear that a threshold den-
sity of Centrostephanus rodgersii is required to initiate
widespread destructive grazing of macroalgae, and
that this density is greater than that necessary to main-
tain barrens (Andrew & Underwood 1993, Hill et al.
2003). As is typical among diadematids, C. rodgersii is
nocturnal and displays a homing behavior so that
localized grazed patches are manifest as halos radiat-
ing from crevices used for daytime shelter (reviewed
by Andrew & Byrne 2001). Importantly, the ‘cata-
strophic shift’ (after Scheffer et al. 2001) from small
grazed patches (<1–10s of m) to widespread barrens
(100s of m) occurs when localized grazed patches coa-
lesce (Andrew 1993, Andrew & Underwood 1993, Hill
et al. 2003). Thus, C. rodgersii forms barrens in a dif-
ferent way to that documented for most other sea
urchins (e.g. Strongylocentrotid species), which typi-
cally aggregate to form highly destructive mobile feed-
ing fronts (e.g. Lang & Mann 1976, Lauzon-Guay &
Scheibling 2007). Although the predominant mode of
C. rodgersii barrens formation hinges on the use of
localised shelter (a feature that makes barrens forma-
tion by this species highly predictable) populations
maintaining widespread barrens in NSW and Tasma-
nia do occur on featureless flat-rock habitat, indicating
that shelter is not obligatory for C. rodgersii to form
barrens (Andrew 1993, Andrew & Byrne 2001, Johnson
et al. 2005).

While widespread barrens currently occur in rela-
tively few places in eastern Tasmania, the major fea-
ture of Centrostephanus rodgersii grazing on this coast
is the occurrence of small barren patches within dense
macroalgal beds, a condition referred to as incipient

barrens (Johnson et al. 2005). Indeed, widespread bar-
rens are currently only observed in northeastern Tas-
mania (including the Kent Group in eastern Bass
Strait), while incipient barrens can be found across the
east coast but have not been reported in southern Tas-
mania, where the sea urchin is rare and only occurs as
scattered individuals (Johnson et al. 2005). Within the
NSW range, boundaries between C. rodgersii barrens
and macroalgal habitat demonstrate high stability and
often align with discontinuities in reef substratum type,
or with the sweeping motion of large brown seaweeds
that can create an abrasive ‘whiplash’ effect on the
benthos that appears to restrict the distribution of the
sea urchin (e.g. Andrew 1993, Andrew & Byrne 2001;
also see Konar 2000). However, such a pattern of sta-
bility between macroalgal boundaries and barren
habitat does not account for many sites in Tasmania
where grazed patches display sharp boundaries on
reefs with otherwise continuous rocky substratum.
Furthermore, grazed areas on Tasmanian reefs are
currently observed in relatively deep water (>10 m)
(Johnson et al. 2005) compared to that observed within
the historic range of C. rodgersii, where the barrens
habitat extends across relatively shallow reefs (<5 m)
(Andrew & Byrne 2001).

The recent nature of the Centrostephanus rodgersii
range extension and an increasing occurrence of graz-
ing in Tasmania suggest that the sea urchin may have
the capability to form widespread barrens over much
of this coastline (Johnson et al. 2005). Clearly, the
potential for expansion of C. rodgersii barrens in Tas-
mania, either by grazing at the edges of recently
formed barrens or coalescence of smaller incipient bar-
rens patches, is dependent on the dynamics of sea
urchins at the boundaries of macroalgal habitat cou-
pled with the dynamics of individuals maintaining pre-
viously grazed areas. Because demographic transitions
of sea urchin populations may inform the dynamics of
overgrazing (e.g. Lang & Mann 1976, Kenner 1992,
Pederson & Johnson 2008), we investigated population
dynamics of C. rodgersii within its new range by com-
paring the growth, biometric, dietary and morphomet-
ric characteristics of sea urchins on recently formed
barrens with those existing within macroalgal bound-
aries. Observed dynamics are discussed with respect
to well documented patterns from within the species’
historic range.

MATERIALS AND METHODS

Study sites. We conducted the research in northeast-
ern Tasmania at St. Helens, where there are recently
formed Centrostephanus rodgersii barrens and transi-
tional zones between barrens and macroalgal beds
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(hereafter ‘macroalgal boundary habitat’). Further
south, C. rodgersii inhabiting incipient barrens were
examined at 3 sites: Freycinet Peninsula, Maria Island
and Tasman Peninsula (Fig. 1). At St. Helens, the aver-
age density (± SE) of Centrostephanus rodgersii on
barrens (2.09 ± 0.1 m–2; 10 to 20 m depth) was higher
than that within adjacent macroalgal boundary habitat
(1.61 ± 0.2 m–2; 8 to 12 m depth) or that within the inte-
rior of macroalgal beds where density declined rapidly
(0.36 ± 0.2 m–2; 8 to 20 m depth). For incipient barrens
patches at the 3 southern sites (15 to 20 m depth), aver-
age C. rodgersii density within patches ranged from
~1.5 to 3 m–2 (Johnson et al. 2005). As observed in some
parts of the sea urchin’s NSW range, subtidal macro-
algal beds on the exposed eastern Tasmanian coast
were dominated by Phyllospora comosa (Seirococ-
caceae) (~3 to 15 m depth) and/or Ecklonia radiata
(Laminariales) (~8 to 20 m depth), which typically form

an algal canopy reaching ~1 to 2 m in height above the
reef surface.

Growth, size and age structure. Habitat-specific
growth models were derived by analysis of annual
growth increments of tagged sea urchins. Sea urchin
age-structure was then estimated for each habitat using
the growth models to predict age-at-size for large num-
bers of individuals (Table 1). Individuals were tagged
with tetracycline, and growth increment data was ob-
tained from the change in length of jaw structures
(demipyramids). Because demipyramids (jaws) of sea
urchins grow continuously throughout a sea urchin’s
lifetime, and the growing edge stains readily with tetra-
cycline, jaws provide a suitable structure to assess
growth under field conditions (after Ebert 2001, 2004,
Pederson & Johnson 2008). For each of 2 sites near
St. Helens (Fig. 1), sea urchins ranging from 61 to
133 mm test diameter (TD) were obtained from recently

formed barrens and adjacent macroal-
gal boundary habitat by divers thor-
oughly searching and collecting all
urchins from a randomly positioned
plot (approximately 8 × 8 m) within
each habitat until approximately
300 ind. were obtained (Table 1). At
the surface, each individual was
tagged by injection of 2 to 4 ml (de-
pending on size) of tetracycline-HCL
(conc. 20 g l–1 seawater) through the
peristomial membrane. This dosage
provided consistently readable tags in
pilot field trials. Tagged urchins were
returned promptly to the permanently
marked experimental plots and al-
lowed to grow for at least 12 mo before
attempts to recover tagged individuals
were made by collecting all sea
urchins from within the plots and to
5 m outside their boundary to account
for any movement of sea urchins out
of the experimental plot during the sea
urchins ‘time at liberty’, i.e. 1 yr
(Table 1).
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Fig. 1. Study sites in Tasmania, southeastern Australia. At both sites near St. He-
lens, Centrostephanus rodgersii were sampled from recently formed barrens
and adjacent macroalgal boundary habitat. At the 3 southern sites, C. rodgersii

were sampled from incipient barrens

Table 1. Centrostephanus rodgersii. Tetracycline tagging in barrens and macroalgal boundary habitat at St. Helens, northeastern 
Tasmania. Growth models were generated from growth increment data standardised at 365 d growth. Dates are dd/mm/yyyy

Habitat Site No. Tagging  Recovery Days at No. urchins No. tags 
tagged date date liberty collected recovered

Macroalgal boundary Elephant Rock 341 28/07/2004 22/09/2005 421 731 153
Macroalgal boundary St. Helens Is. 383 17/08/2004 11/10/2005 420 660 89
Barren Elephant Rock 315 26/07/2004 28/07/2005 367 654 101
Barren St. Helens Is. 283 29/07/2004 29/07/2005 365 679 74
Total 1322 2724 417
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Preparation of jaws and measurement of growth
increments. Prior to removing jaw structures, the TD
of each individual was measured using knife-edge
vernier calipers. The complete Aristotle’s lantern was
removed, labelled and soaked in 12.5% sodium
hypochlorite for 48 hr to dissolve connective tissue
and expose individual jaw structures; these were
then dried and checked under UV light for the pres-
ence of a fluorescing tetracycline tag. For each
tagged individual, a jaw growth increment (ΔL) was
estimated by measuring (to 0.05 mm) the distance
from the inside edge of the fluorescing band to the
growing aboral edge of the jaw with an ocular
micrometer under 20× magnification. Jaw length at
time of recapture (Lt+Δt) was measured (to 0.1 mm)
using knife-edge vernier calipers. Estimated jaw
length at time of tagging (Lt) was calculated by sub-
tracting the growth increment (ΔL) from jaw length at
time of recapture (Lt+Δt – ΔL).

Selection and fitting of growth models. For tag-
recaptured Centrostephanus rodgersii in eastern Tas-
mania, the pattern of annual jaw growth increment
(ΔL) versus initial jaw size at tagging (Lt) indicated an
indeterminate growth pattern best described by an
inverse logistic function. Optimum fits for the inverse
logistic functions were determined by minimising the
sum of the negative log-likelihoods for each of the
observed growth increments (ΔL) and the expected
growth increments derived by the model. The
expected variation around the growth increments was
explicitly modelled as a power function of the expected
length (see Haddon et al. 2008).

The inverse logistic equation is written as:

(1)

where MaxΔL is the hypothetical asymptotic maximum
jaw growth increment at some initial size of sea urchin
that sets the exponential term to zero; Δt is the actual
time increment between tagging and recovery, i.e.
~1 yr; Lt is the size when first tagged; Lm

50 is the initial
length at which the mid-way point between the MaxΔL
and zero growth increment is reached; Lm

95 denotes the
initial length at which 95% of the difference between
zero and maximum increment is reached; and Ln(19) is
a scaling parameter that defines the Lm

95 point. The
error term εLt is additive and normal, and assumed to
have a mean of zero and SD of σLt, which is also
defined as a function of predicted length. The SD of the
residual for each Lt was modelled as a power function
of the expected growth increment with 2 parameters α
and β (Haddon et al. 2008):

(2)

Biometrics and morphometrics. To assess the mor-
phological characteristics of Centrostephanus rodger-
sii in barrens and macroalgal boundary habitat, 5 mass
characters and 4 linear morphological dimensions
were measured. It was necessary to track temporal
patterns in some variables that varied seasonally, e.g.
gonad weight. Mass characteristics for macroalgal
boundary and widespread barrens habitats at
St. Helens were sampled on 5 occasions over a ~12 mo
period (ca. 2.5 mo intervals) between March 2004 and
April 2005. On each sampling occasion, 30 C. rodgersii
in the size range of ~80 to 110 mm TD (to reduce poten-
tial size related biases in body indices, M. Byrne pers.
comm.) were collected by divers from each site. All
animals were dissected fresh and drained of coelomic
fluid and any free-surface water, and component body
parts were weighed individually, viz. gonads, test and
spines, gut plus gut contents, and Aristotle’s lantern.
Reproductive investment was described by the gonad
index (GI) calculated as the percentage of an individ-
ual’s total body weight that was gonad. Gut index
(GutI) was similarly calculated as the percentage of
total body weight as gut plus gut contents. The relative
abundance of different gut contents were scored by
assessing the planar percentage cover of pellet types
spread evenly across a dissecting dish (8 cm radius).
Seasonally invariate mass characters, i.e. test weights
(plus spines) and lantern weights, were pooled across
sampling periods. An estimate of C. rodgersii biomass
per m2 of reef was obtained for each habitat type by
multiplying the weight of the average-sized sea urchin
(drained of coleomic fluid) for each habitat by the
density of sea urchins within each habitat.

Linear morphological dimensions of TD, test height,
jaw length and longest spine length were measured
with knife-edge vernier calipers to the nearest mm.
Because the Centrostephanus rodgersii spine canopy
consistently forms an even hemisphere, the length of
the longest spine provided a useful index of overall
spine morphology, i.e. the next 50 longest spines were
on average 82% (±0.6% SE) of the longest spine
length (n = 28, where n is the number of individual sea
urchins that were measured for 50 spine lengths). Test
thickness (at ambitus) was estimated using a micro-
meter (to 0.1 mm) clamped either side of the flat
ambulacral plate.

Analyses. Growth curves between each habitat–site
combination were compared using likelihood ratio
tests, after Haddon (2001). All other statistical analyses
were undertaken using SAS® software (v. 9.1). For
ANOVA, data were checked for conformity to assump-
tions of homoscedasticity and normality. Where data
were heteroscedastic, the transformation to stabilise
variances was determined by the relationship between
group SDs and means (Draper & Smith 1981). Transfor-σ α
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mations are expressed in terms of the untransformed
variate, Y. Where appropriate, ANCOVA was under-
taken by first testing for homogeneity of slopes among
sites. If homogeneity of slopes was indicated, analysis
proceeded to compare intercepts. Unless stated other-
wise, the ANOVA/ANCOVA model had 2 main factors
of Habitat (fixed) and Site (random), and the mean
square of Habitat × Site was used to test the sig-
nificance of Habitat. Frequency distributions were
compared between habitats and sites by a series of
Kolmogorov-Smirnov tests with an appropriate level of
protection against type I error for non-orthogonal tests
by adjusting α using the Dunn-Sidak method.

RESULTS

Growth

Annual growth of Centrostephanus rodgersii jaws
was significantly faster in the macroalgal boundary
habitat than in recently formed barrens (Figs. 2a,b).
Likelihood-ratio tests revealed that growth models
were significantly different between habitats (p <
0.0001), but not among sites within habitats (macroal-
gal, p = 0.67; barrens, p = 0.054), thus growth for each
habitat was modelled using data pooled within habitat
type. Optimal inverse logistic growth parameters for
C. rodgersii in macroalgal boundary habitat was
MaxΔL = 2.622, Lm

50 = 17.369, Lm
95 = 27.663 (for Eq. 1);

and α = 0.284, β = 0.451 (Eq. 2); for C. rodgersii existing
on barrens MaxΔL = 5.448, Lm

50 = 12.104, Lm
95 = 23.259

(Eq. 1); and α = 0.265, β = 0.490 (Eq. 2). Size structure
of C. rodgersii within macroalgal boundary habitat
was bimodal and skewed towards larger individuals
relative to that of adjacent barrens, which consisted of
a unimodal distribution dominated by intermediate-
sized individuals (Fig. 3a). Jaw length frequency distri-
butions showed broad similarity between habitats
(Fig. 3b) and conversion of jaw lengths to age (using
habitat-specific growth models) revealed broadly simi-
lar ages between barrens and macroalgal boundary
habitats (Fig. 3c).

Biometrics

Temporal patterns in Centrostephanus rodgersii
body indices show that GIs were generally higher
within macroalgal boundary habitat relative to bar-
rens; however, this difference was not significant dur-
ing the peak of the spawning period (2-way Model III
ANOVA: Habitat, F1,1 = 76.87, p = 0.072; Site, F1,116 =
1.67, p = 0.200; Habitat × Site, F1,116 = 0.15, p = 0.704)
(Fig. 4a). GutIs were generally higher for C. rodgersii
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in macroalgal boundary habitat year-
round, and comparison of elevated
GutIs during the post-spawning period
revealed a significant habitat effect
(Habitat, F1,1 = 191.23, p = 0.046; Site,
F1,116 = 32.04 p = <0.0001; Habitat ×
Site, F1,116 = 0.53, p = 0.467) (Fig. 4b).
Gut contents of C. rodgersii at macro-
algal boundaries consistently contained
greater proportions of fleshy macro-
algal material relative to urchins from
barrens that predominantly contained
filamentous and encrusting algal mate-
rial (post-spawning period revealed a
significant interaction: Y0.68, F1,116 =
7.38, p = 0.008) (Fig. 4c). The mean bio-
mass of C. rodgersii occurring within
macroalgal boundary habitat (546.86 ±
91.46 g m–2, mean ± SE) was not signif-
icantly different to that in adjacent bar-
rens (453.62 ± 166.28 g m–2) (1-way
ANOVA, F1,2 = 0.24, p = 0.67).

Morphometrics

On average, Centrostephanus rod-
gersii from recently formed barrens
possessed longer jaws for a given TD
compared to urchins from macroalgal
boundary habitat; slopes varied across
habitats (Fcalc(3,1192) = 3.26, p < 0.001),
but were homogenous within each
habitat type (barrens, F1,596 = 1.88, p =
0.17; macroalgal boundary, F1,596 =
0.00, p = 0.96) (Fig. 5a). Conversely,
total body weight, hereafter ‘body
weight’ (test weight plus spines) of C.
rodgersii (including spines) was signifi-
cantly heavier on average within
macroalgal boundary habitat relative to
animals of similar TD on the barrens.
However, there was also significant
variability in relative body weight
among sites and among habitats across
sites (Model II, 2-way ANCOVA: test
for homogeneity of slopes, Fcalc(3,592) =
0.89, p > 0.25; Habitat, F1,1 = 115.07, p <
0.0001; Site, F1,1 =31.09, p < 0.0001;
Habitat × Site, F1,595 = 9.43, p = 0.002)
(Fig. 5b). Examination of relationships
between test height and test diameter
revealed heterogeneous slopes be-
tween samples (test for homogeneity of
slopes, Fcalc(3,1192) = 3.26, p < 0.025);
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how ever, there was a high degree of overlap between
fitted trend lines, indicating little evidence for habitat
specific patterns in test height (Fig. 5c). Heavier body
weights, corrected for TD, within the macroalgal
boundary habitat was explained by these urchins hav-
ing relatively thicker tests than their counterparts on
barrens (1-way ANCOVA: test for homogeneity of
slopes, F1, 84 = 0.01, p = 0.94; Habitat, F1, 85 = 21.69, p <
0.0001) (Fig. 5d).

Spine length relative to TD was generally longer for
sea urchins from the open barrens than those within
the macro algal boundary zone. Across habitats, spine
length for Centrostephanus rodgersii generally in crea -
sed with increasing TD to about 70 mm, and thereafter
a slight increase in spine length was observed for
urchins from barrens, but spine length declined with
increase in TD for individuals from macroalgal bound-
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ary habitat, indicating net spine erosion through time
(Fig. 6a). For sea urchins from St. Helens (>75 mm TD),
a comparison of longest spine vs. TD yielded signifi-
cantly different slopes between samples (test for homo-
geneity of slopes, Fcalc(3,1192) = 4.75, p < 0.001), however
slopes were not detectably different within habitat
type (barrens, F1,596 = 0.36, p = 0.55; macroalgal, F1,596

= 0.30, p = 0.58). Consistent with the pattern of spine
erosion observed at macroalgal boundaries at St.
Helens, C. rodgersii from incipient barrens further to
the south in eastern Tasmania displayed a similar neg-
ative relationship between spine length and TD; slopes

of spine length vs. TD for urchins from incipient bar-
rens and macroalgal boundary samples were all nega-
tive and not statistically different from each other
(F3,1578 = 0.86, p = 0.46). Conversely, for widespread
barrens, spine length was positively related to TD, and
this slope was statistically different to the negative
slopes described for urchins from incipient barrens
(F3,1578 = 8.67, p < 0.0001) (Fig. 6b). Differences in spine
morphology between C. rodgersii residing on open
barrens and in macroalgal habitat were visually
obvious in situ (Fig. 7).

DISCUSSION

Growth, diet and morphology

Similar age-structure of Centrostephanus rodgersii
in macroalgae boundary habitat and on recently

120

50

60

70

80

90

100

20 40 60 80 100 120

50

60

70

80

90

100

L
o

n
g

e
s
t 

s
p

in
e
 l
e
n

g
th

 (
m

m
)

Test diameter (mm)

Barrens 

Macroalgae 

a 

b 

St. Helens  

  barrens   

St. Helens  

macroalgae  

FP

MI

TP

Fig. 6. Centrostephanus rodgersii. Longest spine length vs. test
diameter (TD) in recently formed barrens and macroalgal habi-
tat. (a) Macroalgal boundary and barrens at St. Helens; sym-
bols and trend lines as for previous figures; (dd) additional data
for smaller size classes of C. rodgersii (<75 mm) obtained across
eastern Tasmania; (-jj -) trendline fitted to these data. (b) In-
cipient barrens relative to trends at St. Helens. (h) Freycinet
Peninsula (FP), n = 345; (n) Maria Island (MI), n = 353; ( )
Tasman Peninsula (TP), n = 288; trendlines for St. Helens based
on data pooled within each habitat type (n = 600, datapoints for 

these samples not shown)

Fig. 7. Centrostephanus rodgersii. Typical specimens from
macroalgal boundary habitat (lefthand side, test diameter
[TD] = 110 mm) and recently formed barrens (righthand side,
TD = 82 mm). (a) Oblique view; (b) aboral view. Individuals
were collected from adjacent habitat states at 10 m depth. Al-
though the TD is 28 mm smaller for the barrens specimen, the
diameter of the spine canopy is greater than that of the larger
individual from within the macroalgal boundary habitat. The
estimated age for the displayed individual from the macro-
algal boundary habitat is ~30 yr, while the individual from the 

barrens is ~12 yr
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formed barrens suggests that both habitats are influ-
enced by broadly similar recruitment events, and there
is no pronounced ontogenetic shift in habitat prefer-
ences. Importantly, the emergence of distinctive
growth and phenotypic patterns between the alterna-
tive reef states indicates persistence of C. rodgersii
within each habitat and limited exchange of individu-
als across this habitat interface (e.g. Konar 2000). Con-
sistent with observations of C. rodgersii within its his-
torical range in NSW (Blount 2004), and with sea
urchins in other systems (e.g. Rowley 1990, Meidel &
Schiebling 1999), C. rodgersii grew significantly faster
within macroalgal habitat in eastern Tasmania. Faster
growth of C. rodgersii within macroalgal habitat was
consistent with relatively heavy gut weights and a diet
composed predominantly of fleshy macroalgae. In
adjacent barrens, the smaller, slower growing sea
urchins displayed lower gut weights for a given size
and a diet of predominantly filamentous and encrust-
ing coralline algae with fleshy macroalgae consumed
only occasionally, a result consistent with studies else-
where (e.g. Harrold & Reed 1985). The persistence of
sea urchins on reefs where algae has been heavily
grazed is clearly dependent on the ability of sea
urchins to switch their diet from fleshy macroalgae to
filamentous and/or coralline algae (reviewed by John-
son & Mann 1982). However, in contrast to many other
studies (e.g. Lang & Mann 1976, Johnson & Mann
1982, Meidel & Schiebling 1998), including the pattern
demonstrated by C. rodgersii in NSW (Byrne et al.
1998), habitat-related patterns in nutritional status
were not reflected as strong contrasts in GI. This
intriguing result indicates that individuals on recently
formed barrens in eastern Tasmania obtained suffi-
cient nourishment to invest strongly in reproduction,
but appeared to do so at the expense of somatic
growth. Because population densities of C. rodgersii
on Tasmanian barrens (1 to 2 m–2) were ~2 to 4 times
lower than in NSW (Johnson et al. 2005), reduced com-
petition between individuals for food may explain the
greater than expected GIs on recently formed Tasman-
ian barrens, as described for other systems (e.g. Wahle
& Peckham 1999).

Intriguingly, the biomass density of Centrostephanus
rodgersii (g m–2) was not significantly different be-
tween macroalgal boundary habitat and barrens; how-
ever, the sea urchin was more numerous per unit bio-
mass on the barrens. This pattern is typically observed
in NSW, where C. rodgersii densities on barrens are ap-
proximately twice that found within fringing macroal-
gal habitat (Underwood et al. 1991, Andrew & Byrne
2001, Blount 2004). Our observation of lower densities
of C. rodgersii within macroalgal habitat but similar
age-structure to that on adjacent barrens, suggests
greater rates of settlement and/or post-settlement sur-

vivorship in heavily grazed habitats. Within their histor-
ical range, it has been suggested that settlement rates
are higher on barrens than in seaweed beds (Andrew
1991, Blount 2004); however, we were unable to sample
recently settled C. rodgersii to test this idea (it was not
possible to access the interstices of the reef where they
reside). Accumulation of animals at the barrens-
macroalga interface as a result of increased mobility of
urchins on barrens (Mattison et al. 1977, Lauzon-Guay
& Scheibling 2007) is unlikely to be a contributing
mechanism because C. rodgersii does not form feeding
fronts.

Consistent with contrasting growth rates of Centro-
stephanus rodgersii across the alternative habitat
states, comparisons of relative jaw length and test
thickness (both of which are indicators of food-
limitation in sea urchins; Ebert 1980, Black et al. 1982,
1984) also revealed clear differences between habitats.
C. rodgersii from recently formed Tasmanian barrens
possessed longer jaws, but thinner tests, for a given
test diameter relative to sea urchins in macroalgal
boundary habitat, consistent with studies from the sea
urchin’s historical range (Andrew & Byrne 2001, Blount
2004). Individuals from macroalgal habitat also had
shorter spines for a given test diameter than their
counterparts on adjacent barrens, reflecting that they
are subject to abrasion and breakage by the sweeping
action of robust macroalgae (S. D. Ling pers. obs.).
Thus, broadly distinctive phenotypes of C. rodgersii
emerged from within the extension-region; sea urchins
with a large and thick test but relatively small Aristo-
tle’s lantern and short spines were observed to forage
among macroalgae; while sea urchins from barrens
possessed relatively small and thin tests, but large jaws
and longer spines.

Informing macroalgal–urchin dynamics within 
the newly extended range

While juvenile canopy-forming algae and foliose
understory species are highly susceptible to sea urchin
grazing, under some circumstances large adult algae,
particularly canopy-forming species such as Phyllo-
spora comosa and Ecklonia radiata (found in both
NSW and eastern Tasmania), appear to have a partial
size refuge from Centrostephanus rodgersii (Andrew &
Byrne 2001, Hill et al. 2003). Under the influence of
ocean surge typical of the exposed Tasmanian coast-
line, large macroalgae appear particularly immune to
sea urchin grazing by restricting the distribution of
urchins with robust, yet flexible lamina that create a
whiplash effect on the benthos (e.g. Himmelman 1980,
Vasquez & McPeak 1998, Konar 2000, Gagnon et al.
2003). Thus, invasion of mature Tasmanian macroalgal
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beds and persistence of C. rodgersii within this habitat
may become difficult under surge conditions. Indeed,
the domination of shallow, exposed Tasmanian reefs
by dense, mature stands of macroalgae (i.e. P. comosa,
which is commonly found to depths of ~10 m) emerges
as a likely factor influencing the currently deep
(>10 m) depth distribution of C. rodgersii on this coast
(Johnson et al. 2005).

The presence of adult macroalgae also appeared to
influence the morphology of Centrostephanus rodger-
sii as the short-spined configuration was particularly
striking where individuals were bound to crevices
within the range of whiplash from macroalgal fronds
(see Fig. 7). Indeed, in other work we observed that
long-spined C. rodgersii from barrens, when held in
cages with large macroalgae, all displayed short
spines after ~6 mo (S. D. Ling pers. obs.). Conversely,
short-spined individuals from macroalgal habitat
began to regrow length in their spines (observed as
pale growing tips) when held in aquaria free of
macroalgae abrasion for several months (also
observed for Strongylocentrotus franciscanus, Rogers-
Bennett et al. 1995). Furthermore, short-spined C.
rodgersii also possessed thicker and heavier tests than
their long-spined counterparts. Consistent with this
pattern, spine breakage in S. purpuratus results in
greater overall rates of calcification resulting in
thicker, heavier and more robust tests (at the expense
of regrowth in spine length) arguably better suited to
exposed coastal conditions (Edwards & Ebert 1991).
Thus, plastic resource allocation would appear capa-
ble of shifting to favour persistence within exposed
macroalgal dominated habitats.

Importantly, the final transition from macroalgal
beds to Centrostephanus rodgersii barrens appears
to occur when large, mature plants, often weakened
by grazing of haptera (S. D. Ling pers. obs.), either
break away during surge or senesce (e.g. Harrold &
Reed 1985, Tegner et al. 1995). Thus, providing C.
rodgersii can persist within swell-prone macroalgal
habitat, eventual felling of large robust plants may
allow barrens to expand into shallower reef margins
(<10 m depth) as commonly observed within the spe-
cies’ historical range (e.g. Andrew 1993, Andrew &
Byrne 2001). Indeed, overgrazing by C. rodgersii
within its new range is associated with relatively
mature sea urchin populations, as widespread bar-
rens are only currently observed at sites where the
average population age is >18 yr (Fig. 8). Such a pat-
tern suggests a time delay between the incursion of
the sea urchin and the onset of barren formation,
indicating that if populations are able to grow, then
patterns of grazing within the extension region may
converge on that observed within the species’ histor-
ical range.

Barren formation and range expansion

In creating a habitat free of large and potentially
‘inhibitory’ macroalgae, formation of barrens by Cen-
trostephanus rodgersii, while resulting in reduced
individual performance through lower food availabil-
ity, may manifest as a net positive feedback at the pop-
ulation level (e.g. Jones et al. 1997, Scheffer et al.
2001). That is, C. rodgersii may be considered to facili-
tate its own invasion success in eastern Tasmania by
modifying the macroalgal habitat and effectively
‘paving the way’ for further establishment of high den-
sity sea urchin populations (Breen & Mann 1976, Lang
& Mann 1976, Himmelman 1980, Tegner 1980, Tegner
& Dayton 1981, Miller et al. 2007). Indeed, Mann &
Breen (1972) first hypothesised that observations of
increased sea urchin abundance associated with bar-
rens may indicate that the creation of barrens facili-
tates urchin population expansion. Since then, this
possibility has received little focus (but see Lang &
Mann 1976). Rather, emphasis has been placed on the
negative effects of barrens at the individual level, even
though the formation of barrens has been documented
to enhance localised carrying capacity (Lang & Mann
1976, Himmelman 1980), post-settlement survival
(Rowley 1989), population stability and recruitment
(e.g. Andrew & Byrne 2001), and enhance population
level reproductive success by spatially aggregating
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free-spawning sea urchins (e.g. Wahle & Peckham
1999).

Because a greater number of individuals may exist
on barrens for a given biomass of sea urchins, over-
grazing of large and abrasive macroalgal plants on
swell-prone reefs appears to be a mechanism by which
sea urchins may establish highly abundant popula-
tions. In the case of a range-extending sea urchin
occurring at relatively low population size at a range
margin (where risk of local extinction may be high),
the conversion of macroalgal-dominated reef to sea
urchin barrens therefore appears to be an important
invasion process facilitating the establishment of
viable populations. Population stability of sea urchins
may also be increased by minimising individual preda-
tion risk. Because long spines appear to confer greater
resistance against predators, predation risk to Cen-
trostephanus rodgersii is seemingly lower on barrens
where individuals can afford relatively long spines.
Based on habitat specific growth models (Fig. 2c) and
measures of size-specific lobster predation (S. D. Ling
unpubl. data), the short-spined morph of C. rodgersii
occurring in macroalgal habitat takes on average
~21 yr to reach a size refuge from all but the very
largest lobsters. In contrast, the long-spined morph of
C. rodgersii characteristic of barrens, even though it
has slower growth in test diameter, develops a spine
canopy allowing predatory size refuge much quicker
at ~15 yr.

CONCLUSIONS

Within the extension region, habitat-specific pat-
terns of Centrostephanus rodgersii were broadly con-
sistent with that observed from within its historic
range. This suggests that the dominant ecological role
and ecological dynamics of the species will be con-
served across its extended range. A notable contrast,
however, was the exceptional reproductive status of
sea urchins within recently formed barrens. Nonethe-
less, because individual gonad production is known to
vary in a density-dependent manner among sea
urchins (e.g. Byrne et al. 1998, Blount 2004), this result
suggests that if population size were to increase within
the extension region then habitat-specific contrasts in
reproductive condition would converge on that
observed within the species’ historical range. Indeed,
further coastal warming predicted for Tasmania
(reviewed by Poloczanska et al. 2007) appears set to
facilitate further population expansion of C. rodgersii
(Ling et al. 2008, Ling et al. in press), thus the ecologi-
cal importance of the sea urchin in this system is likely
to increase. Finally, because of the typically low func-
tional diversity observed across temperate rocky reef

ecosystems (e.g. Steneck et al. 2002, Micheli &
Halpern 2005), our results indicate that the climate-dri-
ven addition of functionally important species to
higher latitudes can result in major changes to the
dynamics of temperate marine systems.
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