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Abstract Where to place marine protected areas (MPAs)
and how much area they should cover are some of the
most basic questions when designing MPAs. Based on the
theory of island biogeography, larger reserves are likely to
protect more species and individuals but smaller reserves
have been shown to positively influence populations. In
this study, we assess a localised population of the ecologi-
cally and economically important southern rock lobster
(Jasus edwardsii) inside and outside a small reserve. We
used standardised fishery assessment trapping methods to
sample J. edwardsii populations inside a reserve and an
adjacent area outside the reserve. The population charac-
teristics of the captured individuals were compared inside
and outside the reserve using ¢ tests (male size, female size,
number of reproductive females, number of individuals
and biomass), and we found that there were significantly
greater numbers and larger individuals and biomass inside
the reserve. However, many assessments of MPA effective-
ness are confounded by differences in habitat. To account
for possible differences in habitat, we collected multi-
beam bathymetry data to allow us to characterise seafloor
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structure and video data to assign each sampling location
to a biotope class based on macroalgae assemblages. Then,
using generalised linear models (GLMs), we assessed dif-
ferences in populations while accounting for habitat. The
GLMs revealed that there was still a significant differ-
ence in populations inside the reserve despite habitat dif-
ferences inside and outside the reserve. We demonstrate a
methodological approach to provide a baseline data set to
assess MPA effectiveness through time and measure how
habitat may respond to indirect consequences of fishing or
other human impacts at the species or ecosystem level. We
also highlight some of the limitations in sampling design
and data availability common in MPA studies and resulting
implications for assessment.

Introduction

Marine protected areas (MPAs) continue to grow in popu-
larity as anthropogenic impact on marine ecosystems per-
sists (e.g. over-fishing, destructive fishing methods, pollu-
tion, coastal development; Halpern 2003). Although MPAs
are popular tools for managing fisheries and/or preserving
representative biodiversity (Allison et al. 1998; Lauck et al.
1998), decisions on their placement are usually part of
social and political processes where biological effects are
not always considered or known at inception (Jones et al.
1992; Agardy 1994). Regardless, where to place MPAs and
how much area they should cover are some of the most
basic questions when designing MPAs. Edgar et al. (2014)
found that a combination of five key features (no take,
well-enforced, old (>10 years), large (>100 km?), and iso-
lated by sand or deep water) contributed to MPA success
and positive trajectories of population recovery. Addition-
ally, based on the theory of island biogeography, larger
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reserves are likely to protect more species (MacArthur and
Wilson 1967) but there are still mixed results on how the
size of an MPA impacts the recovery of heavily fished spe-
cies. A review by Halpern (2003) showed that the impact of
reserves was positive irrespective of size, and some MPA
studies have found that there are minimal or insignificant
correlations between size and effectiveness, depending on
the aspect considered (C6té et al. 2001; Guidetti and Sala
2007). However, for an MPA of any size to be effective, it
requires the incorporation of essential habitat to the species
targeted for protection (Lee et al. 2015).

One of the potential benefits of MPAs is the ability to
restore stocks of commercially fished species within their
boundaries with the expectation of spillover to areas out-
side the protected area through movement of adults or as
a source for larval dispersal (Harmelin-Vivien et al. 2008;
Lester et al. 2009; Harrison et al. 2012). The effectiveness
that MPAs provide to meet conservation goals depends on
the level of protection legislated and enforced (Fitzsimons
2011). For example, globally it is estimated that only 6 %
of MPAs are classified as strict ‘no-take’ nature reserves
(Costello and Ballantine 2015). Considering that 60 % of
these are less than 1 km? (Costello and Ballantine 2015),
local scale information is required to assess the conserva-
tion effectiveness and resource protection afforded by these
small reserves (McLaren et al. 2015). There are examples
of small MPAs having positive effects on the recovery of
fishery-targeted species. A small marine reserve in China
had a positive effect on recovery of sea urchin populations
(Lau et al. 2011). In addition, Afonso et al. (2011) showed
that groupers—an endangered species—had high site fidel-
ity within a small marine reserve in the Azores, mid-north
Atlantic, suggesting that small reserves can promote recov-
ery of endangered fish species as long as the species has
a high site fidelity and do not emigrate outside reserve
boundaries. Therefore, as long as an MPA captures the
home range or activity area of a species targeted for protec-
tion, biomass can increase inside the boundaries (Kramer
and Chapman 1999) and result in a ‘reserve effect’ (Halp-
ern and Warner 2003).

In 1998, Australia committed to establishing a system
of MPAs within its marine jurisdiction after signing onto
the Convention on Biological Diversity. These actions
resulted in the creation of large MPAs offshore and a net-
work of MPAs in coastal regions. The coastal MPAs were
often restricted in size due to conflicting interests of stake-
holders (Wescott 2006; Agardy et al. 2011; Kearney et al.
2012). Each state in Australia is responsible for developing
MPAs in their jurisdiction, which is out to three nautical
miles from the coastline (Wescott 2006). In 2002, the state
of Victoria greatly increased its coverage of MPAs and now
5.3 % of the 8000 km? state waters in Victoria, Australia,
is currently fully protected in no-take reserves (Wescott
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2006). These no-take areas were set up to maintain exam-
ples of Victoria’s biodiversity and associated ecological
processes (Parks Victoria 2007). Although management of
fisheries species is not an explicit goal of Victorian MPAs,
there is potential that these protected areas are supplement-
ing other fishery management actions by not allowing take
within their boundaries. They also provide an opportunity
to serve as benchmarks against which non-protected marine
areas may be compared.

One fishery species potentially benefitting from MPAs is
the southern rock lobster, Jasus edwardsii. Jasus edwardsii
is a commercially, recreationally and traditionally impor-
tant species throughout its range in Southern Australia
and New Zealand (Booth 1997; Gardner et al. 2003). The
southern rock lobster (J. edwardsii) fishery in Victoria,
Australia is the second largest fishery and makes up 27 %
of wild-caught value within the state. This fishery is man-
aged through both effort controls on number of licences
and pots and also through total allowable commercial
catch, which has recently declined due to poor stock status
(Punt et al. 2013). Although exploitation has been linked
to declining stocks of J. edwardsii, environmental change,
such as change in ocean temperatures or currents, can also
affect larval size, growth rate (Bermudes and Ritar 2008)
and recruitment (Ridgway 2007). With declining stocks of
J. edwardsii, MPAs have the ability to maintain a residual
biomass as biomass is reduced through fishing.

Previous studies on the effect of MPAs on J. edward-
sii have shown variable responses to spatial protection
indicating that supply-side dynamics may have a signifi-
cant influence on recovery patterns (Freeman et al. 2012).
Some studies showed increased size and density inside
MPAs (Edgar and Barrett 1997; Kelly and MacDiarmid
2003; Barrett et al. 2009a), but other studies showed that
unmanaged fishing effort displaced by closed areas can
have negative effects on populations in locations left open
to fishing (Gardner et al. 2000). A modelling study com-
pleted in Tasmania, Australia showed that the placement
of large MPAs may have negative impacts on J. edwardsii
populations unless allowable catch was reduced by at least
as much as the amount displaced by MPA implementation
(Haddon et al. 2002). Additionally, foraging ranges may
impact the ability of a small MPA to protect populations
if foraging ranges cross MPA boundaries. Jasus edwardsii
also have an extensive larval stage (~2 years) metamor-
phosing to the post larval stage (puerulus), which settle on
coastal shelf rocky reefs. (Morgan et al. 2013). Therefore,
J. edwardsii would likely benefit from a network of MPAs
that protects several local populations across their dis-
persal range so that there are a larger number of healthy
source populations to replenish numbers along the geo-
graphic range of a network through larval dispersal and
adult movement.
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To determine whether there is a reserve effect, protec-
tion status needs to be decoupled from habitat availability
when comparing areas inside and outside MPAs. However,
one challenge in MPA assessment is often lack of habitat
information at a scale relevant to MPAs (Young and Carr
2015) and their biodiversity. The development of seafloor
mapping technologies such as multibeam sonar allows us
to quantify variation in seascape characteristics in unprece-
dented detail (Brown et al. 2011). In addition, remote video
techniques allow for the rapid assessment of benthic algal
communities (Young et al. 2015). Combined, these physi-
cal and biotic data can provide an assessment of environ-
ment and habitat conditions that may affect the distribution
of keystone species. They can also provide a useful base-
line to track indirect consequences of habitat response to
protection. A method of testing for reserve effects with-
out confounding the results with differences in available
habitat is to integrate protection status with mapping and
monitoring of reef ecosystems into models such as gener-
alised linear models (GLMs) or generalised additive mod-
els (GAMs). By incorporating habitat, these models enable
testing of reserve effects while accounting for differences
in habitat inside and outside reserves.

In this study, we conduct a case study to determine
the effect of a small MPA on a localised population of J.
edwardsii with the following objectives: (1) determine
whether a small MPA is associated with increased J.
edwardsii biomass or size of individuals; and (2) deter-
mine the effect of seafloor structure, biological habitat
and distance from MPA on J. edwardsii count, size and
reproductive condition. To meet these objectives, we used
standardised fishery stock assessment methods to sample
J. edwardsii populations inside and outside a small MPA.
We also collected multibeam data to provide information
on the structure of the seafloor and video data to classify
biological benthic habitats. We then compared the popula-
tions inside and outside the MPA to see whether there were
significant differences and used GLMs to incorporate ben-
thic habitats into the inside/outside comparison.

Materials and methods
Study site

The study site for this project is a small MPA, the Merri
Marine Sanctuary (MMS) and its adjacent waters. The
MMS is located on the coast at Warrnambool, Southwest
Victoria, Australia (Fig. 1). Established in November 2002,
it covers 29 ha and has a depth range from O to 15 m (Bar-
ton et al. 2012). The seafloor within the MMS is dominated
by shallow subtidal rocky reefs interspersed with sand
patches (Monk et al. 2008). The MMS meets three of the

five criteria outlined by Edgar et al. (2014) for successful
MPAs [no take, well-enforced and old (>10 years)].

Jasus edwardsii survey

In February 2013, we used standardised fishery assessment
trapping methods to sample J. edwardsii populations. Lob-
ster pots were baited with 1 kg of locally available bait and
escape gaps were wired shut (Woods and Edmunds 2013)
as an extension to the Parks Victoria Subtidal Reef Moni-
toring Program. We deployed 40 spatially referenced pots
within the MMS and 100 pots in areas surrounding the
sanctuary over three nights in the MMS (n = 15, 15, 10)
and two nights outside the MMS (n = 50, 50; Fig. 1) to
limit the potential of temporal variability associated with
catch. The sampling outside the MMS was part of the
annual Victorian Department of Environment and Primary
Industries fishery independent fixed site survey (Depart-
ment of Primary Industries, 2009). The sampling inside
the MMS was an adjunct to the Parks Victoria Victorian
Subtidal Reef Monitoring Program.

Captured J. edwardsii were counted and sexed, females
were assessed for reproductive condition, and all lobsters
were measured for carapace length (CL). To calculate J.
edwardsii biomass, we used the length—weight relationship
provided in Punt (2003) and used by Woods and Edmunds
(2013): W = aCL®, where W is the weight in kilograms,
CL is carapace length and a and b are coefficients related
to sex and size class (Females: a = 0.000271, b = 3.135;
Males: a = 0.000285, b = 3.114).

Seafloor structure data

We collected multibeam sonar data in strips over each pot
location to characterise the localised seafloor structure using
a Kongsberg Maritime EM2040C in March—-May 2014
(Fig. 2). In total, we collected 164 ha of data with 8 ha within
the MMS. Once collected, these data were manually cleaned
in CARIS HIPS and SIPS 8.1 using standard hydrographic
data cleaning procedures, exported at 0.50-m resolution and
brought them into IVS Fledermaus for interpolation. Once
interpolated to fill small gaps in the 0.5-m resolution data,
we converted the data to a digital elevation model (DEM)
and brought the DEM into ArcGIS 10.1 for analysis.

We used the DEM to derive a number of structure vari-
ables (using the ArcGIS software plugin Benthic Terrain
Modeller 3.0; Wright et al. 2012): depth, slope, rugosity,
bathymetric position, curvature, variation in depth, cosine
of aspect and sine of aspect (Table 1; Fig. 2). We selected
these indices for their known influence on distributions of
biological assemblages (Ierodiaconou et al. 2007; Rattray
et al. 2009) and their expected influence on J. edwardsii
distribution. We then calculated the mean value of each
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Fig. 1 Study site for the project located oft Warrnambool, Victoria, in south-eastern Australia. The light grey circles represent sample locations

inside and outside the Merri Marine Sanctuary (outlined in black)

index within a 40-m circular radius around each pot loca-
tion using the Focal Statistics tool. Characterising seafloor
structure at this range allowed to account for variation of
seafloor structure characteristics around each pot location
that could impact J. edwardsii movement.

Biotope characterisation

In addition to the physical structure of the seafloor, benthic
algal communities can also be used as an index of environ-
ment and habitat conditions that may affect the distribution
of J. edwardsii. To assess biogenic habitat, we used a delta
vision HD underwater video camera at a 45° angle to survey
the benthic habitat around each trap position. The video foot-
age was classified into one or more biotopes in accordance
with a modified INCC scheme (Connor et al. 2004), estab-
lished for classifying subtidal reef communities across the
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state of Victoria. The scheme is based on the floristic (sea-
weed) composition of the reef community and is hierarchical.
Following the modified JNCC classification scheme, biotope
complexes were determined according to major structural fea-
tures; biotopes were identified according to suites of conspic-
uous species; and sub-biotopes were defined by less obvious
differences in species composition but typically reflect more
subtle geographic variations. There were 40 distinct biotopes
and sub-biotopes recognised from the video ground truthing.
The hierarchical scheme was used to pool these into 11 bio-
tope complex classes for quantitative analysis (Table 2).

Comparison of Jasus edwardsii populations inside
and outside reserve

Statistical tests for male and female size (average weight),
female reproductive condition, number of individuals and
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structure: a coverage of the multibeam sonar data (dark grey) in rela-
tion to the pot sampling locations (white) inside and outside the Merri
Marine Sanctuary with extent of area used to show derived variables

total catch (biomass) per unit effort (CPUE, average catch
per pot lift) were conducted. Separate t tests were run to
compare male size, female size, female reproductive con-
dition, count and CPUE inside and outside the MMS. To
offset the problem of multiple comparisons, a Bonferroni
correction was applied to the alpha level of 0.05 to reduce
the occurrence of a Type I error (o« = 0.05/5 = 0.01).
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To determine whether seafloor structure and biogenic
habitat contributes to J. edwardsii distribution inside and
outside the MMS, GLMs were created using the glm func-
tion in R statistical software (R Development Core Team
2015). GLMs are flexible and appropriate for analysing
ecological relationships (Austin 1987) because they do not
force data into unnatural scales and allow for nonlinearity
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Table 1 Description of multibeam bathymetry data derivatives used for physical habitat characterisation

Bathymetry derivative Description

Tool used to calculate variable®

Slope tool in BTM

Depth Water depth for each cell in the gridded data derived from the n/a
multibeam bathymetry data

Slope Maximum change in depth from each cell in its three-by-three
neighbourhood

Rugosity Ratio between the three-dimensional surface area and the pla-

Surface Area to Planar Area tool in BTM

nar area of a surface in a three-by-three neighbourhood

Bathymetric position

A measure of a cell’s depth relative to its surrounding cells at a Broad Scale BPI and Fine Scale BPI tools in BTM

defined scale (10-, 15-, 20- and 25-m scales were computed)

Curvature
deviates from a straight line

Variation in depth

Describes how much a cell in a three-by-three neighbourhood

Differences in depth within a three-by-three neighbourhood
measured as the standard deviation of depth

Curvature tool in BTM

Depth Statistics tool in BTM

Cosine of aspect (northing) Identifies downslope direction (northing) of the maximum rate Aspect (Statistical) tool in BTM
of change in value from a cell to its neighbour

Sine of aspect (easting)

Identifies downslope direction (easting) of the maximum rate

Aspect (Statistical) tool in BTM

of change in value from a cell to its neighbour

4 BTM denotes Benthic Terrain Modeller 3.0 (Wright et al. 2012)

Table 2 Biotope complexes and classes for this study with classes in approximate order of highest to lowest wave exposure

Biotope complex letter Biotope class no. Biotope complex and biotope description

A High energy sublittoral rock Phyllospora communities

Phyllospora comosa forest with coralline crusts and thallose red algae

2 Complex of Phyllospora comosa stands with open sandy hollows or sandy veneer reef
B High energy sublittoral rock Ecklonia—Phyllospora communities
3 Ecklonia radiata and Phyllospora on exposed subtidal rock
4 Complex of Ecklonia radiata and Phyllospora with sandy veneer patches
C High energy sublittoral rock Ecklonia-dominated communities
5 Ecklonia radiata with crustose coralline algae and sparse foliose red seaweeds on exposed subtidal
rock
6 Ecklonia radiata with abundant foliose red seaweeds on exposed subtidal rock
D High energy sublittoral rock Cystophora and other fucoid communities

Acrocarpia, Cystophora and erect corallines on exposed subtidal rock

Carpoglossum and Cystophora on exposed rock

Mixed Cystophora, Perithalia and Caulerpa assemblages on moderately exposed rock.

10 Mixed Cystophora sandy veneer complex with Rhodymenia
E Foliose red seaweeds on exposed upper infralittoral rock
11 Foliose red seaweeds on exposed upper subtidal rock

and non-constant variance structures in the data (Hastie
and Tibshirani 1990, Guisan et al. 2002). Prior to running
the GLMs, we tested for variable distribution using Cleve-
land dotplots and correlation between variables using Pear-
son’s correlation and variance inflation factors (VIFs). We
tested for assumptions of the GLMs, including independ-
ence of observations (spatial autocorrelation). No variables
required transformation, and only those variables with
Pearson’s correlation coefficients less than 0.50 and VIF
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values less than five were included in the same model. Best
fit GLMs were developed for each response variable (male
size, female size, total biomass, count and female repro-
ductive condition) using an iterative approach where vari-
ables were removed and/or replaced until the best fit model
was developed. Model fit was determined using deviance
explained, variable significance and AIC when avail-
able (e.g. when response variable was made up of integer
values).
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Table 3 Comparison of Jasus edwardsii statistics inside (n = 40) and outside (n = 100) the Merri Marine Sanctuary (MMS)

Location Sex No. of No. of Average SD of Biomass (g)  Average SD of No. of
individuals  legal size carapace average cara- weight (g)  average reproductive
individuals  length (mm)  pace length weight females
Inside MMS  Male 131 87 115 17 3031 870 364
Female 197 71 100 7 3393 551 84 177
Total 328 158 107 5766 712
Outside MMS Male 159 43 104 15 1388 617 364
Female 228 9 96 6 2222 521 75 166
Total 387 52 99 1978 579
a Male J. edwardsii Size b Female J. edwardsii Size
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Fig. 3 Jasus edwardsii male and female size distributions (carapace
length) inside and outside the Merri Marine Sanctuary (MMS) with
the length of legal size for males and females displayed as a dashed

Results

Comparison of Jasus edwardsii populations inside and
outside reserve

A total of 715 J. edwardsii were captured with 328 captured
inside the MMS (40 pot lifts) and 387 in surrounding waters
(100 pot lifts; Table 3). Overall, more females were captured
in comparison with males and males had a greater range in
size. Much of the female population was below the legal
minimum length (LML), with a higher number of lobsters

black line in each distribution plot: a males inside the MMS, b
females inside the MMS, ¢ males outside the MMS and d females
outside the MMS

just above the LML inside the MMS when compared to out-
side (Fig. 3). The male population did not have a marked dif-
ference in abundance above and below the LML. The mode
of the size frequency structure was above the LML inside
the sanctuary and below the LML outside the sanctuary. The
largest observed individuals were males inside the sanctu-
ary. Outside the MMS, only 52 individuals of legal size were
captured compared to the 158 captured inside the MMS
despite less than half the effort. Legal sized individuals were
more prevalent inside the MMS where 48 % were of legal
size while only 13 % outside the MMS were of legal size.
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Table 4 Results from the generalised linear models (GLMs) used to associate Jasus edwardsii population characteristics with habitat and pro-

tection status

Population characteristic Biotope complex Variables Relationship P value Total deviance
included explained (pseudo R?)
Male size (average weight) No Depth Negative <0.001 19.4 %
Distance to MMS Negative 0.035
Yes Depth Negative <0.001 232 %
Biotope Complex N/a 0.004
Female size (average weight) No Distance to MMS Negative 0.001 7.6 %
Yes Distance to MMS Negative 0.001 7.6 %
# of reproductive females No Distance to MMS Negative <0.001 21.5 %
Yes Biotope complex N/a <0.001 25.0 %
Distance to MMS Negative <0.001
# of individuals per pot lift No Distance to MMS Negative <0.001 24.7 %
Depth Negative 0.001
Variation in depth Negative 0.013
Yes Biotope complex N/a <0.001 302 %
Distance to MMS Negative <0.001
Slope Negative <0.001
Depth Negative <0.001
Average biomass per pot lift No Distance to MMS Negative <0.001 39.2 %
Depth Negative <0.001
Slope Negative 0.017
Yes Biotope complex N/a <0.001 42.6 %
Distance to MMS Negative 0.001
Depth Negative 0.002
Slope Negative 0.014

The ¢ tests used to test for differences inside and outside
of the MMS on female and male size (average weight),
female reproductive condition, number of individuals and
total catch per unit effort (CPUE) measured as biomass
showed that there were significant differences in each of
these characteristics of the J. edwardsii population inside
and outside the MMS. There was a significant difference
in both female and male size with sizes larger inside the
MMS compared to outside (female weight: t = 3.574, P
value = 0.001; male weight: t = 3.988, P value < 0.001).
There were significantly more reproductive females per
pot lift inside the MMS compared to outside (t = 5.887, P
value < 0.001). There was significantly higher abundance
inside compared with outside the MMS, both in terms of
counts of individuals per pot lift ( = 5.338, P value < 0.001)
and biomass per pot lift (r = 6.283, P value < 0.001).

Results from the GLMs, applied to determine the effect
of seafloor structure and biogenic habitat on the distribution
of J. edwardsii, provided differing results for each of the
population characteristics (Table 4). To ensure adequate sam-
ple sizes per group, we used biotope complex, rather than
biotope as an explanatory variable (i.e. the reduced number
of classes allowed for more observations per class). Each
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population characteristic was included in a model with and
without biotope complex as a variable because the sample
sizes were skewed by biotope complex. By running models
with and without biotope complex, we were able to deter-
mine the effect of biotope complex on each population char-
acteristic and whether or not inclusion of biotope complex
altered relationships with other variables. The GLMs for
male size found depth and distance to MMS to be the habi-
tat variables important to explaining variation when biotope
was not included in the model. When biotope complex was
included, distance to MMS dropped out at both scales and
was replaced by biotope complex. The largest males were
found in biotope complex A (high-energy sublittoral rock
Phyllospora communities; Fig. 4a). The total deviance
explained ranged from 18.7 to 23.2 % with higher devi-
ance explained in those models containing biotope complex
as a variable (Table 4). The only variable that came up as a
significant factor explaining variation in female size across
all GLMs was distance to MMS. The deviance explained
was relatively low for these models (pseudo-R*> = 7.6 %;
Table 4). Distance to MMS was the only variable found
significant in the GLM for number of reproductive females
when biotope was not included (pseudo-R* = 21.5 %).
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When biotope complex was included as a variable, it was
also found significant and increased the deviance explained
to 25.0 % (Table 4). Biotope Complex A was associated
with the largest number of reproductive females (Fig. 4c).
Results from the GLMs for the number of individuals per
pot lift (count) varied with scale and inclusion of biotope. In
all models, depth and distance to MMS were significant and
some measure of seafloor complexity (slope or rugosity) was
significant in all GLMs except for the GLM with no biotope
complex. When biotope complex was included, it was sig-
nificant and the greatest number of individuals was found in
Biotope Complex A (Fig. 4d). The deviance explained for
these models ranged from 23.1 to 30.2 % and those models
with higher deviance explained contained biotope complex
as a variable (Table 4). Finally, distance to MMS, depth and
slope were significant in all the GLMs for average biomass
per pot lift (CPUE). Also, when biotope was included in the
GLM, it was found significant and, again, Biotope Complex
A contained the greatest lobster biomass (Fig. 4e). These
GLMs for biomass had the highest deviance explained of all
the models ranging from 35.6 to 42.6 % (Table 4).

Discussion

Overall, this study has shown that a small, no-take MPA
(25 ha) can support a large population of J. edwardsii with
increased size and number of individuals within its bounda-
ries. The information from this study can also be used as a
baseline for measuring reserve effects as population trajec-
tories are traced through time. The differences in size and
abundance were in agreement with other studies compar-
ing J. edwardsii populations inside and outside MPAs in
New Zealand (Kelly et al. 2000; Shears et al. 2006; Free-
man et al. 2012) and Tasmania (Barrett et al. 2009a, b).
Barrett et al. (2009b) showed an increase in population
up to 250 % following MPA protection, with an increased
abundance of large J. edwardsii individuals within reserves.
These previous studies combined with this study strengthen
the evidence that MPAs have the potential to benefit J.
edwardsii populations in areas previously targeted by com-
mercial fisheries. In addition, these areas serve to bolster
the biomass of broodstock, potentially contributing to the
sustainability and catch levels of the fishery.

Our study showed that size and abundance of J. edward-
sii outside the MMS increased closer to the sanctuary
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boundaries, suggesting that the MMS may be supplying
individuals to surrounding waters open to the fishery and
enhancing catch numbers. Only 13 % of the population
outside the MMS were at or above the legal size limit for
commercial catch compared to the 48 % inside the MMS
and there was a much steeper change in size frequencies at
the legal size limit outside compared to inside the MMS.
The observed size frequency pattern was consistent with
the presence of fishing pressure outside the MMS.

Biotope complex was often the most important vari-
able in the GLMs suggesting that macroalgae communi-
ties are important to the distribution and abundance of J.
edwardsii. The presence of macroalgae on temperate reefs
reduces predation risk, increases structural complexity
and provides habitat for prey species (Villegas et al. 2008;
Kovalenko et al. 2012). The results from this study suggest
that Phyllospora-dominated communities are associated
with larger numbers of and larger sized individuals of J.
edwardsii. Phyllospora comosa is a large brown macroal-
gae that forms forests on shallow rocky reefs throughout
south-eastern Australia and is commonly called ‘cray-
weed’ because ‘crayfish’ (spiny lobster; e.g. J. edwardsii)
are often found in it. Additionally, Phyllospora-dominated
areas were linked to higher abundance of sea urchins and
abalone compared to other shallow subtidal habitats (Mar-
zinelli et al. 2014), which are common prey for adult J.
edwardsii (Edmunds 1995). It is also possible that the lob-
ster—Phyllospora relationship is not a direct one, with both
corresponding to aspects of wave exposure.

Although the Phyllospora biotope complex was mainly
sampled within the boundaries of the MMS, male size was
the only population characteristic where distance to MMS
dropped out of the model when biotope was included.
Therefore, the analyses indicated there was a relationship
between lobster population parameters and distance from
the reserve but that there was also a strong relationship of
lobster parameters with habitat type. Both variables are
likely to influence J. edwardsii, but without sampling bio-
topes at varying distances from the sanctuary, we cannot
determine the relative importance of each. However, this
study shows the importance of assessing multiple aspects
of habitat when conducting analyses on the effectiveness of
MPAs. Marine protected areas are often established across
heterogeneous habitat features, and without accounting for
differences in habitat when determining the effectiveness of
a reserve, reserve effects cannot be decoupled from natural
variability (Claudet and Guidetti 2010).

Jasus edwardsii are obligate crevice dwellers and are
found on all rock types and geomorphological structures
in the 1- to 200-m depth range, provided there is suitable
shelter (Booth 1997; MacDiarmid et al. 1991; Edmunds
1995). They reside in ‘dens’ within crevices or under ledges
formed by the reefs and are important reef predators that
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forage on slow-moving benthic invertebrate prey such as
ophiuroids, bivalves, sea urchins and abalone (Jernakoff
et al. 1987; Edmunds 1995). Although crevices and shel-
ter are often associated with more complex reef habitat, we
recognise that our methods did not measure differences in
shelter availability directly. We assume that our substratum
complexity indices are related in some way to lobster shel-
ter and foraging habitats and recognise that these analyses
could be improved in the future through the inclusion of
more direct geomorphological description. In this study,
we used different characteristics of the seafloor (e.g. slope,
rugosity) as proxies for habitat that may support crevice
habitat. We note that lobster crevice habitat can occur on
non-complex substratum structures, but the indices used in
this study provide a better indication of crevice habitat than
no access to seafloor data.

Although the results from this study suggest that this
localised population of J. edwardsii are benefitting from
this small MPA, there are limitations in the study design.
First of all, there is no adequate data on this population
before implementation of the MPA and, therefore, we have
no conclusive knowledge signifying whether the larger
population within the MMS is due to historical distribution
or whether the population is responding to a removal of
fishing pressure. Additionally, we only evaluated the effect
of one MPA in this pilot study. To determine how well
MPAs are contributing to the recovery of J. edwardsii pop-
ulations, more MPAs need to be examined for both lobster
populations and habitat characterisations over longer time
periods. Then, these data could be used to validate popula-
tion models already used to assess recovery of J. edwardsii
through time (e.g. Hobday et al. 2005). Variation among
reserves, both in size and habitat within their boundaries,
is known (Halpern 2003) and may result in different effects
on J. edwardsii population characteristics. The methods we
applied in this study could help to account for variation in
habitat across MPAs to find whether there is a reserve effect
on J. edwardsii populations. As density-dependent spillover
of species biomass into waters adjacent to MPAs has been
recorded worldwide (McClanahan and Mangi 2000; Abe-
samis and Russ 2005; Goiii et al. 2008), the larval export
of J. edwardsii from the MMS may contribute to popula-
tions outside the study area. Jasus edwardsii have a com-
plex early life cycle and can spend 12-24 months within
oceanic waterbodies undergoing 11 larval stages before set-
tling (Thomas et al. 2000; Linnane et al. 2014). Previous
studies have suggested that Australian J. edwardsii popula-
tions are responsible for some trans-Tasman larval flow that
contributes to and possibly maintains New Zealand popula-
tions (Chiswell et al. 2003; Morgan et al. 2013).

Another limitation of this study was data availability.
Auvailable fisheries monitoring data outside the MMS were
limited to the east of the sanctuary. A complete evaluation
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of the presence or absence of spillover from the MMS to
surrounding fished waters, and a better understanding of
the confounding of habitat structure, would be assisted
by data in all directions away from the MPA. For exam-
ple, habitat structure to the west of the MMS has high
complexity rocky reef within a depth range amenable to
Phyllospora comosa and may provide more suitable lob-
ster habitat. Additionally, a balanced design could help to
understand whether there is simply a west—east decrease in
population and individual size or whether there is more evi-
dence for positive MPA effects. Finally, the sampling only
captured a snapshot of J. edwardsii populations over a short
period. A better understanding of the effect of the MMS
could be gained through repeat, temporal sampling. Tag-
recapture data would greatly assist in understanding lobster
residency, migration and any net ‘spillover’ effect.

Overall, we found that, the small MPA used in this study,
the Merri Marine Sanctuary has a very high J. edwardsii
population density relative to the surrounding fished area
and that this higher density was not fully explained by
habitat differences. However, the lack of data on J. edward-
sii populations before MPA implementation requires cau-
tion when analysing these results. These findings serve as
a baseline data set for use in assessing how the population
responds to protection through time. Continued sampling
of this MPA into the future, along with other MPAs, will
provide us with a more conclusive understanding of how
J. edwardsii are responding to complete removal of fishing
pressure within MPA boundaries.

Despite its shortcomings, this study shows the poten-
tial secondary benefits of Victoria’s MPAs for rock lobster
populations. Our study complements findings from McLeod
et al. (2008), which suggested that small scale MPAs can be
successful in protecting critical habitat of vulnerable spe-
cies. The evidence for potential enhancement of the fishery
directly outside the boundaries of the MMS can also help
garner support for protected areas by local communities, as
successful implementation of MPAs requires support by fish-
eries communities. Fishing communities that cannot directly
perceive benefits of MPAs are less likely to support them as a
management tool (Russ et al. 2004). This is compounded by
the fact that there may be a temporal scale of decades before
being able to demonstrate measurable benefits of protection
(Micheli et al. 2004). The impediment of small MPAs on
local fisheries is much less when compared to large MPAs,
making them more favourable to fishing communities. How-
ever, even small MPAs can cause conflict when there is a
loss of traditional fishing grounds or previously favoured
locations through protection. Embracing local knowledge
through utilisation of local fishers and techniques in MPA
assessment may generate a sense of ownership among stake-
holders (Voyer et al. 2014), especially if contributing to
wider ecosystem-based spatial planning such as accounting

for breeding biomass in MPAs in fishery management mod-
els. As long as a small MPA is placed in a location beneficial
to species’ life cycles (e.g. critical habitat, spawning region),
they have the potential to support population recovery, espe-
cially when part of a larger network of MPAs.

As MPAs are increasing in application as a conservation
tool, methods to determine their effectiveness are neces-
sary. Our methods utilising both physical and biological
components of the marine landscape allowed us to poten-
tially decouple any differences in habitat from a reserve
effect. Mapping of habitats is an important step in deter-
mining whether MPA effects are going to be confounded
by differences in suitable habitat. The methods presented
in this study allow for variations in habitat when testing for
reserve effects and also provide a baseline data set to deter-
mine whether habitat changes over time with protection
status. With the incorporation of these methods over time,
we can begin to more fully understand the effect of MPAs
on important fishery species.
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