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Abstract Few studies examine the long-term effects of
changing predator size and abundance on the habitat asso-
ciations of resident organisms despite that this knowledge
is critical to understand the ecosystem effects of fishing.
Marine reserves offer the opportunity to determine ecosys-
tem-level effects of manipulated predator densities, while
parallel monitoring of adjacent fished areas allows separat-
ing these effects from regional-scale change. Relationships
between two measures of benthic habitat structure (reef
architecture and topographic complexity) and key inver-
tebrate species were followed over 17 years at fished and
protected subtidal rocky reefs associated with two southern
Australian marine reserves. Two commercially harvested
species, the southern rock lobster (Jasus edwardsii) and
blacklip abalone (Haliotis rubra) were initially weakly
associated with habitat structure across all fished and
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protected sites. The strength of association with habitat for
both species increased markedly at protected sites 2 years
after marine reserve declaration, and then gradually weak-
ened over subsequent years. The increasing size of rock
lobster within reserves apparently reduced their depend-
ency on reef shelters as refuges from predation. Rising pre-
dation by fish and rock lobster in the reserves corresponded
with weakening invertebrate—habitat relationships for H.
rubra and sea urchins (Heliocidaris erythrogramma). These
results emphasise that animal-habitat relationships are not
necessarily stable through time and highlight the value of
marine reserves as reference sites. Our work shows that
fishery closures to enhance populations of commercially
important and keystone species should be in areas with a
range of habitat features to accommodate shifting ecologi-
cal requirements with ontogenesis.

Introduction

Ecological theory suggests that an increase in predation
pressure will strengthen the relationship between habi-
tat structure and prey for species that utilise physical ref-
uges to avoid predators (see references in Sih et al. 1985;
Anderson 2001). This pattern can be caused by a behav-
ioural response whereby prey species seek or remain in ref-
uges in the presence of elevated predation risk (Parker and
Shulman 1986; Shears and Babcock 2002; Pederson et al.
2008), or by differential predation success where prey ani-
mals are more readily removed from areas that lack physi-
cal complexity (Connell and Jones 1991). This leaves only
individuals associated with structural features or refuges
that are either inaccessible or where the time and energy
required to access and capture them is not worthwhile from
the predator’s perspective. The expression of this pattern
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can depend on whether the prey species possess supple-
mentary anti-predation mechanisms (e.g. spines in sea
urchins), and the availability of appropriately scaled reef
features in the local region (Eggleston et al. 1997).

In subtidal reef habitat with high predation pressure,
scaling between animal body size and available reef shelter
can influence both the abundance and size structure of prey
species (Wahle and Steneck 1992; Beck 1995). For exam-
ple, the sea urchin Paracentrotus lividus exhibits crevice
dwelling behaviour in response to intense fish predation in
a Mediterranean marine reserve, with small urchins most
able to benefit from naturally available refuges resulting in
higher numbers of smaller animals at protected sites (Sala
and Zabala 1996). Similarly, while predation by rock lob-
sters was most intense on the smallest size class of tethered
urchins in New Zealand, there was no difference in the den-
sity of cryptic juvenile urchins between reserve and fished
sites (Shears and Babcock 2002), suggesting that predation
on urchins of this size is reduced when they are permitted
to seek shelter (Pederson and Johnson 2006). Hereu et al.
(2005) similarly identified that predation on sea urchins
decreased with greater structural complexity, although the
benefit provided by structure decreased with increasing size
of the sea urchin.

Two structural features of a reef surface that influence
the structure of subtidal communities are topographic com-
plexity (spatial variability in the height of the reef surface)
and substratum architecture (presence/absence or density
of specific architectural features of the reef). Complexity
in the topography of the reef surface is likely to influence
organisation of the species assemblage through processes
such as shading (Adams 2001; Drolet et al. 2004a; Berna-
ford and Vasquez 2008), hydrodynamics (McShane et al.
1988; Koehl 2007) or through provision of transient ref-
uges where the complexity of the reef surface can limit the
visual range of hunting predators (Caley and St John 1996).
Measuring substratum architecture involves developing an
explicit definition of a reef feature (e.g. hole, crevice and
overhang) that is expected to reduce the probability of suc-
cess of a predatory attack (permanent refuges; sensu Caley
and St John 1996). Given the diversity of predatory attack
strategies and prey defence mechanisms, it is neither pos-
sible nor sensible to derive a single definition of ‘archi-
tecture’ that applies to all predator—prey interactions in an
ecosystem, let alone between systems; however, some con-
sistencies are evident. For example, a reef feature such as
a thin crevice (deeper than it is wide) can shelter juvenile
abalone (Shepherd 1986), shrimp (Caillaux and Stotz 2003)
or the soft body of an ophiuroid (Drolet et al. 2004b). Iden-
tification and enumeration of these features can help to
describe and predict spatial variation in the abundance of
some benthic marine species (Roberts and Ormond 1987,
Friedlander and Parrish 1998; Alexander et al. 2009).
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Establishment of marine reserves can be regarded as
large-scale manipulative experiments, particularly for site-
attached species, allowing investigation of the impacts of
natural and anthropogenic predation on species—habitat
relationships and community structure. Commercial fish-
eries often target higher carnivores (Pauly et al. 1998),
and consequently, these species most commonly exhibit
the greatest benefit from protection within no-take marine
reserves (Babcock et al. 1999; Edgar and Barrett 1999;
Guidetti 2006). Indirect effects of fishing/protection can
cause trophic cascades as a result of increased predation
in marine reserves (Pinnegar et al. 2000), although the
expression of these effects varies with local physical con-
ditions such as exposure (Micheli et al. 2005) and habitat
(Garcia-Charton et al. 2000). The presence of reef shelter
can moderate the effects of fish predation (Eggleston et al.
1997; Caillaux and Stotz 2003; Hereu et al. 2005), and a
secondary influence of marine reserves on nontarget inver-
tebrate species is now widely accepted (McClanahan and
Shafir 1990; Sala and Zabala 1996; Shears and Babcock
2002; Guidetti 2006); however, the interacting expression
of these patterns for invertebrates over long time periods
has not been documented.

This study examines relationships between reef habitat
structure and key macroinvertebrate species through time
at protected and fished sites. We aim to determine whether
the changing community structure resulting from protec-
tion from fishing alters habitat associations of commer-
cially valuable and abundant invertebrate taxa. Abundances
of southern rock lobster Jasus edwardsii, blacklip aba-
lone Haliotis rubra and the purple sea urchin Heliocidaris
erythrogramma were obtained from a long-term (17 years)
ecological monitoring programme at two marine reserves
in south-eastern Tasmania, Australia. Data collected at
adjacent areas exposed to fishing pressure allowed separat-
ing the effects of the marine reserve from regional fluctua-
tions such as strong recruitment years (Booth et al. 2001)
or regional ocean temperature change (Ling et al. 2009;
Johnson et al. 2011).

Methods
Study region

Our study focused on two no-take marine reserves located
on the east and south-east coast of Tasmania, Australia
(Fig. 1). Maria Island and Tinderbox marine reserves
were declared in September 1991 but were not effectively
enforced for the first 12 months, and some fishing prob-
ably occurred during this period (Edgar and Barrett 1997).
Since establishment, biomass of large fishes has increased
by an order of magnitude in these reserve sites (Edgar et al.
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Fig. 1 Location of study sites Maria Island
in Tasmania, southern Australia.
Site markers with solid circles
were located within reserves; o)
open circles indicate fished sites .
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2009), including a 100-fold increase in abundance of the
carnivorous fish species bastard trumpeter Latridopsis for-
steri during the first 6 years, and an increase in mean size
of blue-throated wrasse Notolabrus tetricus (Edgar and
Barrett 1999). N. ftetricus along with the purple wrasse
Notolabrus fucicola feeds on juveniles of the commercially
important J. edwardsii (Mills et al. 2008) and abalone
(Shepherd and Clarkson 2001), among other invertebrates
(Metcalf et al. 2008). J. edwardsii is the dominant benthic
predator on Tasmanian rocky reefs (Pederson and Johnson
2006; Ling et al. 2009) and has greatly increased in number
and size in Tasmanian marine reserves (Barrett et al. 2009;
Edgar et al. 2009). Increased predation, particularly by lob-
sters, has apparently affected herbivorous invertebrates,
altering the behaviour, abundance and size structure of H.
rubra and H. erythrogramma (Johnson et al. 2004; Peder-
son and Johnson 2006; Pederson et al. 2008; Barrett et al.
2009).

Mobile invertebrates

Populations of mobile invertebrates were censused annu-
ally in autumn at 16 fixed-position sites in and around
Maria Island and Tinderbox marine reserves between
1992 and 2008 (excluding 1998 and 2003), as described
by Edgar and Barrett (1997). Six sites were located within

the Maria Island marine reserve and two sites in the Tin-
derbox marine reserve. Data from the two reserves were
considered together on the basis that Barrett et al. (2009)
reported similar magnitude of changes in the abundance
of rock lobster, abalone and sea urchins between the two
marine reserves since protection from fishing. Reef struc-
ture measurements were also similar between the marine
reserves. Surveyed sites were distributed haphazardly ca.
1 km apart across both reserves. An equivalent number of
‘control’ sites open to harvesting and in close proximity to
the protected areas were also monitored. The abundance of
noncryptic mobile invertebrates with a maximum dimen-
sion >20 mm was counted in a 1 x 200 m transect along
the 5-m-depth contour at each site. All animals observed
within cracks and crevices on the transect were counted;
however, there was no attempt to overturn boulders.

Three species were selected for detailed investigation.
The sea urchin H. erythrogramma possesses functional
importance as a dominant herbivore on the east coast of
Tasmanian (Sanderson et al. 1996), with the ability to cre-
ate small sea urchin barrens on sheltered and semi-shel-
tered reefs (Johnson et al. 2004; Pederson and Johnson
2008). The species is the basis of a small fishery in the
region (DEH 2005). The southern rock lobster J. edward-
sii and blacklip abalone H. rubra are the two most valu-
able wild-caught species in Tasmania, generating fisheries
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valued in 2010-11 at $60 and $97 million Australian dol-
lars, respectively (Skirtun et al. 2012).

Reef structure measurements

Two descriptors of rocky reef habitat structure, topographic
complexity and reef architecture, were measured at all
long-term monitoring sites. Topographic complexity was
calculated on a profile of consecutive water depth measure-
ments using a dive computer under calm sea-state condi-
tions at 1 m intervals along the 200 m of reef investigated
at each site. Topographic complexity was calculated as the
sum of the squared differences in depth between consecu-
tive observations along a transect, with the square root of
the sum total taken to linearise the final values. This metric
was introduced by McCormick (1994) in a study where it
differentiated between schematic profiles and displayed the
highest number of significant correlations with fish species
amongst nine metrics tested. The advantage of this meas-
urement over the conceptually similar, and more commonly
used, chain-and-tape rugosity measure is that it incorpo-
rates information on the spatial arrangement of substratum
heights (McCormick 1994), with the squared operator giv-
ing particular emphasis to large height changes over a short
horizontal distance. This has ecological relevance as many
reef species tend to aggregate around large ledges and
drop-offs (Leum and Choat 1980), features that are often
associated with deeply undercut horizontal caves on granite
and sandstone reefs around Tasmania (TJA, pers. obs.).

Measurement of reef architecture involved counting
the density small reef features presumed to provide ref-
uge from predation for vulnerable species (see methods
in Alexander et al. 2009). Briefly, reef features were con-
sidered to comprise a refuge where (1) three planes of the
substratum meet with at least one of these planes forming
an angle of <90°; (2) two planes of the substratum meet at
an angle of 45° or less; and (3) the refuge must be deeper
than the minimum dimension of its entrance. Small refuges
are features with the minimum dimension of their aperture
between 1 and 5 cm. Refuge counts used in the analysis
were averaged from eight 1 x 5 m surveys randomly dis-
tributed within each 200 m site. This measure is linked to
the combined abundance of the benthic invertebrate assem-
blage in this region (Alexander et al. 2009).

Statistical analysis

Analyses aimed to determine whether the rate of temp
oral change in invertebrate—habitat relationships differs
between fished and protected locations. The fact that newly
protected communities in marine reserves are in a state of
flux, while populations at fished locations remain rela-
tively stable, increases the likelihood of finding differences
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between protected and fished locations. Randomisation
tests were therefore necessary to determine whether the
increasing/decreasing relationships to reef structure are
truly linked to the reef structure at the sites or whether the
same relationship could also be found if the reef struc-
ture values were randomly re-organised among the sites.
Changing strength of invertebrate—habitat relationships
through time was therefore assessed using a three-stage
analysis. Initially, the relationships between the abundance
of each target species and reef structure metrics at each
time step was determined using linear regression mod-
els in R version 2.9.2 (R Development Core Team 2009).
The size of the R? value from each regression was used to
represent the relative strength of reef structure metrics in
describing variation in the abundance of the key species
among sites. Separate regression models were created for
sites inside and adjacent to the marine reserve in each
year. The second stage of the analysis involved the con-
struction of the linear regression model: R? ~ Time + Re
serve + Time x Reserve, where R? is the proportion of
variance explained by reef structure for each year (i.e. the
R? value derived from the regression models between the
response variable and reef habitat structure metric); ‘Time’
is the number of years since the declaration of the reserve;
and ‘Reserve’ is a categorical factor reflecting whether the
test was carried out on data from inside or external to the
marine reserve.

We test the null hypothesis that protection from fish-
ing did not affected relationships between invertebrates
and reef structure by examining the significance of the
Reserve x Time interaction term in the above model. A
significant interaction term indicates that change through
time in the strength of the invertebrate—habitat relationship
is different between protected and fished sites. Invertebrate
populations at Tinderbox and Maria Island marine reserves
are changing in response to protection from fishing while
populations at fished control sites are relatively stable
(Edgar and Barrett 1999; Barrett et al. 2009; Edgar et al.
2009). Since the reef structure is static through time, rela-
tionships to reef structure will not change whilst the inver-
tebrate abundance at these sites also remains constant. On
the other hand, habitat associations for populations in flux,
such as those at marine reserve sites, will almost certainly
increase or decrease through time. To accommodate this
elevated likelihood of finding a significant interaction term,
the values for each reef structure metric were randomly
reassigned between sites and the first two stages of the
analysis carried out between the randomised structure met-
rics and the true abundances of each of the three species.
This process was repeated 1,000 times. The F-statistic for
the interaction model based on the true data was then com-
pared with the distribution of F-statistics from the randomi-
sation tests. The interaction term was deemed significant if
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less than 5 % of randomised tests produced an F-statistic
greater than that the value for the real data.

Results

All three species tested showed gradually weakening rela-
tionships to habitat structure at protected sites through time
relative to fished sites. The two highly targeted commercial
species, J. edwardsii and H. rubra, were weakly associated
with habitat structure at protected sites immediately after
declaration of the marine reserves (linear regression of J.
edwardsii ~ Topographic complexity, for protected sites
in 1992: F = 0.11, p = 0.75, R* = 0.02; H. rubra ~ Topo-
graphic complexity, for protected sites in 1992: F = 0.21,
p = 1.83, R? = 0.03; Figs 2, 3, 4). However, these species
both experienced a rapid strengthening of their relation-
ship to habitat structure in the second year of protection.
The strongest trends occurred for J. edwardsii, which
exhibited a highly significant, positive relationship with

18 20 22 24 26
I

reef topographic complexity in the early years after protec-
tion (linear regression of J. edwardsii ~ Topographic com-
plexity, for protected sites in 1993: slope = 4.1, F = 54.1,
p <0.001, R> = 0.9; 1994: slope = 4.9, F = 16.7, p < 0.01,
R* = 0.74; Fig. 2). An increase in the density of this spe-
cies in the marine reserves over time, however, particularly
at sites with low and medium values of this habitat metric,
weakened the relationship until it was no longer significant
after 1999 surveys (linear regression of R> ~ Time, for pro-
tected sites: slope = —0.03, F = 8.6, p < 0.05, R? = 0.40;
Fig. 3). Running the analyses excluding the 1992 outlier
dramatically increased the significance and doubled the
R? of this regression (linear regression of R* ~ Time, for
protected sites excluding 1992: slope = —0.05, F = 45.9,
p <0.001, R? = 0.80). The relationship between J. edward-
sii and topographic complexity at fished sites was highly
variable between years and showed no significant direc-
tional change over time (linear regression of R* ~ Time, for
fished sites: F = 0.34, p = 0.34, R? = 0.07; Fig. 3). The
difference between fished and protected sites in the slope of
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Fig. 2 Scatterplots of annual data demonstrate the sudden increase,
then gradually weakening relationship between abundance of J.
edwardsii (per 200 m?, square root transformed) and reef topographic
complexity at protected sites (solid circles). The same relationship at
fished sites (open circles) remained weak and variable through time.
Particularly, high abundances of J. edwardsii were recorded at one

protected site in several years. These data were truncated from the
plots to facilitate trend visualisation in the remaining data. The topo-
graphic complexity of the excluded site was 2.37, and the abundance
of J. edwardsii in 1999 was 9.43, in 2000 was 6.86, in 2001 was 7.75,
and in 2002 was 6.93
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= this relationship was confirmed by the fact that the F-statis-
= tic for the R? ~ Time x Reserve interaction term was larger
g_ than 97.5 % of F-statistics based on models where the val-
€ @ ] ues of topographic complexity were repeatedly re-assigned

s for each site (Table 1).
< The strengthening negative relationship between H.
% © | rubra and topographic complexity in the second year of
§- ° protection was caused by an increase in abundance at less
'1_ complex sites and a decrease in abundance at sites with
S higher complexity. In the years that followed, a decrease
g ° in abundance of H. rubra at protected sites with low
§ topographic complexity caused a steady decrease in the
@ o strength of the negative, but nonsignificant, relationship
) between this species and habitat structure (linear regression
(\? R? ~ Time, at protected sites; slope = —0.01, F = 7.32,
@ ole f¢) o) ° 4 o ° p < 0.05, R> = 0.36; Fig. 4). The relationship between H.
—_—— rubra and topographic complexity remained stable at fished

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Years since reserve declaration

Fig. 3 Steadily decreasing R* values for linear regressions between
the abundance of rock lobster J. edwardsii and reef topographic
complexity at protected sites (solid circles). R* values at fished sites
(open circles) remain relatively constant through time. J. edwardsii
was positively related to topographic complexity in all annual regres-
sions. The dashed red line shows the p = 0.05 significance level for
a regression test within an individual year. Solid lines are LOWESS
trend lines
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Fig. 4 Weakening negative relationship between abundance of black-
lip abalone H. rubra and reef topographic complexity at protected
sites (solid circles), while the same relationship at fished sites (open
cirlces) remained low and variable through time. The dashed red line
shows the p = 0.05 significance level for a regression test within an
individual year. Solid lines are LOWESS trend lines
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sites throughout the survey period (linear regression of
R? ~ Time, at fished sites: F = 0.02, p = 0.89, R*> = 0.002).
Comparison with models on randomised reef structure

Table 1 Influence of protection on the strength of the relationship
between reef structure and invertebrates

Invertebrates Topographic complex- Reef architecture
ity
Fished  Protected Fished  Protected
Jasus edwardsii
Slope: R* ~ Time 0.010 —-0.035* —0.011 —0.001
F: Time x Reserve 8.3 1.4
Frandom > Freal 25 % 25.6 %
Haliotis rubra
Slope: R? ~ Time —0.001 —0.013* 0.011 0.001
Fq: Time x Reserve 3.8 0.4
Fandom > Freal 9.9 % 51.1%
Heliocidaris erythrogramma
Slope: R* ~ Time 0.0001  0.002 0.005 —0.021%**
F,: Time x Reserve 0.6 17.4
F >F 45.5 % 3.6 %

random real

‘Slope’ represents the slope coefficient of a linear regression between
R-squared values (for invertebrate—habitat relationships at each yearly
survey) and the number of years since reserve declaration with fished
and protected sites tested separately. Trends were summarised by
F .., which is the F-statistic for the interaction term of the regres-
sion model: R> ~ Time + Reserve + Time x Reserve, where the R>
is derived from the relationship between reef structure and biological
response at each year. F,, 4om > Freq Tepresents the significance of the
interaction term indicated by proportion of the regression models on
1,000 sets of randomised reef structure data with F-statistics for the
interaction term greater than that of the regression model based on the

reef structure data as collected

* Significant influence of time on the R? for the invertebrate—habitat
relationship at p < 0.05; ** p < 0.01
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data indicated that the original calculated F-statistic for
the Time x Reserve interaction was greater than 90.1 % of
F-statistics (Table 1). When data for the first year of protec-
tion were excluded from the regression of R*> ~ Time for
protected sites, the significance and fit of the relationship
increased dramatically (linear regression of R*> ~ Time, at
protected sites excluding 1992: slope = —0.02, F' = 23.3,
p <0.001, R> = 0.66).

The results of this study indicate that the greatest loss of
sea urchins in the marine reserve occurred at sites with high
reef architecture, which weakened the H. erythrogramma—
reef architecture relationship through time at protected
sites (linear regression of R? ~ Time, for protected sites:
slope = —0.02, F = 15.8, p < 0.01, R? = 0.55; Table 1).
The decline in the strength of this relationship was greatest
for the first 7 years of protection when R? values decreased
steadily from 0.42 in 1992 to 0.01 in 1999, after which it
varied but remained less than 0.2 (Fig. 5). Comparatively,
the relationship between H. erythrogramma and reef archi-
tecture remained stable at fished sites throughout the sur-
vey period (linear regression of R*> ~ Time, at fished sites:
F =227, p=0.16, R* = 0.15). The R*> ~ Time x Reserve
interaction term was larger than that of 96.4 % of ran-
domised models, indicating that these trends were unlikely
to have been caused by chance (Table 1).

0.5

0.4

0.3

oce

R?: Heliocidaris erythrogramma ~ Reef architecture
0.1

o
o °
co Ce @ e° o

0.0

1.2 3 4

5 6 7 8 9 10 11 12 13 14 15 16 17
Years since reserve declaration

Fig. 5 Decreasing R? values for linear regressions between the abun-
dance of sea urchin H. erythrogramma and reef architecture at pro-
tected sites (solid circles) for the first decade of protection. The same
relationship at fished sites (open circles) remained weak and variable.
H. erythrogramma was positively related to reef architecture in all
annual regressions. The dashed red line shows the p = 0.05 signifi-
cance level for a regression test within an individual year. Solid lines
are LOWESS trend lines

Discussion

With the declaration of the Tasmanian marine reserves in
1991, several invertebrate predators (predominantly fishes)
increased in abundance and size in response to release
from fishing pressure (Edgar and Barrett 1999). In the face
of this increasing predation, structurally complex habitats
presumably provided refuge for the small lobsters, realis-
ing the rapid strengthening of the lobster—habitat relation-
ship after only 2 years of protection. The rapidity of this
increase was probably enhanced as lobsters grew into size-
classes more likely to be observed by visual census, and as
divers became more experienced in the survey techniques
(Edgar and Stuart-Smith 2009).

The strong relationship of smaller J. edwardsii to habitat
structure in the initial years of protection reflects the fact
that many lobster species shelter among the structural fea-
tures of rocky and coral reefs (Barshaw and Spanier 1994),
particularly during the early stages of their life history
(Wahle and Steneck 1992; Weiss et al. 2008). Juvenile J.
edwardsii closely associate with reef features (Booth 2001;
Booth and Ayers 2005); however, the closeness of their
relationship to these features decreases with increasing
carapace length (Edmunds 1995). The mean size of rock
lobsters in Maria Island marine reserve increased relative
to fished areas over the first 10 years of protection (Bar-
rett et al. 2009). Presumably, the physical size and strength
of larger J. edwardsii deterred successful attacks by some
predator species, reducing the dependency of larger ani-
mals on reef structure and allowing protected sites with
lower topographic complexity to support greater numbers
of larger animals. This corresponds with observations of
this species in New Zealand (Freeman 2008), and our own
experience at long-protected sites where very large individ-
uals of J. edwardsii are often observed to openly forage on
exposed surfaces during the day.

The herbivorous sea urchin H. erythrogramma and
blacklip abalone H. rubra were initially related to different
elements of reef structure, and these relationships weak-
ened with time following protection from fishing. Common
explanations for the initial relationships with reef structure
include higher food availability as crevices trap drifting
algae (Shepherd 1973), higher settlement rates with topo-
graphic complexity restricting hydrodynamic flows caus-
ing greater retention of larvae (McShane et al. 1988), or the
structural characteristics of the reef providing protection
against predation (Eggleston et al. 1997; Grabowski 2004;
Weiss et al. 2008).

Following the latter scenario, we would expect increas-
ing association between prey species and habitat struc-
ture with the return of previously fished predators to the
marine reserve sites (Sih et al. 1985). Instead we observed
a weakening of prey-habitat linkages through time. One
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Fished conditions

Fig. 6 Relationship between invertebrates and habitat structure under
fished and protected conditions. Commercial and recreational fishing
appeared to suppress the expression of natural lobster—habitat rela-
tionships. After protection, smaller rock lobsters were initially more
abundant at sites with high reef structure. Lobsters then increased
in size at all protected sites (Barrett et al. 2009), and particularly
increased in abundance at sites with low and medium reef structure.
Sea urchins and abalone both decreased in number from sites where
they were initially abundant (abalone: low topographic complexity;
sea urchins: abundant reef architecture)

explanation is that while reef structural features were ini-
tially sufficient to provide a buffer against the predator
guild present before the reserve came into place (i.e. low
numbers of small lobsters and fish), the increasing number
and size of rock lobsters and demersal fishes increased their
predatory capacity until they were able to overcome most
benefits offered by the refuges to prey species (summarised
in Fig. 6). For J. edwardsii, the dominant benthic predator
on rocky reefs in Tasmania (Pederson and Johnson 2006),
larger individuals are able to attack and consume larger sea
urchins and become more effective at consuming juvenile
urchins with increasing lobster carapace length (Andrew
and Macdiarmid 1991; Guidetti 2004; Pederson and John-
son 2006).

Larger lobsters also presumably possess longer and
stronger fore-legs, allowing them to remove urchins and

@ Springer

abalone from reef structural features that provide refuge
against smaller lobsters. Andrew and Macdiarmid (1991)
identified that the provision of shelter increased the survivor-
ship of small sea urchins subject to predation by J. edwardsii
in laboratory studies. The experiments of these researchers
could be extended to test the ability of different sized lob-
sters to remove (and consume) small urchins and abalone
from within different shapes and sizes of reef architectural
features. Explicit, quantitative criteria could then be derived
to describe specific reef features that provide spatial refuge
for prey species. This information would be particularly use-
ful in Tasmania where the increase in predator biomass, par-
ticularly rock lobsters, in marine reserves is thought to be the
main contributor to the steady decline in the abundance of
emergent highly valuable H. rubra at protected sites (Barrett
et al. 2009; Babcock et al. 2010). Knowledge of particular
reef features that offer refuge for H. rubra against J. edward-
sii could be used to identify reef areas for closure as fisheries
enhancement or insurance populations in Tasmania, allowing
the persistence of healthy abalone populations in the pres-
ence of elevated rock lobster predation.

The changing relationships between mobile macroin-
vertebrates and their habitat presented here suggest that
researchers should not assume that models developed to
describe habitat associations of marine species, based on
one or two temporal samples collected over a short dura-
tion, will apply equally well through time. This is particu-
larly the case for biological communities subject to a per-
turbation such as the declaration of a marine reserve where
species, and their relationship to the environment, can
continue to change after more than a decade of protection
(Shears and Babcock 2003; Russ and Alcala 2004; Edgar
et al. 2009). Numerous studies of relationships between
reef habitat structure and fishes and invertebrates have
been undertaken in marine reserves (Lecchini et al. 2002;
Friedlander et al. 2003; Willis and Anderson 2003; Garcia-
Charton et al. 2004; La Mesa et al. 2004; Hereu et al. 2005;
Alexander et al. 2009), and our results suggest that the
temporal persistence of the relationships reported depends
on whether the community has stabilised after rebuild-
ing populations of fished species. In circumstances where
the changing nature of structure—abundance relationships
is driven by recovery of predator populations, models of
species—habitat relationships are likely to be improved by
including predation pressure as a covariate.

Our results also highlight the value of no-take marine
reserves in creating ecological conditions that are absent from
physically similar, nearby seascapes due to pervasive com-
mercial and recreational fishing (Edgar et al. 2009). These
unique conditions facilitate valuable research on ecological
interactions, both among species and between species and
their environment (see other important examples by Ling
et al. 2009; Eddy et al. 2014), particularly since they more
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closely reflect the ecological context under which the com-
munities evolved (e.g. Heino et al. 2013). This knowledge
can, in turn, be used to inform conservation planning and the
management of commercially valuable species. In this case,
the changing relationships between lobsters, abalone and reef
structure after protection emphasises that habitat quality plays
an important role in the trajectory of recovery for fished spe-
cies (see also Alexander 2013). This suggests that reefs closed
for the purposes of fisheries enhancement (as insurance popu-
lations), conservation of biodiversity, or as buffers against the
effects of climate change (Ling et al. 2009), should include a
range of habitat features to accommodate shifting ecological
requirements of commercially important and keystone spe-
cies with both increasing density and ontogenesis.
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