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9.0 Appendices
Appendix 1 - Sampling dates
Table At. Sampling dates with tide and lTIOOn phase during each trip.

Sample date High tide Low tide Maximum tide Moon phase
Time (m) (m) Time (m) (m) movement (m) (coming up to)

Dec-98 28th - 30th 4-39am 1.46 1.41 10-45am 0.53 0.29 1.17 First quarter
Jan-99 25th - 27th 3-00am 1.44 1.40 9-00am 0.54 0.37 1.07 First quarter
Feb-99 26th - 28th 5-00am 1.57 1.18 11-46am 0.47 0.43 1.14 Full moon
Mar-99 28th - 30th 5-44am 1.64 1.33 12-23am 0.48 0.34 1.30 Full moon
Apr-99 14th - 16th 6-29am 1.75 1.67 12-52am 0.27 0.41 1.48 New Moon
May-99 29th - 31 st 7-19am 1.37 1.77 1-37am 0.46 0.35 1.42 Full moon
Jun-99 12th - 14th 6-31am 1.50 1.93 12-39am 0.32 0.22 1.71 New Moon
Jul-99 14th - 16th 9-00am 1.35 1.96 2-44am 0.13 0.22 1.83 First quarter
Aug-99 16th - 18th 11-37am 1.34 1.40 5-24am 0.29 0.49 1.11 First Quarter
Nov-99 20th - 22nd 6-30am 1.50 1.52 12-09am 0.44 0.29 1.23 Full moon
Dec-99 27th - 29th 12-24am 1.29 1.77 6-58am 0.50 0.34 1.43 Last quarter
Jan-OO 28th - 30th 2-42am 1.29 1.28 8-31am 0.67 0.48 0.81 Last quarter
Feb-OO 23rd - 25th 11-43am 1.67 5-28am 0.34 0.30 1.37 Full moon
Mar-OO 18th - 20th 7-52am 1.82 1.47 2-24pm 0.20 0.30 1.62 Full moon
Apr-OO 28th - 30th 3-IOam 1.46 1.21 10-06am 0.56 0.75 0.90 Full moon
May-OO 20th - 22nd 9-18am 1.33 1.81 3-35am 0.40 0.41 1.41 Last quarter
Jun-OO 26th - 28th 2-28am 1.43 1.41 9-04am 0.42 0.66 1.01 New Moon
Jul-OO 18th - 20th 9-17am 1.27 1.82 3-30am 0.29 0.39 1.53 Last quarter
Aug-OO 19th - 21 st I0-44am 1.42 1.61 4-39am 0.26 0.44 1.35 Last quarter
Sep-OO 14th - 16th 9-19am 1.47 1.73 3-18am 0.18 0.28 1.55 Full moon
Oct-OO 20th - 22nd 2-IOam 1.12 1.59 7-47am 0.49 0.38 1.21 Last quarter
Nov-OO 23rd - 25th 7-15am 1.55 1.43 2-08am 0.20 0.28 1.35 New Moon
Dec-OO 19th - 21st 4-07am 1.29 1.43 9-52am 0.58 0.33 1.10 Full moon
Jan-Ol 18th - 20th 4-33am 1.37 1.20 10-46am 0.63 0.44 0.93 Full moon
Feb-Ol 22nd - 24th 8-39am 1.76 1.34 2-IOam 0.39 0.32 1.44 New Moon
Mar-Ol 17th - 19th 2-59am 1.41 1.03 9-49am 0.68 0.65 0.76 Last quarter
Apr-Ol 23rd - 25th 7-43am 1.65 1.77 1-44am 0.42 0.33 1.44 New Moon
May-Ol 28th - 30th 12-31 pm 1.26 6-3 lam 0.35 0.55 0.91 First quarter
Jun-Ol 25th - 27th 11-14am 1.33 1.90 5-18am 0.22 0.41 1.68 First quarter
Jul-Ol 29th - 31st 3-02am 1.21 1.45 9-14am 0.39 0.54 1.06 Full moon
Aug-Ol 19th - 21 st 8-06am 1.40 1.97 2-14am 0.09 0.14 1.88 New Moon
Sep-Ol 17th - 19th 7-49am 1.51 1.87 1-50am 0.05 0.09 1.82 New Moon
Oct-Ol 27th - 29th 5-08am 1.13 1.40 10-40am 0.62 0.36 1.04 Full moon
Nov-Ol 28th - 30th 7-17am 1.54 1.39 12-49am 0.31 0.49 1.23 Full moon
Dec-Ol 26th - 28th 6-03am 1.43 1.26 12-14pm 0.65 0.65 0.78 Full moon
Jan-02 22nd - 24th 3-25am 1.28 1.24 9-IOam 0.77 0.50 0.78 First quarter
Feb-02 26th - 28th 8-15am 1.94 1.45 1-43am 0.30 0.20 1.74 Full moon
Mar-02 29th - 31st 9-28am 1.90 1.78 3-13am 0.16 0.15 1.75 Full moon
Apr-02 25th - 27th 6-31am 1.78 1.73 12-52am 0.33 0.21 1.57 Full moon
May-02 28th - 30th 9-25am 1.33 1.91 3-38am 0.27 0.36 1.64 Last quarter
Jun-02 27th - 29th 9-57am 1.19 1.83 4-13am 0.29 0.41 1.54 Last Quarter
Jul-02 29th - 31 st 11-37am 1.26 1.62 5-31am 0.33 0.56 1.29 Last quarter
Aug-02 27th - 29th 10-52am 1.38 1.45 4-4 lam 0.29 0.48 1.16 Last quarter
Sep-02 25th - 27th 10-12am 1.53 1.38 3-54am 0.27 0.43 1.26 Last quarter
Oct-02 16th - 18th 5-llam 1.06 1.44 10-37am 0.56 0.33 1.11 Full moon
Nov-02 28th - 30th 3-35am 1.17 1.56 8-59am 0.61 0.34 1.22 Last quarter
Dec-02 21st - 23rd 9-56am 1.90 1.20 3-17am 0.33 0.31 1.59 Last quarter
Jan-03 24th - 26th 1-17am 1.42 1.63 7-08am 0.45 0.33 1.30 Last quarter
Feb-03 26th - 28th 5-28am 1.58 1.07 12-29pm 0.47 0.49 1.11 New Moon
Mar-03 24th - 26th 1-22am 1.66 1.22 7-59am 0.48 0.52 1.18 Last quarter
Apr-03 25th - 27th 3-35am 1.53 1.17 10.39am 0.47 0.68 1.06 New moon
May-03 29th - 31 st 6-39am 1.35 1.72 1.0lam 0.53 0.37 1.35 New moon
Jun-03 28th - 30th 6-53am 1.19 I. 78 1-26am 0.50 0.39 1.39 First quarter
Jul-03 31 st - 2nd 9-31am 1.33 1.90 3-4lam 0.21 0.33 1.69 First quarter
AU2-03 29th - 31st 9-03am 1.48 1.86 3-06am 0.13 0.21 1.73 First quarter

Mean (m) 1.49 0.39 1.32

Maximum (m) 1.97 0.75 1.88
Minimum (m) 1.03 0.05 0.76
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Appendix 2 - Trap locations
(GIS/GPS locations of all traps used during the study)

Plate At. Location of individual traps and sites in the Sandon Estuary.

Table A2. Latitude and Longitude coordinates of each trap in the Sandon Estuary.

Trap Latitude Longitude Trap Latitude Longitude Trap Latitude Longitude

la 29° 40.153 153° 18.278 4a 29° 41.039 153° 18.213 7a 29° 40.679 153° 19.431

Ib 29° 40.154 153° 18.355 4b 29° 41.021 153° 18.271 7e 29° 40.704 153° 19.484

Ie 29° 40.137 153° 18.416 4e 29° 41.040 153° 18.335 7e 290 40.708 153° 19.548

2a 29° 40.225 1530 18.615 Sa 29° 41.184 153° 18.604 8a 29° 40.499 153° 19.261

2b 29° 40.222 1530 18.683 Sb 29°41.156 1530 18.660 8b 29° 40.551 153° 19.270

2e 29° 40.202 153° 18.740 5e 29° 41.112 1530 18.702 8e 29() 40.603 153° 19.312

3a 29° 40.012 153° 18.735 6a 290 40.823 1530 18.721 9a 29° 40.239 153° 19.002

3b 290 39.991 153° 18.796 6b 29° 40.776 1530 18.750 9b 29° 40.208 153" 19.052

3e 29° 40.010 153° 18.862 6e 29° 40.729 1530 18.782 ge 29° 40.199 1530 19.119
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Plate A2.Location of individual traps and sites in the Wooli Estuary.

Table A3. Latitude and longitude coordinates of each trap in the Wooli Estuary.
Trap Latitude Longitude Trap Latitude Longitude Trap Latitude Longitude

la 29°50.772 153° 13.800 7a 29°50.343 153° 14.905 13a 29° 51.695 153°13.578

Ib 29°50.806 153°13.750 7e 29°50.340 153°14.844 13b 29° 51.738 153°13.541

Ie 29°50.812 153° 13.678 7e 29°50.340 153°14.783 13e 29° 51.773 153°13.490

2a 29°50.539 153°13.863 8a 29°50.339 153"14.475 14a 29° 51.469 153°13.830

2b 29°50.589 153°13.834 8b 29°50.339 153"14.416 14b 29° 51.502 153°13.782

2e 29°50.648 153°13.796 8e 29°50.348 153°14.355 14e 29° 51.534 153°13.724

3a 29°50.545 153°13.701 9a 29°50.391 153°14.316 ISa 29° 51.327 153" 13.966

3b 29°50.490 153°13.652 9b 29°50.414 153°14.261 ISb 29° 51.386 153° 13.962

3e 29°50.469 153°13.610 ge 29°50.433 153° 14.204 ISe 29° 51.277 153°13.905

4a 29°50.715 153°14.117 lOa 29°50.783 153°14.232 16a 29° 52.109 153°12.839

4b 29°50.708 153°14.186 lOb 29°50.822 153°14.183 16b 29° 52.162 153° 12.846

4e 29°50.674 153°14.263 IOe 29°50.843 153°14.126 16e 29° 52.215 153° 12.869

Sa 29°50.541 153°14.028 Iia 29°50.071 153°13.787 17a 29° 51.750 153°13.028

Sb 29°50.581 153°14.081 lib 29°50.044 153°13.732 17b 29° 51.796 153°12.993

Se 29°50.636 153°14.126 lie 29°50.021 153°13.673 17e 29° 51.849 153°12.965

6a 29°50.270 153° 13.794 12a 29°49.753 153°13.641 18a 29°51.837 153°13.332

6b 29°50.222 153°13.765 12b 29°49.696 153°13.636 18b 29° 51.796 153° 13.266

6e 29°50.169 153°13.788 12e 29°49.642 153°13.632 18e 29° 51.773 153°13.229
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Plate A3.The location of individual traps and sites in Corindi Estuary

Table A4. Latitude and Longitude coordinates of each trap in the Corindi Estuary.

Trap Latitude Longitude Trap Latitude Longitude Trap Latitude Longitude

la 29° 59.177 153° 12.704 4a 29° 58.525 153° 12.336 7a 29° 58.910 153° 13.757

Ib 29° 59.171 153° 12.635 4b 29° 58.558 153° 12.391 7e 29° 58.965 153° 13.727

Ie 29° 59.204 153° 12.570 4e 29° 58.607 153° 12.417 7e 29" 58.988 153"13.674

2a 29" 59.061 153" 12.991 Sa 29" 58.655 153" 12.630 8a 29° 58.794 153° 13.521

2b 29° 59.102 153° 12.939 Sb 29" 58.622 153° 12.580 8b 29" 58.747 153° 13.500

2e 29° 59.168 153° 12.956 Se 29" 58.591 153°12.531 8e 29° 58.690 153° 13.499

3a 29° 58.767 153° 13.193 6a 29° 58.492 153" 13.107 9a 29° 58.492 153° 13.501

3b 29° 58.799 1530 13.136 6b 290 58.443 1530 13.077 9b 29° 58.518 153° 13.442

3e 29° 58.836 153" 13.096 6e 29° 58.425 153" 13.006 ge 29° 58.522 153° 13.387

(Aerial photographs used in Arcview for Appendix 2 supplied by Orthophotos, Roger Dwyer

& Associates, Coffs Harbour through the NSW Marine Parks Authority - Solitary Islands

Marine Park - 2004)
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Appendix 3 - Zone sizes in each estuary

Zone sizes in each estuary before (a) and after (b) the August 2002 NSW Marine Park

Authority zone change.
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Figure At. Changes in area of different zoning types before (a) and after (b) the August 2002
zoning change in the Sandon Estuary.
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Appendix 4 - Project advertising

Mud crab monitoring program poster used throughout the park at estuary access points

Permit - F98/469

The University of New England with support from the NSW
Marine Parks Authority and NSW Fisheries are conducting

research on mud crabs from December 1998 till December 2003.

The study is designed to provide information about abundance,
size class, gender and recruitment of mud crab populations

within and between fished and un-fished areas.

IHOW CAN YOU HELPI

Ifyou catch a tagged mud crab with a:
- WHITE TAG (attached to the top of the crab), could you please note

the information listed below and then return the crab to the water as it is
tagged with an expensive telemetry radio tracking tag

- YELLOW TAG (attached at the base of the abdomen), could you
please note the following information and either keep or release the crab

1 - The date of capture
2 - The length and width of the carapace (if possible)

3 - The capture location
4- TAG Number

send the information to;
Mud Crab Research, Ecosystem Management, UNE, Armidale, 2351

or phone 0438950838 or e-mail pbutcher@metz.une.edu.au

G-·- .

• '0
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Mud crab lotto poster

A
xiorW Marine

SdenceCenue

UNE

M TO

Win $300
Mud crabs have been tagged in estuaries of the Solitary Islands Marine Park since

1998. The National Marine Science Centre is giving you the chance to win cash for
returning tags from crabs that you have caught. Just send the tag along with
information about where the crab was caught and we will enter you into the

competition to win $300. We will also send you back information on the history of the
crab since we first tagged it. All tags returned since 1998 will be entered into the draw.

1-------HOW TO ENTER--------l
1. One entry for every tag received.
The entry must contain:
- Your contact details,
- The tag from the crab,
- The date of capture,
- The approximate location caught,
- The approximate size (if measured).

2. Entry by post or personal delivery
only addressed to:

Mud Crab Lotto,
National Marine Science Centre,
PO Box J321, Bay Drive,
Coffs Harbour Jetty, NSW 2450

Authorised under NSW Permit No.TPL03/07787

Rules and regulations
1. The competition starts at 5pm Friday 29th August 2003 and closes at 5pm Friday 31st October, 2003. Entries
received outside these dates will not be submitted.
2. Employees of the National Marine Science Centre and their direct family are not eligible to submit an entry.
3. Only tags which have been used by staff and students of the NMSC on the mud crab (Scylla serrata) are eligible.
An example of the tag is located on all advertising material.
4. Only people 18 years or older may submit an entry.
5. The draw will take place at the NMSC on Monday 3rd November at 1pm. The winner will be the first correct entry
drawn from the barrel. The winner will be notified by phone and mail within 1 week of the draw and contact details
exchanged for the collection of the prize.
6. Results will be published in the Daily Examiner (Grafton) and The Advocate (Coffs Harbour) on Saturday 15th
November 2003.
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Appendix 5 - Pilot study results (November 1998)

In each estuary, commercial crab traps (section 3.2) were used to sample areas to determine

appropriate sites for the estuary manipulation in (Chapter 4), the telelnetry sites (Chapter 5)

and the natural barrier experiment (Chapter 6). A total of 80 (Wooli) and 60 (Sandon and

Corindi) crab traps were set at random sites in each estuary. Each estuary is divided by separate

arms and these were consistent where zoning borders occurred. Each estuary was divided into

areas depending on whether they were "fished' or 'unfished' and the location of the arm. The

Sandon and Corindi estuaries were divided into three arms and Wooli 4 based on these criteria

(Figure Ala (sites 1 - 3) Sandon, A2b (sites 1,3 - 5) WooIi, A3a (sites 1 - 3) Corindi). Within

each arm, 20 traps were placed at intervals atleast 100 m from each other at random sites to

minimise traps competing with each other. Traps were left for 24 h from 8 am and retrieved the

fo Howing day. Catch per trap provided an estimate of spatial variation within and among areas

in each estuary. Even though there was no significant difference between unfished sites in each

estuary, it was decided to keep these areas as separate areas for the main study. This gave two

'unfished' sites at Wooli and Corindi and two 'commercial only' sites at Sandon plus one

'fished' site in each estuary. However, some of these sites changed (Chapter 4) as one of the

sites at Wooli was divided in two at the 2002 zoning change while other sites consisted of the

same design but were exposed to different fishing pressures.

3
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0. 2
b
~ 1.5
ro

U

Fished Fished Fished Un fished Unfished Unfished Fished Unfished Unfished Fished
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Figure A4. Mean (±SE) number of crabs caught per trap in each site during the pilot study in
November 1998. The estuary and site location indicates whether the area was fishedlunfished,
on lnaps Ala (Sandon), A2b (Wooli) and A3a (Corindi).
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Appendix 6 - Refereed paper

Butcher, P. A., Boulton, A. J. and Smith, D.A. 2003, Mud crab (Scylla serrata: Portunidae)
populations as indicators of the effectiveness of estuarine marine protected areas in: World
Congress on Aquatic Protected Areas proceedings, (eds) 1. Beaumer., A. Grant., and D. Smith,
Cairns 2002. Queensland University Press pp 421-427.
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MUD CRAB (SCYLLA SERRATA: PORTUNIDAE) POPULATIONS AS INDICATORS
OF THE EFFECTIVENESS OF ESTUARINE MARINE PROTECTED AREAS

Paul A ButcherA,B, Andrew JBoultonA, and Stephen D A SmithB

AEcosystem Management, University of New England, Armidale, NSW 2351, Australia.

BNational Marine Science Centre, University of New England, Coffs Harbour, NSW 2450, Australia.

Abstract

A primary objective of marine parks is to allow controlled access to users while conserving the environment.
Zoning is seen as an effective way of managing populations vulnerable to over-fishing but indicator species
are needed to show the effectiveness of these zones. As zoning of the Solitary Islands Marine Park (SIMP) on
the mid-north coast of New South Wales, Australia, was implemented in the absence of adequate scientific
data, we compared abundance, size classes and recruitment of mud crabs in adjacent fished and unfished
zones in the SIMP to determine their effectiveness. The study was done in the Wooli Estuary where
recreational fishing has been excluded from the Sanctuary Zone since 1991 but has occurred in the adjacent
Recreation Zone. Mud crabs were sampled monthly in each zone from December 1998 to June 2002 using
commercial wire traps. During the study, 1412 mud crabs were caught, tagged, measured, and sexed.
Abundance and mean size of mud crabs was consistently higher in the Sanctuary Zone. Small sub-adult
crabs dominated the population in the Recreation Zone. Recruitment of adult crabs to the Recreation Zone
from the Sanctuary Zone implied the Sanctuary Zone is an effective source. However, females still need to
move through the Recreation Zone to reach the sea to spawn and recreational fishing may be a significant
source of mortality. This study shows that targeted recreational species such as mud crabs respond to
protection, and zoning in the Wooli Estuary appears to be an effective tool for sustainable fisheries
management.

Keywords: mud crab, marine park, estuary, recruitment, fishing

INTRODUCTION

The benefits of marine parks include reported
increases in abundance, growth rates, and average
size and recruitment of fish, as well as ecosystem
benefits through reduced disturbance (Cole et al.
1990; Roberts 1994; Childress 1997; Wahl 1997).
Special natural features can be protected,
providing ecosystem maintenance and ensuring
long-term sustainability (Agardy 1997). Tourism,
particularly fishing, is a major cause of concern
with its impact on certain parts of the marine
system (Russell 1996). To minimise this pressure,
closed areas, harvest refugia and multi-use
marine protected areas are being implemented to
protect the marine environment (Agardy 1997).
Closed areas or harvest refugia aim to conserve
stocks and habitats threatened by over
exploitation and destructive fishing, whereas
multi-use marine protected areas safeguard
critical habitats while allowing the long-term,
sustainable use of marine resources.

Marine park managers need to be able to
demonstrate whether the objectives of the
different zoning schemes are being met. This can
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be achieved by demographic studies of
differences in abundance, size class, sex ratio and
recruitment of indicator species between areas.
Ideally, indicator species should be readily
caught, taxonomically distinctive, relatively
abundant, ecologically significant and, preferably,
of direct recreational and commercial importance.
For example, in comparing coral trout
(Plectropomus leopardus) from Bramble Reef in the
northern Central Section of the Great Barrier Reef
Marine Park, Russell (1996) demonstrated that
populations react to opening and closing of
marine reserves to fishing. Closure led to an
increase in abundance and size class with a rapid
depletion of stock when the reef was re-opened to
fishing. In a study within a Caribbean marine
reserve, Roberts (1994) found that the abundance
and mean size of commercial species of fish was
greater in protected areas than in adjacent fished
areas.

The Solitary Islands Marine Park, mid-north
coast, New South Wales (NSW), Australia
(29°52'16''S,1530 16'06''E), was declared in 1998. It
is the first and largest Marine Park in NSW. Its
primary aim is to protect representative examples



of marine diversity, while catering for a broad
range of recreational and commercial activities
(MPA 2002). The Wooli Estuary is in the north of
the SIMP, with different zones implemented to
allow continued commercial and recreational use
in some areas while ensuring a sustainable future
for fisheries in the SIMP. A Sanctuary Zone was
designated in the upper reaches to protect species
from fishing and provide a recruitment source to
the fished Recreation Zone in the lower estuary
(Fig. 1). To determine the effectiveness of these
zones in the Wooli Estuary, the mud crab (Scylla
serrata) was identified as a potential indicator
species. Not only is the crab targeted by
commercial and recreational fishers, it is large,
easily identified, and plays a key role as a
predator in the estuarine food web (Hill 1979).

The primary objective of the study was to
evaluate the effectiveness of the Sanctuary Zone
by comparing the abundance and demographic
structure of mud crab populations between the
adjacent fished and unfished zones. We
hypothesised that if the zoning was currently
effective, there should be significantly more crabs
in the Sanctuary Zone and the median size class
of crabs in the fished Recreation Zone would be
smaller owing to the selective harvesting of larger
individuals. If the Sanctuary Zone is acting as a
I source' population, there should be a significant
number of large crabs recruiting from the
Sanctuary Zone to the Recreation Zone.

Study area

The Wooli Estuary is within the SIMP on the
NSW mid-north coast (290 52'16"S,153°16'06"E).
The Wooli Estuary is a highly infilled barrier
estuary with a water area of 1.9 km2 (Roy et aI.
2001). The entrance is open and trained by two
erected rock walls. Vegetation includes
mangroves (0.493 km2), seagrass (0.028 km2) and
saltmarsh (0.531 km2) (Roy et aI. 2001). The
substratum throughout the river is sand in the
lower reaches and mud in the upper reaches. The
water in the upper reaches is tannin-stained most
of the time and throughout the estuary during
periods of flooding. The estuary is divided into
two management zones providing for recreational
activities (Recreation Zone) from the mouth to 9
km upstream and full habitat protection
(Sanctuary Zone), upstream of this point (Fig. 1).

The Wooli River catchment (190 km2) includes
timbered belts in the upper reaches, and swamps,
wetlands, tidal marshes and dune areas in the
lower catchment (Stone 1999). The land uses in
the Wooli River catchment are Crown land
(grazing), National Park and State Forests. The
adjacent village of Wooli is a coastal fishing
village (pop. 500) with a commercial fishing fleet
capturing finfish and crustaceans. Before the
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SIMP was declared, the river was harvested by
commercial fishers for mud crabs, but the decline
in mud crabs led to a reduced commercial effort.
The Wooli region is increasingly popular as a
destination for tourism, of which recreational
fishing, particularly for mud crabs, is a major
component.

Fig. 1. Location of the study sites at the junction of the
Sanctuary and Recreation zones in the Wooli Estuary,
Solitary Islands Marine Park.

METHODS

Field

As this aspect of research focused on abundance
and recruitment, two study sites were selected
either side of the junction of the Sanctuary Zone
(Site 1) and the Recreation Zone (Site 2), 9 km
upstream from the mouth of the estuary (Fig. 1).
Site location was justified from a pilot study
conducted in December 1998 which found there
to be no difference in crab abundance between the
northern and southern arms of the Wooli estuary
Sanctuary Zone, while there were significantly
more crabs in the Sanctuary Zone than the
Recreation Zone. The sites, 300 m apart, were
divided into three 200 m transects within 1 km of
the junction of the zone border. As the width of
the estuary varies from 20 to 30 m within the
study site, each transect was randomly placed
parallel to the shore with 3 traps per tra7'sect to
provide nine traps per site. One trap was placed
every 100 m in each transect because Williams et
aI. (1982) reported competition between traps at
distances <100 m. Each transect was sampled for
three consecutive nights, monthly from December
1998 to June 2002.
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RESULTS
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Carapace width (nnn)

Fig. 2. Mean number of crabs (+/- SE) of different size
classes caught per unit effort at each site for all months
pooled, Wooli Estuary, NSW. (CPUE = 360 pot nights)
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Fig. 3. Abundance by size class for mud crabs tagged in
the Sanctuary Zone (n = 1006) or Recreation Zone (n =

406), and for crabs recaptured by fishers in the
Recreation Zone (n = 213)

Abundance and size

More crabs were caught per unit effort in the
Sanctuary Zone than in the Recreation Zone for
all months pooled (Fs,17= 13.12, P = 0.0002) (Fig. 2).
There were significantly more adult (Fl,S = 43.01, P
= 0.0028), sub-adult (Fts = 97.16, P = 0.0006), and
juvenile (Fl,S = 18, P = 0.0132) crabs caught per unit
effort in the Sanctuary Zone than the Recreation
Zone (Fig. 2).
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Data analysis

The data were initially tested for normality on a
Wilk-Shapiro/Rankit Plot to determine whether
the variables conformed to a normal distribution
«0.8). Measures of abundance (catch per unit
effort) were compared between zones by analysis
of-variance (ANOVA). Normally distributed data
were tested by parametric one-way ANOVA,
followed by post hoc (Tukey's HSD) pairwise
comparison-of-means test with a rejection level of
0.05. This is a useful post hoc test that controls
the experimentwise-error-rate while retaining
strong power (Analytical Software 1996).

The Kolmogorov-Smirnov test was used to detect
any differences in the distributions of crabs
caught between the Sanctuary and Recreation
zones. This test is sensitive to any differences
between the size-class distributions, including
differences in means and variances within classes
(Analytical Software 1996). All statistical analyses
used Statistix (Analytical Software 1996).

Mud crabs were captured in commercially
designed pots (900 mm x 600 x 300) covered in 20
mm wire mesh because all size classes of crabs
were targeted. Each trap had two entrances (250 x
90 mm). Pots were baited with snapper (Pagrus
auratus), mullet (Mugil cephalus) and silver perch
(Bidyanus bidyanus) and left in the water for 24 h.
Captured crabs were sexed, measured for
carapace width and length, and tagged with TBA
2 anchor t-tags. Tags were inserted to the right of
the abdominal artery where the abdomen and
carapace meet, because this junction splits during
moulting, reducing the chance of tag loss while
preventing harm to the crab. Crabs were released
at the capture site. Any crab that was recaptured
at the same site within the three-night sampling
period was noted but omitted from the results.
Captures were compared for overall abundance,
size class and recruitment between the Sanctuary
Zone and Recreation Zone.

As recreational fishing effort occurred during the
study, tags or tag identification numbers from
recaptured crabs were collected from recreational
fishers to determine whether recruitment was
occurring from the adjacent Sanctuary Zone.
Recreational fishers returned the tag or recorded
the tag number with the approximate location,
date, sex and carapace width and length of each
crab.

Crabs were allocated to three size classes for
comparison. As Heasman (1980) found that the
mud crab moulted into adult body form at 140
160 mm carapace width, adult crabs were
considered to be those of 150 mm or more, sub
adults had a carapace width of 100-149 mm, and
juveniles had carapace widths of 99 mm or less.
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Movement

adult and adult crabs were taken from the
Recreation Zone by fishers.

Fig. 4. Size class proportion distribution for mud crabs
tagged in the Sanctuary Zone (n = 1006) or Recreation
Zone (n = 406), and for Recreation Zone returns from
fishers (n = 213).
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In total, 150 (10.6%) of the 1412 tagged crabs were
recaptured during the study. A further 213 (15%)
crabs were recaptured by recreational fishers in
the Recreation Zone (Fig. 5). The Recreation Zone
had the higher recapture rate and 11% of the 1006
crabs tagged in the Sanctuary Zone were caught
after they had recruited into the Recreation Zone.
There was also some recruitment of crabs from
the Recreation Zone into the Sanctuary Zone.
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Overall, the size-class distribution of mud crabs
was similar between the Sanctuary Zone and the
Recreation Zone (Kolmogorov-Smirnov KS = 0.18,
P = 0.1086). However, there were some notable
differences in distributions between the size
ranges. The Recreation Zone had a larger
proportion of crabs between the range of 70-120
mm while the Sanctuary Zone had a greater
proportion of crabs in the 130-170 mm size range
(Fig. 4). In the Recreation Zone, the distribution
was skewed to the left by the larger percentage of
smaller sub-adults that were caught and the lack
of adult crabs. Equal proportions of larger sub-

SIZE-CLASS DISTRIBUTION

Actual abundance

The mean carapace width of mud crabs in the
Recreation Zone (123.6 mm) was smaller than
those in the Sanctuary Zone (136.2 mm). Crabs of
120-170 mm carapace width were more abundant
in the Sanctuary Zone than in the Recreation Zone
(Fig. 3). Most of the crabs in each zone were in
the 120 mm range. The range of actual sizes
caught by recreational fishers varied from small
sub-adult crabs (100 mm) to large adult crabs (180
mm) suggesting that illegal-size crabs were being
caught by some fishers. This was defined from
actual tag returns. For crabs to be legally taken by
recreational fishers in NSW, they have to have a
carapace length of 85 mm (carapace width 128
mm).

n = 1006 (a)

Sanctuary Zone

n = 406 (b)

Recreation Zone

n=24 (b)

+ (29 from fishers' catch)

n=23 (a) + (184 from fishers' catch)

Fig. 5. Movement of crabs; arrows indicate whether they were recaptured in the release zone or in the adjacent zone.

a crabs that were originally released in the Sanctuary Zone.
b crabs that were originally released in the Recreation Zone.
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DISCUSSION

Effectiveness of zoning: abundance of mud
crabs

The hypothesis that there would be more crabs in
the Sanctuary Zone than in the Recreation Zone in
the Wooli Estuary was supported. The catch per
unit effort was two-and-a-half times higher in the
Sanctuary Zone than in the Recreation Zone. This
suggests that the Sanctuary Zone is pr~vi~ing

some refuge for mud crabs from explOItation.
This finding parallels others where differences
have been observed between fished and unfished
areas. Roberts (1994) reported that a protected
Caribbean Marine Reserve showed an increase in
abundance and size class of commercially caught
fish species but no difference in popul~tion

structure of species that were not commerCIally
sought. This suggests that targeted species such
as mud crabs will successfully indicate the
effectiveness of marine park Sanctuary zones.

Size-class distribution and fishing selectivity

It was predicted that there would be different
size-class structures between the two marine park
zones, but that, overall, sub-adult and adult crabs
would dominate the estuary. If zoning was
effective, and extensive illegal fishing was not
occurring in the Sanctuary Zone, juvenile and
sub-adult crabs would predominate in the
Recreation Zone because of selective capture
while adults would be relatively more abundant
in the Sanctuary Zone. This prediction was also
supported by the study. Sub-adults and adults
dominated the Sanctuary Zone whereas small
sub-adults were common in the Recreation Zone.
Recreational fishing effort is likely to be the main
reason why the Recreation Zone had low
numbers of adults. Adult crabs are the primary
targets for recreational fishers while crabs in the
Sanctuary Zone are protected from any such
removal.

However, the large sub-adult population in the
Sanctuary Zone suggests that there may also be
substantial natural mortality of adult crabs
(although this does not rule out illegal removal of
adult crabs). In a study of mud crabs in
Deception Bay, Queensland, Hill et al. (1982)
found that the habitat preferences of crabs of
different size-classes varied. Adult crabs were
caught mainly in sub-tidal waters whi.le s~b

adults moved into the intertidal zone at hIgh tide
to feed and retreated to sub-tidal waters at low
tide. As the intertidal zone is only small (2-5 m)
in this study, the chance of capturing a crab that
moved into the intertidal zone was still high
because traps were placed directly along the river
bank near the small intertidal zone.
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Juveniles tend to reside in the mangrove zone
(Hill et al. 1982) so may be unlikely to be found ~n

the main channel. The sampling methods used In

this study did not target juveniles, and a better
approximation of juvenile abundances could
employ the use of artificial substrata such. as
roofing tiles (Hill et al. 1982) that act as a habIt~t

and provide protection for juvenile mud crabs In
the intertidal zone.

Size-class distributions illustrate the structure of a
population and reveal patterns of s~lec~ive

capture in fisheries. Tracking changes In sIze
class distribution over time indicates
sustainability of the fishery and the effectiveness
of control measures such as size limits and zoning
restrictions. In this study, the Recreation Zone
had a smaller percentage of adult crabs than the
Sanctuary Zone. Although this probably reflects
differential fishing pressure between the zones (it
is likely that the adult crabs have a lower
percentage frequency due to exploitation by
recreational fishers), natural habitat selection may
also be responsible.

In the Wooli Estuary, the Recreation Zone also
maintains a small population of juvenile crabs
that, if they remain and grow in the same area,
will provide a potential fishery for future years.
The dominant sub-adult population in the
Recreation Zone is at the bottom end of the size
class, with carapace widths in the range 110-130
mm. This suggests that approximately 41% of the
crabs caught in the Recreation Zone are of legal
size (carapace width 128 mm), whereas
recruitment from the Sanctuary Zone of large
individuals caught by recreational fishers meant
that 74% of those crabs are legal size.

Recruitment: "sources" and "sinks"

Although the Sanctuary Zone may contain higher
abundances of harvestable crabs, it is important to
fishers that these crabs leave the Sanctuary Zone
and are available to the recreational fishery
downstream. It was predicted that if the zoning
system was successful, there would be an 'over
flow' of large crabs into the Recreation Zone and
recruitment of small crabs moving into the
Sanctuary Zone from the Recreation Zone. Our
study showed that a small proportion of ~rabs

moved readily within and between zones, WIth a
steady movement of crabs into the Recreation
Zone being evident from the recaptures by
recreational fishers. The fact that few crabs were
caught in this study (excluding recreational
fishers' returns) in the Recreational Zone suggests
that crabs entering the Recreation Zone from the
Sanctuary Zone are being removed rapidly by the
fishery. Therefore, during periods when crabs
may not move downstream, the fishery in the
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Recreation Zone will be depleted quickly because
there is no source of larger legal-sized crabs.

Typically, mud crabs have a limited range of
movement in estuaries, yet there is equal chance
of recapture at different locations if habitat
conditions are appropriate. Hill (1975) reported
that 68% of mud crabs recaptured in two South
African estuaries had moved less than 1 km from
the site of tagging, with the largest movement
being 13.5 km. Hyland et al. (1984) also suggested
that crabs would move on average between 6.6
km for females and 3.7 km for males in
Pumicestone Passage in southern Queensland.
The greater distance travelled by females may be
due to the spawning response of females which
move offshore to extrude eggs (Arriola 1940).

Salinity fluctuations during flooding apparently
played a major role in the Wooli Estuary where
large flushes of fresh water pushed crabs
downstream (Butcher unpub. data). Davenport
and Wong (1987) found that adult mud crabs
could survive in salinities from 2 to 42 ppt and
showed no discriminatory behaviour between
salinities in this range. This suggests that salinity
may not be the major factor pushing crabs
downstream and that factors associated with the
fl?oding such as current, increased turbidity, low
dIssolved oxygen or changes in food resources
may be the reason for movement. In the Wooli
Estuary, regular floods benefit the mud crab
populations in the Recreation Zone by providing
an opportunity for crabs to move downstream
without fishing pressure, because there is usually
a decline in fishing pressure during this period
due to unfavourable fishing conditions. Without
this sporadic influx of fresh water, it is likely that
the Sanctuary Zone would provide little
recruitment into the downstream Recreation
Zone.

At any time, movement from the Sanctuary Zone
could be a result of crabs moving from an area of
high population density to one of low population
density. Crabs may gain benefits from moving
out of the Sanctuary Zone because the greater
foraging capacities and lower intra-specific
competition outside would potentially increase
fitness with little effort needed for foraging and
less competition for habitat space.

During the course of this study, it became evident
that the behaviour of the recreational fishers
changed to reflect the main source of legal-sized
crabs. Thus, it was not uncommon to see 10-30
traps immediately downstream of the border
between the zones. Crabs moving from the
Sanctuary Zone to the Recreation Zone would run
the gauntlet of these traps. As the sampling site
was downstream of this area of fishing
concentration, this would have contributed to the
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lower catch in the Recreation Zone. It also
highlighted the need to consider the specific
topography of sites when establishing protective
zone~. Natural features such as sandbars may
prOVIde buffers against such fishing concentration
and allow individuals to move out of the zones
more freely.

The high percentage frequency of crabs
recaptured in the Recreation Zone and little
recruitment back into the Sanctuary Zone
suggests that if crabs move from the Sanctuary
Zone, there is a high chance that they will be
caught by fishers before they move back into the
Sanctuary Zone. The migration of females to
offshore regions during spawning renders them
vulnerable to fishing activity when sanctuary
zones only protect populations in the upper
reaches of estuaries. Females in the Wooli
Estuary need to negotiate 9 km of potential
fishing pressure before they reach the ocean to
spawn. There is a need to develop management
plans to meet the needs of this species. Possible
chan~es in management include establishing a
mosaIC of zones throughout estuaries to protect
species that migrate, because the most common
and valuable commercial species in NSW are
migrants, few are residents and virtually none are
transients (Roy et al. 2001). Restrictions on the
removal of female mud crabs or spawning
closures would give females the opportunity to
move throughout rivers without being exploited.
There is a need to develop legal size limits in line
with other Australian States to remove the
temptation of illegally taking crabs across the
State border to sell.

CONCLUSION

With management plans for the Solitary Islands
Marine Park in their early stages of assessment,
information from this research is essential for
determining the effectiveness of estuarine zones.
If the Sanctuary Zone is too small, the fishery may
o.ver.-~xploit the resource. If it is too large,
signifIcan~ reven.ue is lost to the local community
a~d .t~e fIsh~ry IS under-exploited. In this study,
SIgnIfIcant dIfferences in abundance and size class
indicate that mud crabs can be used successfully
as an indicator species for the effectiveness of
estuarine marine protected areas because the
crabs are a target species for fishing.

The results of this study provide marine park
ma~agers with data to show the community the
envIronmental and fishery benefits of multi-use
parks, ensuring the sustainable future of highly
valued species. However, zoning schemes will
have credibility only if they show sustained
succ.ess. It is important to continue monitoring
marIne ecosystems to identify which species react
in a measurable way and how each species reacts



to different management regimes. According to
the results of the present study, mud crabs and
their fishery have benefited from Sanctuary Zone
protection; however, other species may not react
in the same way. Long-term multi-species
monitoring systems may resolve this problem in
demonstrating the broad-scale effectiveness of
marine park zoning.
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Appendix 8 - Miscellaneous results
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Figure A5. Variation in mean monthly salinity concentrations (± SE) taken at 80% water depth
in the Sandon, Wooli and Corindi Estuaries.
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Figure A6. Variation in mean monthly water temperatures (± SE) taken at 80% water depth in
the Sandon, Wooli and Corindi estuaries and sea temperature reference site taken from NSW
MPA data loggers at North Solitary Island (12 km offshore from the mainland off Wooli).
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Bycatch/product

Bycatch/product consisted of Blue Swimmer Crabs (Portunus pelagicus) and bottom dwelling

fish such as Flathead (Platycephalus fucus) , Bream (Acanthopagrus australi) , Estuary Cod

(Epinephelus species), Luderick (Girella tricusspidata), and leatherjacket (Meuschenia spp.)
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Figure A7. The total number of by-catch/product caught at each site between December 1998
(Wooli) and July 2000 (Sandon and Corindi) to August 2003.
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Figure A8. The mean (±SE) length of by-catch/product caught at each site in each estuary
between December 1998 (Wooli) and July 2000 (Sandon and Corindi) to August 2003.
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