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The Great Barrier Reef (GBR) provides a globally significant demonstration of the effectiveness of large-scale networks of marine reserves in
contributing to integrated, adaptive management. Comprehensive review of available evidence shows major, rapid benefits of no-take
areas for targeted fish and sharks, in both reef and nonreef habitats, with potential benefits for fisheries as well as biodiversity
conservation. Large, mobile species like sharks benefit less than smaller, site-attached fish. Critically, reserves also appear to benefit overall
ecosystem health and resilience: outbreaks of coral-eating, crown-of-thorns starfish appear less frequent on no-take reefs, which
consequently have higher abundance of coral, the very foundation of reef ecosystems. Effective marine reserves require regular review of
compliance: fish abundances in no-entry zones suggest that even no-take zones may be significantly depleted due to poaching. Spatial
analyses comparing zoning with seabed biodiversity or dugong distributions illustrate significant benefits from application of best-practice
conservation principles in data-poor situations. Increases in the marine reserve network in 2004 affected fishers, but preliminary economic
analysis suggests considerable net benefits, in terms of protecting environmental and tourism values. Relative to the revenue generated by
reef tourism, current expenditure on protection is minor. Recent implementation of an Outlook Report provides regular, formal review of
environmental condition and management and links to policy responses, key aspects of adaptive management. Given the major threat
posed by climate change, the expanded network of marine reserves provides a critical and cost-effective contribution to enhancing the
resilience of the Great Barrier Reef.
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T heGreat Barrier Reef (GBR) is a
marine ecosystem of globally
significant biodiversity, excep-
tional environmental, cultural,

social, and economic value, and extra-
ordinary beauty. Those values are recog-
nized in its listing as aWorldHeritage Area
and national Marine Park. Coral reefs are
exceptional reservoirs of marine bio-
diversity (1), but the GBR also includes a
wide range of other ecosystems, from
coastal seagrass beds to a wide range of
diverse seafloor habitats (2). However, as
for many marine ecosystems globally,
those values are under serious threat from
a range of human causes, with climate
change at the fore (3–5). Responding to
those threats demands a portfolio of di-
verse and adaptive conservation strategies,
in turn requiring review of the effects
and effectiveness of those different ap-
proaches (6–8).

The Great Barrier Reef as a Regional-
Scale Case Study of Marine Reserve
Management
Networks of marine protected areas are a
prominent strategy in marine conservation,
and current paradigms suggest numerous

benefits for biodiversity and fisheries,
especially as part of an integrated package
ofmanagementapproaches (e.g., consensus
statement in ref. 9; also refs. 3, 10). As the
world’s largest network of marine reserves,
the GBR provides a unique opportunity to
test those paradigms at large spatial scales
and under best-practice circumstances,
with broad relevance to the science and
management of marine conservation. The
Great Barrier Reef Zoning Plan 2003, im-
plemented in 2004, serves as a benchmark
for process and outcomes in marine reserve
networks. Based on best-practice in design
and implementation (11, 12; SI Section 1),
it also provides the only set of comparisons,
which include: (i) replication, across a large
range of latitudes and other gradients; (ii)
some before–after comparisons; (iii) a
range of treatment levels (zones) beyond
fished and no-take reserves (Table S1); and
(iv) information on compliance and
enforcement.
This review synthesizes available infor-

mation, including extensive previously
unpublished results and gray literature, on
the effects of zoning and spatial manage-
ment on the GBR, with an emphasis on the
2004 Zoning Plan and in the context of

adaptive management of the GBR Marine
Park. The paper examines direct effects of
the zoning on target fish and sharks on no-
take and no-entry coral reefs, indirect
effects on corals, crown-of-thorns starfish,
and reef food webs, and effects for nonreef
habitats and species of conservation con-
cern. These ecological insights are com-
plemented by an examination of
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compliance and enforcement within the
network and social and economic costs and
benefits. Finally, the implications of this
information both for marine reserve
management and for the science to
underpin that management are discussed.
Only the most significant results are
included in the main paper; many results
and background information on the GBR,
zoning, and monitoring are included in
SI Text.

Effects of Spatial Zoning and Marine
Reserves in the Great Barrier Reef
Direct Biological and Ecological Effects of
Zoning on Coral Reefs: Changes in Reef Fish
and Sharks. There is now very strong evi-
dence that no-take zones on the Great
Barrier Reef benefit fish stocks within
those zones. The strongest results so far
come from visual surveys of abundance and
size of target fish, principally coral trout
(Plectropomus spp., the major target of
line fishing on the GBR), using compar-
isons of fished and no-take reefs (Fig. 1)
(13). Throughout this paper, “fished” is
used to refer to areas legally open to
fishing and does not include areas that
may have illegal fishing. Monitoring has
documented very fast and sustained re-
covery, with up to 2-fold increases in
both numbers and size of fish on many no-
take reefs. Significantly, this basic pattern
holds across ≈1,000 km north–south and
for both inshore and offshore reefs, de-
spite strong environmental differences
among those reefs (Fig. S1A).
These increases appear to reflect genu-

ine recovery of exploited fish populations
on no-take reefs, rather than declines in
abundance on fished reefs due to displaced
fishing effort (13); note that other changes
to fisheries management occurred simul-
taneously (14). In one of very few before–
after comparisons available for GBR
zoning, data from inshore reefs show that
on most of those reefs, the differences
primarily reflected increases in fish on
protected reefs, with little decrease on
fished reefs (Fig. 1A). The rate of the in-
creases is also particularly noteworthy,
with 2-fold increases in coral trout biomass
appearing within 2 years of the im-
plementation of the new zoning plan (13).
Many of the protected reefs had pre-
viously been fished heavily. Although the
basic pattern of elevated stocks in no-take
areas was remarkably consistent, there is
nonetheless notable variation between
regions and cross-shelf locations, likely to
reflect differences in both ecology and
intensity of exploitation (15). The in-
creased mean size of fish in no-take zones
is particularly important as large fish are
disproportionately more fecund and
therefore contribute greatly to future fish
populations (e.g., ref. 16), potentially in-
cluding stocks in fished zones.

A recent series of surveys of deep, reef-
base habitats also found distinct benefits
to targeted fish species, using baited,
remote, underwater video surveys. These
patterns were strongest in coral-dominated
habitats, where coral trout (Plectropomus
spp.), red emperor (Lutjanus sebae), and
redthroat emperor (Lethrinus miniatus)
were all more abundant on no-take reefs.
However, the patterns varied considerably
among species and habitats. Differences
between zones were less clear-cut than
those for shallow reefs, perhaps due to
lower fishing effort at these depths and/or
continuity of habitat between zones, al-
lowing fish unrestricted passage out of
protected zones (17).
There is also a range of strong evidence

for the benefits of no-take zones based on
comparisons of zones in place before the
2004 rezoning (detailed description in SI
Section 2; zoning history in Table S2).
A large scale manipulative study of off-
shore reefs found that no-take reefs gen-
erally, but not always, had more, larger,
and older fish for the two main target
species than did reefs open to fishing
(Fig. S1 B–D) (14, 15). Surveys of
inshore reefs of the central and southern
GBR found that coral trout and stripey
seaperch (Lutjanus carponotatus) were
generally less abundant and smaller on
fished reefs than on no-take reefs im-
plemented in 1987 (Fig. S2) (18, 19). Sig-
nificantly, the evidence suggests that coral
trout stocks on inshore reefs generally
were markedly depleted by 1984, before
reserve implementation (Fig. S2).

The effects of no-entry zones are
markedly stronger still than those of no-
take zones. Comparing long-term (pre-
2004) fished, no-take, and no-entry zones
confirmed the benefits of no-take zones,
but also showed that coral trout, the red-
throat emperor (L. miniatus), and lutjanids
(tropical snappers) were markedly more
abundant and coral trout were larger in
no-entry zones than in no-take zones (Fig.
S3) (20). Although the data for no-entry
zones have some limitations, this is a
critical result because it raises the possi-
bility that lower abundance in no-take
zones is due to incomplete compliance
(no-entry zones are much simpler to en-
force, and hence have more effective
compliance; further explanation, SI
Section 2). It also suggests that baseline
populations of target fish may have been
significantly more abundant than pre-
viously recognized, with stocks in most
areas significantly depleted in comparison
with that baseline.
Populations of reef sharks, the main

apex predator in coral reef ecosystems,
show even stronger effects of zoning, with
the largest benefits found in no-entry zones
(Fig. 2). In surveys of reefs zoned before
1992, whitetip (Triaenodon obesus) and
gray reef (Carcharhinus amblyrhynchos)
sharks respectively were ≈4 and 8 times
more abundant on no-entry reefs than on
fished reefs in the central GBR (20). Gray
reef sharks were up to 30 times more
abundant on no-entry reefs than on fished
reefs in the northern GBR (Fig. 2A) (21).
Abundance in no-take zones was
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Fig. 1. Abundance and biomass of coral trout on fished and no-take reefs spread across ≈1,000 km of
the Great Barrier Reef (see map in Fig. S1). Solid lines are no-take zones; dashed lines are fished reefs.
Data are means ±SEM from scuba-based, visual transects of reefs zoned in 2004, updated from ref. 13.
Data for inshore reefs (A) include data from before zoning implementation. Note different vertical axes
and periods (dates) for A and B.
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intermediate in the central GBR (Fig. 2B)
(20), but Robbins et al. (21) found num-
bers in no-take zones were closer to those
in fished zones than no-entry zones, espe-
cially for gray reef sharks. Line fishing
surveys of sharks found that catch rates
of sharks on reefs historically open to
fishing were less than half those on reefs
that had been closed to fishing since the
late 1980s (Fig. 2C) (22). Note that all
three of these shark studies compared
zones implemented before 1992. Surveys
of deep, reef-base habitats in the southern
GBR using baited underwater video found
higher numbers of gray reef sharks in
newly created (2004) no-take zones than
fished zones (17).
The studies by Robbins et al. (21) and

Ayling and Choat (20) demonstrate the
value of expanding simple fished/no-take
contrasts to include a range of different
zones (c.f. 23 for temperate examples).
Abundances in no-entry zones, markedly
higher than for no-take zones, again sug-
gest that no-take zones do not provide a
reliable baseline for undisturbed shark
abundances and suggest possible com-
pliance problems (20, 21), although these
interpretations again require caution
(SI Section 2). Robbins et al. (21) also
surveyed zones with limited fishing (Con-
servation Park), intermediate in protection
between no-take zones and zones open to
fishing (General Use). The effects of
limited fishing zones on shark abundances
were minor and not statistically significant
compared to open fishing zones, although
shark abundances ranked consistently
higher with increased protection.

Potential Effects on Ecosystem-Wide Fish
Populations. An important aspect of the
effectiveness of no-take reserves is their
benefits not only to fish populations within
individual no-take reserves, but also their
contributions to overall fish populations
across the ecosystem, including both other
no-take reserves within the network and
contributions to fished areas. With 32% of
GBR reef area in no-take reefs, and fish
densities about two times greater on those
reefs, fish populations across the ecosys-
tem have increased considerably (14).
Contributions beyond a reserve depend on
adult and larval connectivity both among
no-take reefs, and between no-take and
fished reefs (e.g., refs. 7, 10, 24, 25). Al-
though evidence exists for some export of
adult fish from no-take zones to fished
areas (26, 27), adult coral trout rarely
move between individual coral reefs on
the GBR (26, 28) and current no-take
zones generally include entire reefs. The
lack of adult movement between reefs
clearly enhances the effectiveness and
measurability of protection for fish pop-
ulations within reserves. However, it also
means that increased biomass of coral

trout in no-take zones will have little direct
(conservation or fisheries) benefits
through export of adult fishes to the two-
thirds of reef area that is open to fishing.
However, reproductive output from

no-take reefs may be of enormous sig-
nificance, due to disproportionately higher
output per unit area from the more plen-
tiful, larger fishes in reserves (SI Section 3).
Evidence from the GBR and elsewhere
suggests that populations within marine
reserves are at least partially self-sustaining
between generations (29, 30), but that there
is also considerable larval exchange be-
tween reefs (SI Section 3). Larval export
from no-take zones is important both for
connectivity within the no-take network and
for sustaining both conservation and fishery
values of the larger area of fished reefs on
the GBR. The extent of such export de-
pends on three factors: the extent of larval
transport between reefs, the relative re-
productive output of no-take and fished
reefs, and the dispersal distances from no-
take reefs to other reefs. Larval transport
and relative output are considered in
SI Section 3; for the main target species, no-
take reefs likely have the capacity to provide
substantial proportions of ecosystem-wide
larval supply.
Recent work has recommended that net-

works of marine reserves should aim to pre-
serve the natural distribution of dispersal
distances and in particular maximize the
proportion of reefs within 15–30 km of a

potential source reef (7, 24, 25). Spatial
analysis of dispersal distances between no-
take reefs suggests that the 2004 rezoning of
the GBR successfully maintained the natu-
rally occurring spectrum of dispersal dis-
tances between reefs within the no-take
network (Fig. S4). Under the 2004 rezoning,
the distribution of nearest-neighbor dis-
tances between no-take reefs closely
matches that of all GBR reefs, and more
than 99.5% of no-take reefs have a no-take
reef within 14 km. Analysis of distances be-
tween no-take reefs and fished reefs show
thatmore than 75%offished reefs haveano-
take reef within 16 km and more than 90%
within 22 km, indicating that the no-take
network has the capacity to provide sub-
stantial larval subsidies to the fished reefs.

Indirect Effects of Zoning on Coral Reefs:
Effects on Corals, Crown-of-Thorns Starfish,
and Prey Fish. Zoning benefits for target,
predatory fish species are important, but
the potential effects on broader bio-
diversity, and on reef-building corals in
particular, are of greater ecological and
economic significance, because the entire
reef ecosystem depends on the structure
provided by corals. One of the most eco-
logically important effects documented for
GBR zoning is the decreased frequency of
outbreaks of the coral-eating crown-of-
thorns starfish in no-take zones (31) (Fig.
3A; pre-2004 zones; further detail in SI
Section 4). This starfish has been the major
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cause of coral mortality on the Great
Barrier Reef. The relative frequency of
outbreaks on midshelf reefs that were
open to fishing was 3.75 times higher than
that on no-take reefs. Most outbreaks oc-
cur on the midshelf region. If all reefs
across the shelf were included, outbreak
frequency was seven times greater on
fished reefs (31).
Importantly, the reduction in starfish

outbreaks appears to have direct benefits
for coral populations (Fig. 3B). The cover
of coral on midshelf reefs after outbreak
periods appears to be markedly higher in
no-take zones than in fished zones. These
results are ecologically very important
because they show a strong connection
between a specific management strategy
(reserves) and the major historical cause
of mortality for reef-building corals on the
GBR, with likely consequences both for
overall biodiversity and for tourism value
of the reefs.
Although the effect on starfish outbreaks

is clear, the ecological mechanism causing
this pattern remains uncertain. The major
target species affected by the zoning on the
central GBR are not considered to be
direct predators on crown-of-thorns star-
fish. Sweatman (31) speculated that re-
ductions in coral trout may cause trophic
cascades, resulting in a decrease in in-
vertebrate predators of starfish juveniles.
The effects on corals (Fig. 3B) are con-
sistent with results of independent surveys
of inshore reefs (18, 19, 32) (details in
SI Section 4, although crown-of-thorns
starfish are unusual on inshore reefs).
More detailed information being collected
under the current zoning monitoring
should help understand the where, when,
and how of zoning effects on coral pop-
ulations. Whatever the mechanism, re-
duced frequency of a major source of
coral mortality will have major con-
sequences for reef resilience.
Reserves also appear to have some

impacts on food web structure on GBR
coral reefs, but those impacts are not
generally consistent with simplistic, top-
down effects of removal of predatory fish.
In particular, if abundance of prey fish
depends primarily on top-down control,
then recovery of fish populations within no-
take zones might be expected to reduce
abundance of prey fish. Although such
changes have been recorded, they are far
from consistent (SI Section 4 and Fig. S5).

Nonreef Habitats and Trawling Effects.
Although nonreef habitats occupy
around 95% of the area of the GBR
Marine Park, and include an extraordinary
diversity of habitats and taxa, only recently
have there been even basic biological
surveys for most of these habitats (2). For
most habitats, there is negligible direct
information on the biological effects of

zoning or other management initiatives
(except for shoals: see below). Given this
lack of biological information for seabed
areas, development of the bioregions
underpinning the 2004 zoning had to be
largely interpolated from physical in-
formation, such as bathymetry and sedi-
ment data. However, this also prompted
a major survey of seabed biodiversity,
with 1,380 sites covering 200,000 km2

(the Seabed Biodiversity Project, ref. 2).
This new, vastly more detailed information
provided the means both to assess the
effectiveness of the 2004 zoning in
protecting biodiversity and thereby to
test the effectiveness of using physical
proxies for patterns of biodiversity.
Such analysis indicated that both the
approach and the outcome had been very
effective, substantially increasing pro-
tection at a range of levels, including
species, species groups, assemblages, and
habitat types (SI Section 5) (33). For
each level, 20% or more of biomass or
area was protected in zones that do not
allow trawling.
The effects of prawn trawling in the

GBR have been studied directly (34, 35),
allowing zoning effects on trawling im-

pacts to be modeled and analyzed (35).
Although potentially destructive to seabed
habitats and responsible for the majority
of discarded catch in the GBR fisheries
(8), trawling is only allowed in 33% of the
GBR Marine Park area (General Use
zones). Available evidence suggests that
there is relatively good compliance with
zoning and that current trawling predom-
inantly occurs within areas of seabed
where scope for damage is limited. Sea-
grass beds in particular are not considered
vulnerable (36). Pitcher et al. (35) sug-
gested that very few species have been
significantly affected by trawling and that
overall management changes have largely
reversed previous trends for damage to
bottom habitats (further detail in SI Sec-
tion 5). Remaining concerns about in-
cidental catch of species of conservation
concern may be partially ameliorated by
bycatch reduction devices (SI Section 5).
The only data available for direct effects

of zoning on nonreef habitats are for shoals,
areas where hard substrata outcrop from
the seabed in deeper water (generally
>20 m). Monitoring zoning effects on
these habitats involves considerable chal-
lenges, including confounded comparisons

A

B

Fig. 3. Effects of zoning on coral-eating starfish and hence on coral populations. (A) Frequency of
outbreaks of crown-of-thorns starfish on no-take and fished midshelf reefs in regions with active out-
breaks present. Data are for 1994–2004, redrawn from ref. 31; note low numbers of no-take reefs were
available pre-2004; further background in SI Section 4. (B) Abundance of hard corals on midshelf reefs
after crown-of-thorns starfish outbreaks. Data, previously unpublished, are means ±SEM of percent
cover; details of methods in SI Section 4.
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between zones (SI Section 1), lack of
background information, and the need to
develop new monitoring techniques
(SI Section 5). The clearest results for
shoal monitoring come from well-defined,
deepwater shoals in the southern GBR,
where mean abundance indices for tar-
geted fish on no-take shoals were twice
those of fished shoals, with ratios of up
to 11 (Fig. S6) (37).However, some targeted
species did not show benefits of protection.
Results from shoals in the central GBR are
less clear, largely due to the lack of clearly
comparablefished and no-take zoned shoals
(SI Section 1). In some cases, some target
fish were more abundant on no-take shoals,
but in other cases, the reverse was true (38).

Species of Conservation Concern: Dugong and
Marine Turtles. The biology, scale of eco-
logical function, population status, and
appropriate management and monitoring
approaches for dugongs (Dugong dugon)
provide a marked contrast to those of reef-
attached fish. Dugongs are considered at
serious risk, have a relatively low re-
productive capacity (39, 40), are highly
mobile at scales greater than that of most
no-take zones (41), and are considered
part of a single stock in the GBR (42).
Population estimates for dugong at the
scales of no-take zones have high un-
certainty, due to the animals’ spatially
heterogeneous distribution and their pre-
dominant occurrence in turbid waters,
which makes them challenging to survey,
even from the air (43). Thus assessment of
dugong management effectiveness is more
complex than simple comparisons of den-
sity within and outside no-take areas.
Further background on dugong status and
management are given in SI Section 5.
In addition to the greatly enhanced area

protected by the 2004 zoning, management
agencies use a suite of complementary
measures to protect dugongs in the GBR.
These include bycatch reduction and gear
changes, a voluntary moratorium on
Indigenous hunting in the southern two-
thirds of the GBR, and dugong protection
areas (DPAs) introduced in 1998 to protect
specific areas of high conservation value (8,
40, 44, 45). Although the rezoning in 2004
protected 42% of high-priority dugong
habitat in no-take reserves, doubling the
previous proportion protected, this none-
theless fell short of the 50% recom-
mended by experts as part of the
Biophysical Operating Principles (45).
Overall, marine reserves and other

measures appear to be providing critical but
insufficient contributions to protecting
GBR dugongs. A time series of aerial sur-
veys suggests that populations on the
inhabited coast are now so low that recovery
will require zero human-induced mortality
(40). By overlaying the population dis-
tribution models with spatial information

on ranked threats to dugongs, based on
expert assessments, Grech and Marsh (46)
provided a rapid assessment of risks to
GBRdugong. They estimated that since the
2004 rezoning, ≈96% of habitat of high
conservation value for dugongs and 93%
with medium conservation value, is at low
risk from human activities (either due to
spatial protection or to low levels of human
activities). This is a considerable improve-
ment on the prezoning situation, especially
with respect to fishing bycatch (47). Grech
and Marsh (46) also concluded that the
protection afforded by the current ecosys-
tem-scale network of marine reserves is
limited by the inability of reserves per se to
mitigate all of the factors that threaten the
marine environment, including activities in
the adjacent coastal catchments.
Marine turtle protection involves similar

issues of scale and biology to those for
dugong. Globally significant populations of
several listed threatened species inhabit the
Marine Park and evidence suggests pop-
ulations of several species are in decline,
with mortality due to fishing bycatch as a
major threat. The design principles for the
2004 zoning included incorporation of
marine turtle internesting (areas adjacent
to nesting beaches) and foraging habitats in
no-take areas, specifically including all very
high-priority nesting sites and 20% of for-
aging areas. These principles were not fully
achieved, but protection of identified
internesting sites increased from 23.4 to
56.5% and foraging habitat increased from
7.1 to 29% (48, 49). Other key strategies
include mandatory use of turtle excluder
devices on trawl nets. A case study of iter-
ative management responses to survey data
for loggerhead turtles is given in SI Section
5. As for dugong, spatial zoning alone may
not provide sufficient protection for ma-
rine turtles, but can be highly effective in
concert with other measures.

Zoning Management, Compliance, and
Enforcement. The ecological effectiveness
of marine reserves depends critically on
compliance, without which reserves are
protected in name only. Monitoring of
compliance (reviewed in SI Section 6 and
Fig. S7) provides valuable information to
support and direct enforcement, but may
be strongly confounded and should be in-
tegrated with data on target species, to
assess the effectiveness of management.
For the GBR, the combination of com-
pliance data and the patterns of abun-
dance of target fish between fished, no-
take, and no-entry zones (Fig. 2 and Fig.
S3) (20, 21) indicate that compliance with
zoning regulations is not complete. That
no-take zones generally achieve markedly
higher fish biomasses than fished zones
shows that overall compliance is consid-
erable. However, the large differences
between no-entry and no-take zones most

likely indicate significant poaching within
many no-take zones (where effective en-
forcement is more difficult, SI Section 6).

Social and Economic Effects of Zoning. Im-
portantly, the ecological benefits of the
zoning appear to have only entailed limited
social or economic costs, and some sig-
nificant benefits. The increased abundance
of corals and fish are likely to have major
flow-on, long-term benefits for the major
human use (tourism) and potentially for
fisheries (8). Recognition of the con-
servation value of the zoning changes
seems widespread within the broader
community, even within sectors directly
affected by the changes, although some
concerns remain among fishers. There
have of course been significant changes in
locations for both recreational and com-
mercial fishing. Available evidence on so-
cial effects is reviewed in SI Section 7.
The economic value of a healthy GBR to

Australia is enormous, currently estimated
to be about A$5.5 billion annually and
increasing steadily (Fig. 4) (50–52) (esti-
mates only include use values and so un-
derestimate total economic value),
although comparable data are not avail-
able before 2004. The contribution to
employment is estimated at 53,800 full
time jobs. Tourism accounts for the vast
majority of reef-based income and em-
ployment. Although such estimates are
necessarily approximate, income from
tourism is estimated to be about 36 times
greater than commercial fishing and that
ratio is increasing. Since 2005–2006, rec-
reational use (mostly fishing) is estimated
to contribute marginally more than
commercial fishing. Significantly, these
contributions accrue to both private in-
dustry and government sectors (through
taxation and reduced unemployment
welfare payments).
Themajor economic cost associated with

the rezoning was a once-off, structural
adjustment package for commercial fishing
industries, which totalled A$211 million at
July 2009 [funds from Australian Govern-
ment but not Great Barrier Reef Marine
Park Authority (GBRMPA); data courtesy
of the Department of the Environment,
Water, Heritage and the Arts; also ref. 53].
In January 2004 anAustralian Government
policy statement was released, outlining
assistance to fishers, fishing-related busi-
nesses, and fishing-dependent communities
subsequent to declaration or rezoning of
marine protected areas (54, 55). Estimates
of likely economic impact and of financial
assistance are not directly comparable (56),
but a priori estimates of the costs of GBR
zoning to fisheries were approximately A
$14 million per annum (gross value of pro-
duction; orA$0.5–2.59million value added;
refs. 57–59) with industry estimates as high
as A$23 million per annum (60). Review of
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the initial business exit component of this
package suggested a number of potential
changes to improve outcomes and cost ef-
fectiveness (61) and a further review is
currently underway.Given the considerable
final investment, more cost-effective envi-
ronmental and socioeconomic outcomes
might have been achieved if initial strategic
planning had been able to formally in-
corporate social and economic in-
formation, the need for industry structural
adjustment, and cross-jurisdictional coor-
dination of economic impacts (56).
Evidence for economic effects on busi-

nesses in the recreational fishing industry is
very limited, but does not indicate major
impacts. For example, recreational vessel
registration data show no sign of changes
due to the zoning plan (Fig. S8).
Expenditure on zoning enforcement,

and on overall Marine Park management,
has been relatively stable, with only minor
increases in 2004 (∼32% and 15%, re-
spectively) in response to the more than
7-fold increase in highly protected zones
(Fig. 4B; excludes special initiatives). Es-
timated current investment in field man-
agement and compliance is A$47 per km2

no-take zone per year, plus an estimated
A$30 per km2 per year for surveillance by
the Australian Customs (Coastwatch).
Implementation of the new zoning plan
involved a once-off communication and
awareness program of A$4.3 million over
5 years funded under a special initiative by
the Australian Government (data courtesy
GBRMPA, all figures in Australian dollars).
Importantly, expenditure on zoning and

on overall management of the Marine Park
are relatively minor when compared to the
estimated economic value of theGBR (Fig.
4A). Proportional to economic returns,
since 2004 annual investment in overall
management of the Marine Park has been
consistently less than 0.9% and decreasing,
and expenditure on field management
(predominantly zoning compliance) has
been consistently less than 0.3% and de-
creasing (strictly such comparisons should
use net value of the GBR, rather than
gross output values, but net measures are
not available; precise allocation of zoning
and other field management costs is not
possible). Even the costs of structural ad-
justment only amount to about 3.9% of
the economic returns from the GBR in a
single year (2006–2007 financial year).

Marine Reserve Paradigms: Insights
from the Great Barrier Reef
Overall, zoning of the GBRmarine reserve
network appears to be making major
contributions to the protection of bio-
diversity, ecosystem resilience, and social
and economic values of the GBR Marine
Park. The breadth and regional scale of
these benefits provide important validation
and extension of emerging ideas about the

value of reserve networks (e.g., consensus
statement in ref. 9), particularly given
that the GBR is the first large network
designed systematically at a regional scale
and provides scope for rigorous compar-
isons (12, 62) (see Introduction and
SI Section 1). The results demonstrate the
value of reserves both for active
restoration of ecosystem structure (e.g., the
widespread recovery of depleted fish stocks
within the new no-take network), and for
preventing ongoing degradation (the stated
primary goal of the 2004 zoning; e.g., re-
duced coral mortality). However, it must
also be emphasized that theGBRsits within
an exceptional context, in terms of bio-
geography, scale, governance, and eco-
nomics, so that emerging lessons should
not be assumed relevant across all circum-
stances. For example, the extent of the
2004 zoning network may not be feasible in
regions that lack centralized governance
arrangements or that lack resources for ef-
fective enforcement. Further, this paper
focuses on the effects of zoning, but those
results must be seen in the context of
broader, complementary management
and monitoring initiatives (see below). In-
sights into the specific scientific challenges
of assessing the effects of marine reserves
are discussed in SI Section 8.
The breadth and extent of benefits reflect

very well on the scientific and engagement
processes involved in the development and
implementation of the 2004 Zoning Plan
(11), especially the value of larger reserve

size and high proportion of overall area in
reserves to provide margins of error. For
example, the protection of natural patterns
of reef separation (Fig. S4) was not in-
corporated in the design in its own right, but
is an outcome of the robust and compre-
hensive design principles (11). Similarly,
comprehensive protection of minimum lev-
els of seabed biodiversity (SI Section 5) is an
outcome of those same principles and dem-
onstrates the effective use of physical data as
proxies where prior knowledge of bio-
diversity is limited. The benefit to the entire
ecosystem of enhanced fish populations, or
reduced coral mortality, clearly increases
with increased proportional area of reserves.
Scientifically, effects such as increased

biomass of target fish in protected areas are
not novel. However, results from the GBR
demonstrate those benefits over larger
scales and provide concrete examples of the
value of monitoring for evaluating man-
agement effectiveness and for community
acceptance (8, 9) (SI Sections 1 and 7). The
breadth and scale of GBR monitoring
also illustrate the considerable variability
inherent in the effects of reserves, varia-
bility among regions (Fig. 1 and Fig. S1 B
and C) and among species with different
life-history traits or vulnerability to fishing
(e.g., target fish cf. sharks and dugongs cf.
prey species). Reserve effects also depend
strongly on the extent of fishing pressure
and compliance within a region.
The demonstration of indirect benefits

on corals, through crown-of-thorns starfish
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Fig. 4. Economic costs and benefits for the Great Barrier Reef. (A) Economic value of the GBR to the
Australian economy (50–52), compared to expenditure on management of the Great Barrier Reef Marine
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(Fig. 3), is especially important in dem-
onstrating the value of reserves in main-
taining ecosystem structure and function
(9). Because corals construct the very
habitat of coral reefs, these effects are
highly relevant to long-term community
structure and resilience and hence to
socioeconomic value. Previous demon-
strations of such benefits for no-take re-
serves on coral reefs have generally
involved effects on fishing for herbivores
and/or habitat-destructive fishing practices
(e.g., refs. 63, 64), neither of which is
significant on GBR reefs.
Many of the benefits of high proportions

of protected habitats will not be limited to
the protected zones, but may be diffused
across zones, due to strong ecological con-
nectivity between zones (e.g., highly mobile
species, ecosystem-wide larval supply, and
biodiversity). Benefits to fish stocks seem
likely to accrue in part to the entire eco-
system, through larval subsidies (SI Section
3). Such ecosystem-wide benefits may be
very real, but very difficult to measure reli-
ably, as they are not amenable to simple
comparisons of fished and no-take zones.
Overall, the ecological benefits appear to

bring net social and economic benefits.
Broad community opinion appears to sup-
port the zoning (SI Section 7), and the
economic costs, which are being addressed
through structural adjustment arrange-
ments, are greatly outweighed by the eco-
nomic benefits of a healthy reef (Fig. 4).
These results show the considerable value
of direct assessments of social and eco-
nomic costs and benefits, assessments that
are often advocated but less often im-
plemented (9). Critics of marine reserves
within the broader community and media
often assert major social and economic
costs of implementation. However, mon-
itoring and survey data for theGBR suggest
those costs are lower than asserted and
minor compared to the social and economic
values of the Marine Park. Further, under-
standing the costs that do occur provides
insights into how they can be avoided or
mitigated in the future (e.g., ensuring that
fishers feel engaged in planning processes,
etc., SI Section 7). Such lessons are valuable
both for on-going management of the GBR
and for the design and implementation of
marine reserves elsewhere.
However, review of the GBR zoning also

provides someclear cautionary insights.No-
take networks alone do not provide suffi-
cient protection for some taxa, even in a

network as extensive as the GBR. By
incorporating entire reefs within protected
zones, the present system provides strong
protection for taxa suchas coral trout,which
occupy single reefs throughout their adult
lives.However, taxasuchassharks,dugongs,
and marine turtles, that operate over larger
scales and range between protected and
open zones, are likely to benefit but to a
muchlesserextent.Aswidelyrecommended
(e.g., ref. 9), GBR zoning is complemented
by a great deal of nonspatial management,
including explicit management of fisheries
within fished zones and bycatch reduction
efforts (SI Section 1). The results for du-
gongs and marine turtles show the im-
portance of such complementary
management (SI Section 5).
The dramatic differences between fished

and no-take zones (Figs. 1 and 2 and Figs.
S1–S3), suggest that, even on one of the
best managed marine systems in the world,
a large proportion of reefs are significantly
depleted in predatory fish and sharks.
However, the stark differences between
no-take and no-entry zones (Fig. 2 and
Fig. S3) indicate that that depletion is
much more serious than indicated by
abundances in no-take zones alone, po-
tentially affecting most reefs (no-entry
zones only account for 0.2% of area). The
ecological consequences of this depletion
are probably exacerbated by associated
depletion of by-catch species and may be
more serious in terms of ecosystem struc-
ture than fisheries impacts. On this basis,
the large proportion of new no-take zones,
although very positive, nonetheless seems
insufficient to restore ecosystem-wide
stocks of target fish to undepleted levels.
Interpretation of no-take reserves as
baselines (c.f. ref. 9) requires rigorous
compliance within those reserves: GBR
no-entry zones, as “full compliance” no-
take zones, are critical in preventing the
shifting baseline phenomenon of perceiv-
ing depleted stocks as normal.
Effective compliance and enforcement

are critical to the overall ecological effec-
tiveness of marine reserve networks. The
evidence for notable noncompliance in
GBR no-take zones, although limited, is a
distinct concern and demonstrates the
importance of monitoring to assess com-
pliance (above and SI Section 6). Even
limited noncompliance may have major
ecological consequences, especially be-
cause poaching in no-take zones will tend to
have dramatically higher catch rates and to

catch the largest (and hence most fecund)
fish and sharks (Fig. S3). Improved com-
pliance could involve increased investment
in education and awareness to improve
voluntary compliance, increased invest-
ment in enforcement, and increased pen-
alties to ensure real disincentives for
noncompliance (SI Section 6). Given the
environmental and economic value of
the GBR, and the relatively minor current
expenditure on zoning compliance (Fig. 4),
there seems a strong case for increasing
investment in compliance to protect
such a valuable asset and revenue source.
In summary, the network of marine

reserves on the GBR has brought major,
sustained ecological benefits, including
enhanced populations of target fish, sharks,
and even corals, the foundation of the coral
reef ecosystem. Although it is not possible
to directly measure effects on seabed bio-
diversity, analyses indicate enhanced pro-
tection within no-trawl zones under the
new network. Risk assessments even indi-
cate some benefits to dugongs and marine
turtles, despite protected zones beingmuch
smaller than the ranges of these species.
These ecological benefits are likely to bring
significant, long-term benefits for human
uses of the Marine Park, and social and
economic costs of the 2004 zoning appear
limited in comparison with the large and
growing economic return from a healthy
GBR. Overall, the available evidence
suggests that the large-scale network of
marine reserves on the GBR is proving
to be an excellent investment in social,
economic, and environmental terms.
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