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Multivariate life-history indices of exploited
coral reef fish populations used to measure
the performance of no-take zones in a marine
protected area

Gavin A. Begg, Bruce D. Mapstone, Ashley J. Williams, Samantha Adams,
Campbell R. Davies, and Dong C. Lou

Abstract: We investigate the use of multivariate life-history indices to assess the performance of no-take zones with re-
spect to ameliorating the impacts of harvest on exploited coral reef fish populations in the Great Barrier Reef Marine
Park. A range of life-history parameters were estimated for the two major target species of the Great Barrier Reef
(GBR) line fishery, common coral trout (Plectropomus leopardus) and red throat emperor (Lethrinus miniatus), col-
lected from five adjacent reefs (three of which were closed to all forms of fishing) in each of three geographically dis-
persed regions between 1995 and 1998. Life-history parameters were used to compare the status of populations on
open and closed reefs over regions and years. Principal components (PC) analyses were used to effectively reduce the
number of parameters to four significant PCs for each species, accounting for 84% and 94% of the total variation in
the data for common coral trout and red throat emperor, respectively. We were able to clearly identify those popula-
tions that were sampled from reefs open or closed to fishing based on the multivariate descriptors of life-history pa-
rameters. The concurrent use of several life-history indices maximised our potential to differentiate changes related to
no-take zones from background variation.

Résumé : Nous examinons 1’utilisation des indices démographiques multidimensionnels pour évaluer la performance
des zones de protection marines (MPA) établies pour atténuer I’impact de la récolte sur les populations de poissons des
récifs coralliens dans le parc marin de la Grande Barriere de Corail. Nous avons estimé un nombre de variables
démographiques pour les deux especes qui sont le plus couramment ciblées par la péche a la ligne sur la Grande
Barriere de Corail (GBR), la loche saumonée (Plectropomus leopardus) et I’empereur gueule longue (Lethrinus minia-
tus), récoltées sur cinq récifs adjacents (dont trois ou toute forme de péche est interdite) dans chacune de trois régions
séparées géographiquement de 1995 a 1998. Les variables démographiques ont servi a comparer 1’état des populations
dans les récifs protégés et non protégés au cours des années dans les différentes régions. Des analyses des composantes
principales (PC) ont permis de réduire le nombre de variables a quatre PC significatives pour chaque espece, expli-
quant ainsi respectivement 84 % et 94 % de la variation totale des données pour la loche saumonée et I’empereur
gueule longue. Les descripteurs multidimensionnels des variables démographiques nous ont permis de distinguer
clairement les populations échantillonnées sur les récifs protégés et sur les récifs non protégés. L'utilisation conjointe
de plusieurs indices démographiques a maximisé notre capacité de reconnaitre les changements dus a la présence des
MPA de la variation sous-jacente.

[Traduit par la Rédaction]

Introduction globe. One management strategy frequently promoted within
MPAs is the concept of “no-take” zones where all extractive

Increasing impacts on natural resources of marine ecosys- activities such as fishing and collecting are prohibited. Al-
tems, coupled with ineffective fisheries management and the  though the concept of no-take zones has been around for de-
need to maintain biodiversity in perpetuity, have led to im- cades (Beverton and Holt 1957), their use as an alternate

plementations of marine protected areas (MPAs) around the  ecosystem-based management strategy is relatively new
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(Roberts and Polunin 1991; Agardy 1997; Russ 2002). In
this study, we examine the utility of multivariate life-history
indices, generated from a suite of life-history parameters of
exploited coral reef fish populations, to assess the degree to
which no-take zones ameliorated the impacts of fishing
within the Great Barrier Reef Marine Park (GBRMP) and
World Heritage Area (GBRWHA), Australia. No-take zones
are a vital part of the multiple-use zoning approach applied
in the GBRMP (Day 2002) and have recently been increased
to comprise 33% of the entire Marine Park (GBRMPA
2004).

MPASs have increased in popularity as an alternate man-
agement strategy because of the poor state of global fisheries
resources and the failure of traditional fisheries management
to stem the flow of overcapitalised and overexploited fisher-
ies (Roberts and Polunin 1991; Fogarty et al. 2000; Russ
2002). Traditional fisheries management typically has been
based on single-species and stock-specific strategies that
have failed to encompass the diversity of multispecies and
metastock assemblages, leading to the depletion, extirpation,
and collapse of fish stocks throughout the world. Manage-
ment problems are exacerbated in coral reef fisheries, which
tend to be data-limited, community-based, and inherently
complex as the result of multispecies and multigear interac-
tions (Crowder et al. 2000). MPAs, however, potentially pro-
vide an expedient and efficient ecosystem-based management
strategy that embodies the directives of the precautionary ap-
proach, fulfilling the dual functionality of biodiversity con-
servation and, potentially, sustainable utilisation of selected
resources (Agardy 1997; Bohnsack 2000).

Several authors have argued that no-take zones can pro-
vide an array of potential benefits to fisheries, both ecologi-
cal and socio-economic, in the face of management
uncertainty (e.g., Roberts and Polunin 1991; Murray et al.
1999; Fogarty et al. 2000). Postulated benefits of no-take
zones include the following: provision of sanctuary for ex-
ploited species from anthropogenic impacts; maintenance of
species, population, and habitat biodiversity; protection of
ecosystem structure and function; and insurance against fish-
eries recruitment and management failure (Roberts and
Polunin 1991; Bohnsack 1998; Agardy 2000). Recent stud-
ies have indicated that abundance, biomass, and (or) size of
target species increase within the boundaries of no-take
zones (e.g., Buxton 1993; Dugan and Davis 1993; Halpern
and Warner 2002), potentially leading to spill-over and lar-
val dispersal effects that might increase fishery yields and
replenish unproductive or “sink” habitats in adjacent unpro-
tected areas (Russ and Alcala 1996a; Roberts et al. 2001;
Halpern 2003). Moreover, no-take zones are considered to
be particularly effective in the preservation of coral reef fish
species, which tend to be relatively sedentary as adults but
widely dispersed as larvae, thereby providing a mechanism
for the protection of refuges of spawning stock biomass
from which harvested local populations elsewhere might be
replenished (Bohnsack 2000).

Despite the widespread advocacy of MPAs and no-take
zones, however, their performance has proved difficult to
measure because most are established without any clearly
defined objectives against which their success (or otherwise)
can be evaluated (Agardy 2000). Reviews of MPAs, includ-
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ing no-take zones, and modelling studies evaluating their hy-
pothetical performance abound in the scientific literature
(e.g., Polacheck 1990; Allison et al. 1998; Russ 2002), but
fewer well-designed and replicated empirical studies testing
specific hypotheses exist (but see, for example, Buxton
1993; Russ and Alcala 1996b; Mapstone et al. 2004).
Typically, once a MPA or a no-take zone is established,
there is little follow-up to assess the performance or efficacy
of the area, even though routine monitoring and assessment
studies should be the default scenario to facilitate perfor-
mance assessment and review. Those studies that do exist
tend to be limited on a spatial and (or) temporal scale (Russ
and Alcala 1996b; Mapstone et al. 1999), restricting the gen-
eralities that can be derived from such studies (Russ 2002;
Adams 2002; Mapstone et al. 2004); however, meta-analysis
approaches may provide some insight (Mosquera et al.
2000). Furthermore, performances of the respective no-take
zones are often limited to gross measures of abundance, bio-
mass, or size of individuals (see reviews of Russ 2002 and
Halpern 2003).

Multiple-use MPAs have been established to protect and
conserve complex coral reef ecosystems such as those in the
GBRMP where precautionary principles of conservation are
rated very highly. The Great Barrier Reef (GBR) is the larg-
est coral reef ecosystem in the world, and the GBRMP was
established in 1975 to facilitate conservation management of
most of the GBR. In 1981, an area including the GBRMP
was inscribed on the World Heritage list as the GBRWHA.
The GBRMP contains a number of no-take zones, the best
known and most widespread are the Marine National Park
Zones (locally referred to as “green” zones). Until recently,
no-take zones accounted for about 5% of the total area of the
GBRMP and approximately 24% of the area of the mapped
coral reef habitat in the Marine Park. A major rezoning pro-
gram, called the Representative Areas Program, was under-
taken by the Great Barrier Reef Marine Park Authority
(GBRMPA) and resulted in a more comprehensive, ade-
quate, and representative zoning network encompassing all
habitats and increased the coverage of no-take zones to 33%
of the entire GBRMP. The legislation for the GBRMP sets
out the broad objectives of zoning, requiring both conserva-
tion and protection of biodiversity while allowing multiple
uses, including fishing in some zones.

Fishing is the major extractive use on the GBR, with the
various zones determining what activities can occur. The
reef line fishery is one of a variety of commercial fisheries,
with an annual economic value of about AU$60-100 mil-
lion. Each year the commercial sector harvests between
3000 and 4000 tonnes (t) from the multispecies reef line
fishery of the GBR, while significant quantities are also har-
vested by the recreational (~2000 t) and charter boat (~300 t)
sectors. Common coral trout (Plectropomus leopardus) and
red throat emperor (Lethrinus miniatus) are the two major
target species of the reef line fishery for all sectors in most
regions of the GBRWHA, comprising nearly 50% of the
total catch (Higgs 1996; Mapstone et al. 1996, 2004). In ad-
dition to the use of no-take zones, current management strat-
egies for the reef line fishery include seasonal spawning
closures and size limits for all sectors, limited entry and an
individual transferable catch quota system for the commer-
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Table 1. Total number of common coral trout (Plectropomus leopardus) and red throat emperor (Lethrinus miniatus) sampled during

the Effects of Line Fishing (ELF) Experiment, 1995-1998.

Common coral trout

Red throat emperor

Region Reef Zone 1995 1996 1997 1998 1995 1996 1997 1998
Townsville Dip Closed 185 54 154 183 90 23 33 39
Glow Closed 339 148 172 197 112 34 95 89
Faraday Closed 116 33 123 166 53 25 40 20
Fork Open 165 69 74 104 19 10 36 15
Knife Open 108 67 32 60 6 10 20 21
Mackay 20-137 Closed 333 193 87 165 97 57 40 43
20-142 Closed 306 261 144 214 91 53 44 58
Bax Closed 317 243 107 264 98 51 52 47
Boulton Open 396 96 42 152 79 31 36 56
Liff Open 195 129 79 99 49 46 18 22
Storm Cay 21-131 Closed 321 248 242 289 74 31 51 50
21-132 Closed 332 338 151 341 82 52 50 88
21-133 Closed 270 154 109 113 69 48 24 46
21-124 Open 219 116 164 171 20 16 16 13
21-139 Open 238 167 94 116 51 23 39 39

cial sector, and hook and bag limits for the recreational sec-
tor.

Protection from significant fishing mortality via the estab-
lishment of no-take zones would be predicted to precipitate,
over time, several contrasts between the closed areas and
those that remained open to exploitation. Fish in the no-take
zones would be expected on average to be more abundant
and larger, have increased survivorship, and possibly differ-
ent population level reproductive characteristics than those
in the open areas. Both species considered in this study have
been shown to be protogynous hermaphrodites (Ferreira
1995; Adams 2003; Bean et al. 2003), and common coral
trout has been shown to be diandric (Adams 2003). Conse-
quently, despite the presence of some small, young males,
the larger, older groups of these species are generally male-
dominated (Adams et al. 2000; Bean et al. 2003). Fishing
has a tendency to disproportionately reduce the abundance
of these larger, older males through either direct removal or
increased mortality of younger fish (Vincent and Sadovy
1998), potentially leading to larger females changing sex
earlier and so also reducing the average age and size of fe-
males in the population (Adams 2002). If sex change is in-
sufficiently flexible, however, or fishing removes males at a
rate faster than can be replaced by earlier sex change, a
highly female-biased sex ratio is expected (Vincent and
Sadovy 1998; Adams 2002). In the latter case, it would be
expected that sex ratios on reefs open to fishing would be
significantly more female-biased than those on reefs closed
to fishing.

We assess the relative effects of no-take zones on life-
history parameters of the two major target reef fish species
over large spatial and temporal scales on the GBR based on
a suite of multivariate indices. This multivariate approach re-
duces the dimensionality in the data while assimilating the
influence of a range of individual life-history parameters.
We discuss the utility of these indices in evaluating the per-
formance of no-take zones and propose strategies for apply-
ing them to monitor the relative success of no-take zones

for their potential contribution to the conservation and
sustainability of exploited coral reef fish populations.

Materials and methods

Sample collection

Common coral trout and red throat emperor samples were
collected between 1995 and 1998 from research line fishing
catch surveys for the Effects of Line Fishing (ELF) Experi-
ment (Davies et al. 1998; Mapstone et al. 2004) imple-
mented by the Cooperative Research Centre for the Great
Barrier Reef World Heritage Area (CRC Reef). Samples
were collected from clusters of six adjacent reefs in four
geographic regions. Four of the six reefs in each region had
been no-take zones and closed to all forms of fishing for
10-12 years before 1995. The remaining two reefs in each
cluster were historically open to fishing and provided the
necessary “impact” treatment against which the performance
of the no-take zones could be assessed. For the purposes of
this study, we analysed multivariate life-history indices de-
rived from a range of life-history parameters for common
coral trout and red throat emperor from three of the closed
reefs and the two open reefs in three of the four regions
(Townsville, Mackay, and Storm Cay) (Table 1; Fig. 1).
Typically, red throat emperor does not occur in the fourth re-
gion (around Lizard Island, 14°S) and so data from that re-
gion were not considered for this study. The fourth closed
reef in each region was excluded because it was subjected to
experimental fishing in 1997 as part of the CRC Reef ELF
Experiment, effectively losing its MPA status, and therefore
was not comparable to either the three closed reefs or the
two open reefs.

All reefs were sampled each year in the austral spring
(October—December) to coincide with the peak spawning pe-
riod of the main target species, common coral trout. Each
reef was divided into six approximately equal-sized, contig-
uous blocks and sampled on a single day on each sampling
occasion. Standardised commercial reef line fishing effort
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Fig. 1. Location of the Effects of Line Fishing (ELF) Experimental clusters of reefs (Townsville, Mackay, Storm Cay) from which
samples of common coral trout (Plectropomus leopardus) and red throat emperor (Lethrinus miniatus) were analysed for this study.

Asterisks (*) indicate reefs closed to fishing (no-take zone).
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was distributed uniformly across two depth strata within
each block. Consequently, diel variations in catch rates, if
present, did not affect the outcomes of the study because of
the standardised method of sampling where any differences
would be relative and applicable across all reefs. All fish
caught were measured, tagged for later identification, and
kept for weighing and extraction of gonads and otoliths. For
further sampling details of the ELF Experiment, see Davies
et al. (1998) and Mapstone et al. (2004).

Samples of common coral trout and red throat emperor
were aged using standardised methods developed by Ferreira
and Russ (1994) and Williams et al. (2003), respectively. In
addition, gonads from a random subsample of common coral
trout were extracted for histological examination and form
the basis of the reproductive parameters used in this study.
Common coral trout were classified into functional repro-
ductive categories following Adams et al. (2000).

Parameter estimation

A suite of life-history parameters was estimated from the
samples collected for each species at each reef to test the
relative performance of no-take zones in the GBRMP (Ta-
ble 2). Age (Age) and length (Len) richness were used as
proxies for age and size frequency distributions, respectively,
and estimated for the harvested portion of the population as
the number of age (years) and length (10 mm) groups above
the minimum legal sizes for the fishery. Harvested popula-
tions of common coral trout and red throat emperor were

Table 2. Description of life-history parameters used in the analyses.

Life-history parameter Description

Age Number of age groups (years)

Len Number of length groups (10 mm)

LAA Mean length-at-age

WAA Mean weight-at-age

Agg 90th percentile of age

Lygg 90th percentile of length

Wy 90th percentile of weight

S Survivorship estimated from instanta-
neous mortality rate (%)

Afem 90th percentile of age of mature females

Lo 90th percentile of length of mature
females

Sex Operational sex ratio based on propor-
tion of mature males to females

Abun Relative CPUE index of abundance

Biom Relative CPUE index of biomass

Note: Harvested population of common coral trout (Plectropomus
leopardus) and red throat emperor (Lethrinus miniatus) were fish equal to
or greater than 358-mm and 322-mm fork length (FL), respectively. These
FLs correspond to the minimum legal total lengths for harvest of 380 mm
and 350 mm, respectively. Mean length- and weight-at-age were estimated
for common coral trout fully recruited to the fishery at age 4 years.
CPUE, catch-per-unit-effort.
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considered to be fish equal to or greater than the minimum
legal sizes of 358- and 322-mm fork length (FL), respec-
tively. Similarly, the 90th percentiles of age (Aq), fork
length (Lgg), and weight (Wy,) were estimated for the har-
vested portion of the respective populations and used as rel-
ative indices of senescence, longevity, and growth potential.
Catch-per-unit-effort (CPUE) of the total number of fish
caught-min~' (Abun) and total weight of fish caught-min™!
(Biom) were also estimated for the harvested portions of the
populations of each species and used as relative indices of
abundance and biomass, respectively.

Additional life-history parameters (LAA, WAA, S, A¢q,
Lier, Sex) (Table 2) were estimated for common coral trout
because of their numerical abundance in the catch and im-
portance as the major target species in the reef line fishery.
Common coral trout were considered to be fully recruited to
the fishery at 4 years of age, the age at which mean length-
at-age (LAA) and weight-at-age (WAA) were estimated. In-
stantaneous rates of total mortality (Z) were estimated from
age-based catch curves for fully recruited fish and used to
calculate survivorship (S = e) (Beverton and Holt 1957).
Age-based catch curves assume constant recruitment among
the fully recruited age groups over time (Quinn and Deriso
1999). Although this assumption was untested for common
coral trout, there was no clear evidence of significant recruit-
ment events in the observed age frequency distributions.
Catch curve regressions were fitted from the first fully se-
lected age group (4 years) through to the oldest age group
that was preceded by no more than two consecutive zero fre-
quencies. As a result, the age range used to estimate S varied
slightly among reefs. There were insufficient data to esti-
mate S for one of the closed reefs in the Townsville region in
1996 and 1998 and for one of the open reefs off Townsville
in 1997. Consequently, estimates of S for each of these reefs
in the years with poor data were imputed as the mean value
for that reef from the remaining years.

The 90th percentiles of age (A, and fork length (Lg.,)
of mature females and the operational sex ratio (Sex) of ma-
ture males to mature females were also estimated for
P. leopardus sampled at each reef (Table 2). There were in-
sufficient data to estimate the sex ratio for one of the open
reefs in the Townsville region in 1997 and so an estimate
was imputed as the mean value across the remaining years
for that reef.

Statistical analysis

Multivariate statistical analyses were used to examine the
effects of year (1995-1998), region (Townsville, Mackay,
Storm Cay), and reef zone (open, closed) on a suite of
life-history parameters for each species. The numerous life-
history parameters were used to construct multivariate
life-history indices for the two species at each reef to test for
discrimination between the closed (no-take) and open reefs.
Principal components analysis (PCA) was used initially to
reduce the dimensionality in the multivariate data. The origi-
nal data were transformed to values standardised against
their means by their standard deviation because of the differ-
ent measurement scales of the various parameters and then
transformed into principal components (PCs). Consequently,
the PCs were weighted averages of the normalised estimates
of life-history parameters and as such can be interpreted
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as multivariate life-history indices. Individual PCs that ac-
counted for 5% or more of the total variation in the data
were selected for further analysis. The PC loadings were
used to provide a summary of the influence of the original
parameters, and biplots were used to represent both the orig-
inal parameters and transformed observations on pairs of
PCs.

Repeated-measures analysis of variance was then used to
test the within-group (repeated-measures) effect of year and
the between-group effects of region and zone and their inter-
actions for common coral trout and red throat emperor on
each significant PC selected in the data-reduction step (SAS
1989). Sphericity tests were used to examine the assumption
of type-H covariance structure for the within-group effects,
and the Huynh-Feldt estimator was used to adjust tests of
significance if this assumption was not satisfied (SAS 1989).
Significance criteria were also adjusted for multiple testing
of the individual PC multivariate life-history indices using
the Bonferroni adjustment (Sokal and Rohlf 1995). Jack-
knifed cross-validation procedures were used to estimate un-
biased classification rates of open and closed reefs based on
the significant PC scores.

Results

The initial PCAs for common coral trout and red throat
emperor were based on all data, incorporating the effects of
year (1995-1998), region (Townsville, Mackay, Storm Cay),
and zone (open, closed) on the full suite of life-history pa-
rameters. From the 13 parameters (Age, Len, LAA, WAA,
Agg, Loy, Wog, S, Afems Liem» S€X, Abun, Biom) for common
coral trout and seven parameters (Age, Len, Agg, Loy, Wy,
Abun, Biom) for red throat emperor (Table 1), the PCAs
identified four significant principal components (PCs) for
each species (Table 3). Additional PCs could be discarded
with relatively little loss of explanatory information. The
four PCs combined explained 84% and 94% of the total vari-
ation in the data for common coral trout and red throat em-
peror, respectively (Table 3).

Effects of zone

Significant and unconfounded main effects of zone were
evident on PC I for both common coral trout and red throat
emperor (Table 4; Fig. 2), indicating an effect of zone across
the aggregate weighted average scores of all parameters (Ta-
ble 3). Populations of common coral trout sampled on reefs
closed to fishing tended to have broader age and length dis-
tributions, older, larger and heavier individuals, greater
abundance and biomass, higher survivorship, more males,
and larger and older females, all indicators of a healthy pop-
ulation (Fig. 3). Like common coral trout, populations of red
throat emperor sampled on reefs closed to fishing tended to
have broader age and length distributions and greater abun-
dance and biomass (Fig. 3). In contrast, there was no consis-
tent pattern in the morphometric life-history parameters (Aq,
Lyy, Wy) for red throat emperor sampled on reefs open and
closed to fishing. The PC I loadings and relative magnitude
of the influence of these parameters were typically lower
than those observed for the other life-history parameters
(Abun, Biom, Age, Len) (Table 3; Fig. 3).
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Table 3. Significant (equal or greater than 5% of the total varia-
tion in the data) principal components (PCs) and PC loadings of
life-history parameters for common coral trout (Plectropomus
leopardus) and red throat emperor (Lethrinus miniatus) collected
from open and closed reefs off Townsville, Mackay, and Storm
Cay, 1995-1998.

Life-history parameter PCI PCII PC III PC IV
(a) Common coral trout

Age 0.353 0.127

Len 0.353 0.155 0.149 -0.177
LAA —0.488 0.344 0.306
WAA —0.468 0.376 0.321
Agg 0.303 —-0.447

Ly 0.366 -0.127

Woqo 0.369 -0.123

S 0.210 -0.220 -0.449 0.264
Atem 0.285 -0.142 -0.334

Lo 0.242  -0.264 —-0.487
Sex 0.119 0.381 0.669
Abun 0.289 0.327 0.315

Biom 0.309 0.282  0.303

Proportion of variance 0.45 0.20 0.13 0.06
Cumulative proportion 0.45 0.65 0.78 0.84
(b) Red throat emperor

Age 0.421 0.629 —-0.104
Len 0.365 0.326 -0.772
Agg -0.482  0.581 0.180
Ly, 0.244 -0.558 -0.237 -0.184
Woo 0.227 -0.528 -0.396 —-0.198
Abun 0.525 0.241 -0.119 0.350
Biom 0.547 0.104 -0.192 0.406
Proportion of variance 0.39 0.33 0.14 0.08
Cumulative proportion 0.39 0.72 0.86 0.94

Note: See Table 2 for explanation of abbreviations.

Zone effects were suggested also on PC III for common
coral trout, but in interaction with year and region (Table 4).
Bi-plots of the interaction on PC III indicated, however, that
there were no consistent regional patterns for common coral
trout sampled on open and closed reefs for each year
(Fig. 4). In 1995, common coral trout on open and closed
reefs off Townsville, Mackay, and Storm Cay appeared to be
distinct, with no overlap in their PC III scores (Fig. 4). Simi-
larly, in 1996 off Mackay and Storm Cay and in 1998 off
Townsville and Mackay, there was no overlap in the PC III
scores for common coral trout from open or closed reefs
(Fig. 4). S, Agg, WAA, and LAA were the main parameters
underlying the effect of PC III (Table 3). Zone effects were
not clearly separated on either PC II or PC 1V, either as main
effects or in interaction with region or year for common
coral trout or red throat emperor (Table 4).

Effects of region

Regional effects varied significantly with year on PC II
for common coral trout and on PC I for red throat emperor
(Fig. 5), varied with both year and zone on PC III for com-
mon coral trout (Fig. 4), and were evident as an
unconfounded main effect for red throat emperor on PC II
(Fig. 6) (Table 4). PC II reflected a difference between the
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standardised abundance and biomass and standardised age
and length variables, indicating differential changes in popu-
lation structures (Table 3). In 1995, 1996, and 1998, popula-
tions of common coral trout sampled off Mackay and Storm
Cay differed from those off Townsville, with relatively little
overlap in their PC II scores (Fig. 5). In 1996 and 1998,
common coral trout sampled off Mackay and Townsville,
respectively, also appeared to differ in their PC III scores
from those off Storm Cay (Fig. 4). In contrast, populations
of red throat emperor on reefs off Townsville and Mackay
were more dissimilar, with limited overlap in their PC I
scores in 1996 and 1997 (Fig. 5). Similarly, for red throat
emperor, there was less overlap in the overall PC II scores
from reefs off Townsville and Mackay than there was over-
lap between samples from Mackay and Storm Cay. This re-
sult was mainly influenced by the morphometric life-history
parameters (Lo, Wy, Agg) (Table 4; Fig. 6).

Effects of year

Significant and unconfounded main effects of year were
evident for common coral trout on PC I and PC IV and for
red throat emperor on PCs II-IV (Table 4), although the sep-
aration among years was less dramatic than that among
zones or regions for both species. Mean PC IV scores for
common coral trout were significantly greater in 1996, 1997,
and 1998 than those in 1995 (Fig. 7) and were mainly influ-
enced by sex ratio (Sex) and length of mature females (Lg,,,)
(Table 3). In contrast, mean PC III scores for red throat em-
peror were significantly greater in 1997 and 1998 than those
in 1995 and 1996, and PC IV scores were greater in 1995,
1996, and 1998 than those in 1997 (Fig. 7). Age and Ay,
were the main life-history parameters influencing PC III,
whereas Len was the main parameter underlying PC IV (Ta-
ble 3).

Year x region interactions were also significant on PC II
for common coral trout and PC I for red throat emperor
(Fig. 5) and varied with both region and zone on PC III for
common coral trout (Fig. 4). Plots of the interactions for PC
II for common coral trout and PC I for red throat emperor
indicated that populations on reefs in all three regions
tended to cluster by year of sampling, albeit with some over-
lap in scores, particularly for Storm Cay (Fig. 5). Popula-
tions of common coral trout sampled off Townsville and
Mackay demonstrated little overlap in their PC II scores in
1996 and 1998. Similarly, populations of common coral
trout tended to cluster by zone, region, and year according to
their PC III scores (Fig. 4). Red throat emperor sampled off
Townsville in 1997 and 1998 and off Mackay in 1996 and
1997-1998 demonstrated little overlap in their PC I scores
(Fig. 5).

Classification power of PC scores

Unbiased, jackknifed cross-validation tests on the signifi-
cant PC (I-IV) scores for the combined data across years
and regions indicated relatively high rates of classification
success between open and closed reefs for both common
coral trout and red throat emperor. Classification success (to
zone) for common coral trout was 83% for open reefs and
89% for closed reefs, with a total error rate of 14%. The
analogous rates for red throat emperor were 75% (open reefs)
and 86% (closed reefs) with a total error rate of 19%.
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Table 4. Results of repeated-measures analysis of variance of within-group (repeated-measures) effects
of year and between-group effects of region and zone for multivariate life-history indices (PCs) for
common coral trout (Plectropomus leopardus) and red throat emperor (Lethrinus miniatus) collected
from open and closed reefs off Townsville, Mackay, and Storm Cay, 1995-1998.

Term P>F
PC 1 PC II PC 1II PC IV
(a) Common coral trout
Within groups
Year 0.0023* 0.2295 0.0001 0.0077
Year x region 0.2199% 0.0013 0.0044 0.5446
Year x zone 0.5957* 0.5112 0.3111 0.5203
Year x region x zone 0.4913%* 0.0535 0.0001 0.1978
Between groups
Region 0.1543 0.0003 0.0719 0.2719
Zone <0.0001 0.8978 0.6113 0.9029
Region x zone 0.6021 0.3482 0.0189%*%* 0.5366
(b) Red throat emperor
Within groups
Year 0.0005 0.0002 <0.0001 0.0022
Year x region 0.0002 0.1828 0.4421 0.5285
Year x zone 0.4320 0.0650 0.3234 0.3373
Year x region X zone 0.2932 0.0384%*%* 0.0227%%* 0.5092
Between groups
Region 0.0787 0.0074 0.0198%*%* 0.0375%%*
Zone 0.0001 0.0443%*%* 0.0283%*%* 0.3546
Region x zone 0.9183 0.1492 0.5029 0.5678
Note: Tabulated values are probabilities of the observed data under the null hypotheses of no effect of the indicate
terms. Bold values were statistically significant; *, probability adjusted for unequal correlations of within-group effects
using Huynh-Feldt estimator; **, probability not significant at adjusted Bonferroni level for multiple testing (P >
0.0125).
Discussion abundance, biomass, and size, including increased

We found clear evidence of accrued life-history benefits to
fish populations in no-take zones compared with exploited
populations outside such closed areas. Zone-related patterns
in the multivariate life-history indices for both of the major
target species of the reef line fishery on the GBR were con-
sistent over large spatial and temporal scales. The nature of
the overall differences in life-history indices between areas
open and closed to fishing was consistent with a generally
positive effect of no-take zones on the likely productivity
and ecological sustainability of fish populations subject to
exploitation in open areas. By analysing collectively a range
of life-history parameters, we were able to clearly distin-
guish those populations that were sampled on reefs closed to
fishing from those that were sampled from reefs historically
open to fishing.

Populations of common coral trout and red throat emperor
sampled within selected no-take zones of the GBRMP tended
to have broader age and length distributions and greater
abundance and biomass than populations in adjacent areas
that had been subjected to fishing for many years. Life-
history benefits of increased abundance, biomass, and size
have been found for other exploited species within no-take
zones elsewhere, or at least in areas that are not subjected to
extractive activities such as fishing (Roberts and Polunin
1991; Russ and Alcala 1996a; Halpern and Warner 2002).
We also found additional life-history benefits for common
coral trout besides the typically measured parameters of

survivorship, more males, and older and larger females, em-
phasizing further the apparent benefits of protecting popula-
tions of exploited fish in no-take zones. Such effects,
including lower mortality rates and greater numbers of older
and larger females, also have been found in other studies of
common coral trout (Russ et al. 1998; Adams et al. 2000;
Mapstone et al. 2004), though the effects were not consis-
tently observed for all closed reefs examined (Mapstone et
al. 1999, 2004).

Life-history characteristics accrued to populations of reef
fish within no-take zones most likely lead to increased pro-
ductivity (i.e., greater numbers of viable eggs and larvae).
Populations with more diverse age and length distributions
arising from enhanced survivorship, as we observed for
common coral trout and red throat emperor on reefs closed
to fishing, may have enhanced reproductive output and result
in enhanced recruitment, both within and outside the no-take
zones (Russ 2002). Marteinsdottir and Thorarinsson (1998)
determined that age diversity within a spawning stock of cod
(Gadus morhua) influenced recruitment, where increased di-
versity resulted in a more protracted spawning distribution,
which maximised conditions for progeny survival. Similarly,
Lambert (1990) found above average recruitment in herring
(Clupea harengus) populations with more diverse age struc-
tures.

Adams et al. (2000) also found that female common coral
trout above the size and age at recruitment to the fishery
were significantly more abundant, larger, and older on reefs
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Fig. 2. Bi-plots of total data for multivariate life-history indices,
principal components (PCs) I and II, for (a¢) common coral trout
(Plectropomus leopardus) and (b) red throat emperor (Lethrinus
miniatus) collected from open ([J) and closed (M) reefs off
Townsville, Mackay, and Storm Cay, 1995-1998. These plots
demonstrate the significant between-group effect of zone on PC I
for both species. Total variation in the data explained by PCs I
and II was 64% and 72% for common coral trout and red throat
emperor, respectively. The bi-plots represent both the original
life-history parameters and transformed observations on the first
two PCs, where the relative strength and influence of the original
parameters are reflected by the size and direction of the arrows.
See Table 2 for an explanation of abbreviations.
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Fig. 3. Mean standardised plots of individual life-history parame-
ters for total data of common coral trout (Plectropomus leopardus)
and red throat emperor (Lethrinus miniatus) collected from open
(open bars) and closed (solid bars) reefs off Townsville, Mackay,
and Storm Cay, 1995-1998. See Table 2 for an explanation of
abbreviations.
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closed to fishing in the GBRWHA than those on reefs open
to fishing and suggested that no-take zones were an effective
insurance policy against fecundity limitation in protogynous
hermaphrodites. Recent studies have also found that, as well
as being more fecund, older, larger, and experienced (‘re-
peat”) spawning females also produce more viable progeny
with traits that favour higher survivorship than those of
younger, smaller, and first-time (“recruit”) spawning females
(e.g., Kjesbu et al. 1996; Marshall et al. 1998; Marteinsdottir
and Steinarsson 1998). Older females also tend to have more
protracted spawning seasons, thereby increasing the proba-
bility that their progeny will encounter favourable environ-
mental conditions for growth and survival (Trippel 1998). In
so far as these characteristics are likely to increase the pros-
pects for survival and recruitment of offspring, selective re-
moval or reduced abundance of larger and older individuals
on grounds open to fishing may therefore have detrimental
effects on the long-term sustainability of a population (Begg
and Marteinsdottir 2002). There is a growing number of
studies from temperate systems suggesting that the excessive
removal of large, repeat spawners from a population, such as
by fishing, may have greater impacts on recruitment success
than simply removing absolute biomass (e.g., Marshall et al.
1998; Scott et al. 1999; Trippel 1999). In contrast, very lim-
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Fig. 4. Principal components (PCs) I and III for common coral trout (Plectropomus leopardus) collected from open (open symbols)
and closed (solid symbols) reefs off Townsville (squares), Mackay (circles), and Storm Cay (triangles) in (a) 1995, (b) 1996, (c) 1997,
and (d) 1998. These plots demonstrate the significant interaction effect of zone, year, and region on PC III for common coral trout.
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ited research on these impacts and associated maternal ef-
fects has been conducted on tropical reef fish species
(Kerrigan 1997; McCormick 1998, 1999). The relevance of
such effects in tropical systems needs to be investigated,
particularly with respect to protogynous hermaphrodites
(changing sex from female to male) such as common coral
trout and red throat emperor, where the impacts of fishing
may lead to reduction in abundances of mature, repeat
spawning females through both direct removal by fishing
and indirect removal via earlier sex change. Thus, popula-
tions with greater biomass and more abundant older and
larger spawners, such as those in no-take zones, would be
expected to lead to the production of greater numbers of
more viable eggs and larvae and potentially result in fisher-
ies benefits through spillover of adults or net export of lar-
vae, or both, to surrounding areas where harvest occurs (e.g.,
Russ and Alcala 1996a; Roberts 1997; Russ 2002).

The benefits of net export of larvae from no-take zones
might be expected to be greatest for populations of reef fish
that are relatively sedentary, such as common coral trout
(Davies 1995; Zeller and Russ 1998), because the zero or

T T
-03 -02 -01 00 0.1
PCI

T T
02 03

negligible flux of mature individuals across MPA bound-
aries means that there is no dilution of the effects of no-take
zones through migration of mature fish to areas where they
are vulnerable to fishing. In contrast, the benefits of
spillover of adults from no-take zones would most likely be
greatest in populations that are more mobile and reside out-
side the no-take zones for extended periods (Dahlgren and
Sobel 2000). Red throat emperor may be such a species as
tag-recapture data have indicated that these fish are capable
of movements greater than 20 km across several reefs in a
period of 6 months (Williams 2003; Bill Sawynok, Infofish
Services, 142 Venables Street, North Rockhampton,
Queensland 4701, Australia, unpublished data).

Although a clear separation was observed between popu-
lations of both common coral trout and red throat emperor
sampled on reefs open and closed to fishing, the separation
was more apparent (and subsequent classification total error
rate lower) for populations of common coral trout than for
populations of red throat emperor. The difference between
the species might be due to the potentially more mobile life-
history strategy of red throat emperor. Alternatively, the dif-
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Fig. 5. Principal components (PCs) I and II for common coral trout (Plectropomus leopardus) and red throat emperor (Lethrinus
miniatus) collected from reefs off Townsville (open squares), Mackay (shaded squares), and Storm Cay (solid squares), 1995-1998.
These plots demonstrate the significant interaction effect of region and year on PC II for common coral trout and PC I for red throat

emperor.
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ferences might be an artefact of the greater number of com-
mon coral trout in our samples and the greater diversity of
life-history parameters examined for this species. Similarly,
the less consistent patterns observed for some of the
morphometric life-history parameters (Aqg, Loy, Wo,) for red
throat emperor may reflect the species’ greater movement
combined with morphological patterns that perhaps reflect
environmentally induced phenotypic variation derived from
movements among different habitats (Stearns 1989; Swain
and Foote 1999). Accordingly, the benefits and protection
derived from no-take zones would potentially be reduced

more for red throat emperor than for the typically more site-
attached common coral trout. The degree to which the bene-
fits of no-take zones depend directly on rates of movement
and home ranges of different species (Polacheck 1990;
Bohnsack 2000; Cole et al. 2000) warrants more empirical
examination, especially from a fishery perspective (Davies
1995; Crowder et al. 2000).

Most previous studies on the effects of no-take zones have
included only a limited number of parameters, mainly abun-
dance, biomass, and some measure of size (e.g., Buxton and
Smale 1989; Roberts 1995; Russ and Alcala 1996b). We at-
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Fig. 6. Bi-plot of total data for multivariate life-history indices,
principal components (PCs) I and II, for red throat emperor
(Lethrinus miniatus) collected from reefs off Townsville (open
squares), Mackay (shaded squares), and Storm Cay (solid
squares), 1995-1998. This plot demonstrates the significant
between-group effect of region on PC II for red throat emperor.
Total variation in the data explained by PCs I and II was 72%.
The bi-plot represents both the original life-history parameters
and transformed observations on the first two PCs, where the
relative strength and influence of the original parameters are re-
flected by the size and direction of the arrows. See Table 2 for
an explanation of abbreviations.
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tempted to assimilate a diverse range of parameters that encap-
sulated more completely the life-history strategies of two
species most likely to be impacted by fishing and, conversely,
benefit from no-take zones on the GBR. Incorporating the
information derived from these parameters into multivariate life-
history indices provided a holistic view of differences between
populations on open and closed reefs that were correlated with,
and potentially brought about by, the implementation of no-take
zones. Several of the parameters we used could be obtained
only by killing the fish, emphasising that thorough assessments
of performance of no-take zones will require some destructive
sampling within these areas, as well as outside them. However,
considering the relative harvests that have been removed from
the respective reefs, we do not believe that the low level of
destructive sampling used in this study impacted on the under-
lying population dynamics. In any given year and from any
given reef, the maximum number of common coral trout and
red throat emperor sampled were 396 fish and 454 kg and 112
fish and 166 kg, respectively. In comparison, the average an-
nual commercial harvests of demersal reef fish species (includ-
ing common coral trout and red throat emperor, which
constitute 55-75% of the harvest) in a 1° latitude around each
group of study reefs were about 600 t in Storm Cay, 450 t in
Mackay, and 250 t in Townsville (Mapstone et al. 2004). Fur-
thermore, when the experimental closed reefs in each region
were open to fishing in 1999, about 3 t of common coral trout
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Fig. 7. Bi-plots of total data for multivariate life-history indices
principal components (PCs) I and IV for (a¢) common coral trout
(Plectropomus leopardus) and PCs III and IV for (b) red throat
emperor (Lethrinus miniatus) collected from reefs off Townsville,
Mackay, and Storm Cay in 1995 (open squares), 1996 (lighter
shaded squares), 1997 (darker shaded squares), and 1998 (solid
squares). These plots demonstrate the significant within-group ef-
fect of year on PCs I and IV for common coral trout and PCs
IIT and IV for red throat emperor. Total variation in the data ex-
plained by the PCs was 52% and 23% for common coral trout
and red throat emperor, respectively. The bi-plots represent both
the original life-history parameters and transformed observations
on the respective PCs, where the relative strength and influence
of the original parameters are reflected by the size and direction
of the arrows. See Table 2 for an explanation of abbreviations.
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and 2 t of other species (including red throat emperor) was har-
vested in a 2-week period from these reefs. Consequently, it
was assumed that the fish populations on each of our experi-
mental reefs were not significantly impacted by our relatively
low level of sampling, considering the harvests that have been
observed on these and surrounding reefs.

Without such sampling and (or) monitoring designs as the
CRC Reef ELF Experiment, it would not have been possible
to obtain estimates of parameters used in this study to provide
the holistic life-history perspective presented here. In addi-
tion, the temporal and spatial variability observed within and
among populations of common coral trout and red throat em-
peror also demonstrated the need for routine and consistent
monitoring programs over space and time to account for the
inherent variability within life-history performance measures.
Failure to account for such variation, for example, through
sampling at only one time or in one area, has the potential to
generate significantly misleading results about the merits or
otherwise of MPA strategies such as no-take zones (Mapstone
et al. 2004). Ultimately, though, the degree of assessment
should depend on the objectives for establishing the MPA in
the first place. Management agencies should recognise the
importance of structured, regular research sampling and (or)
monitoring programs if there is a genuine interest in deter-
mining the performance of MPAs, rather than accepting on
faith that they achieve desired outcomes. Generally, however,
once MPAs are established, there is very little monitoring to
determine their performance and efficacy (Russ and Alcala
1996b; Agardy 1997), even though this should be the default
scenario within an effective management framework.

No-take zones have been advocated as a management strat-
egy that embodies the precautionary approach by providing
an insurance against the uncertainty that pervades traditional
fisheries management (Agardy 1997; Bohnsack 2000). Al-
though no-take zones most likely provide an array of conser-
vation benefits within their boundaries, we should be cautious
in extrapolating these results to direct fisheries benefits. The
extent to which fisheries benefits will be realised is as de-
pendent on what happens outside the no-take zone (i.e., the
nature of the fisheries management regime in the area open to
fishing) as what happens inside (Beverton and Holt 1957;
Polacheck 1990; Mapstone et al. 2004). Notably, when de-
signing MPAs and particularly no-take zones, we need to in-
corporate a routine monitoring and assessment program to
evaluate the performance of the areas to determine if they are
indeed achieving the objectives for which they were estab-
lished (Mapstone et al. 1999; Agardy 2000; Russ 2002). If an
MPA is not fulfilling such objectives, then management needs
to be able to adapt accordingly. If these objectives are related
to sustaining fisheries production outside the no-take zones or
MPAs, then examining a multivariate suite of life-history
parameters as part of a routine monitoring program should
provide a holistic performance indicator to measure the per-
formance of MPAs in relation to exploited fish species.
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