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SUMMARY RECOMMENDATIONS

1. A partnership of institutions, under the general coordination of
GBRMPA, should conduct a long term (1l0+yr) experimental program to
evaluate the effects of line and interreef trawl fishing on reef
and interreef communities. The annual cost of this program may be
as high as $2.1 million/yr or as low as $0.71 million/yr depending
on how varied and reliable a field program is considered
worthwhile.

"2. The expérimental program should involve a minimum of 8 "clusters"™ of
reefs distributed through the Cairns, Central, and
Mackay/Capricorn Sections of the GBR, with each cluster containing
at least 5 reefs.

3. The 8 clusters of reefs should be chosen so that 4 clusters have
nearby or interreef trawling, while the other 4 clusters should be
in areas without such trawling:; in the event that at least three
trawled clusters.cannot be found or created by opening closed
areas, then the experiment would have to be reduced to consider

“only line fishing effects, on 4-6 clusters.
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4. As necessary, cooperation should be sought with trawlers to trawl in
interreef areas within the clusters open to trawling. Hopefully
such clusters will be attractive to-fishing so that a reasonable
fishing effort will be applied; in the event that they are not,
charter arrangements should be made to insure that a reasonable
level of fishing effort is exerted in designated open clusters.
If possible, interreef areas within the experimental clusters
should be opened to trawling using permits rather than rezonlng,
and should be opened for a relatively short time each vear (weeks
or months) and at a time when they will be most attractive to
trawl fishermen. This will allow better monitoring of the
experimental trawl effort and catch.

5. Five reefs within each cluster should be "treated" with a contrasting
»set of line fishing regimes, with the fishing effects supplemented
as necessary by deliberate experimental fishing so as™to maintain
annual exploitation rates of at least 60% on line fishing target
populations of the reefs open to fishing.

6. The five-reef treatment pattern for each reef cluster should include
(1) one reef that has been closed to fishing as long as pessible

~and ;remains- closed for the duration of; the experiment; (2) twg ~~~ ¥

reefs that are fished intensively for the first five years of the
experiment; (3) two reefs that are closed at the start of the
experiment. After evaluating results from the first S years, it
will likely be decided to close one reef that has fished
intensively for the first 5 years of the experiment, and to open
one or both of the closed reefs to line fishing.

7. Where practical, clusters should contain additional replicate reefs
for the line treatment regimes, to provide better measures of
within-cluster variation in response to treatment

8. Every experimental reef, and selected interreef sites, should be
monitored annually using a relatively simple (and easily repeated
given expected changes in personnel and available funding)
sampling protocol with (1) visual surveys for recruitment of index
fish species; (2) visual surveys for abundance of larger fish and
ecosystem indicators such as crown of thorns starfish and coral
cover; (3) fish trapping for larger species; and (4) trawling
and/or trapping for interreef fish.

9. The on-reef monitoring program should be accompanied by increased
aerial surveillance to enforce closures and monitor line fishing
effort, and by a port-based catch survey to estimate line fishing
catch rates.

10. Recreational, commercial line, and trawl fishermen should be
involved in field aspects of the program whenever possibie,
including "fish-in" tagging and removal experiments, diving
surveys, collection of by-catch samples, and intensive monitoring
of changes in fish abundance at times when closed reefs are opened
to fishing.
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Researchers should be encouraged to utilize the contrasting

situations and logistical support opportunities created by the
experimental program to conduct focussed studies on ecological
processes and hypotheses about fishing impact that are not
addressed with the basic monitoring program.

The experimental program should be preceded by a two-year pilot

14trawl/qh§rawi~giuster*ldcations, an 'shqpld'include (l)“

study.. On reef clusters already designated in the Cairns Section,
the pilot study should aim to (1) evaluate and compare field
survey procedures (eg, traps versus visual surveys), (2) work out
logistical arrangements for minimizing the field cost associated
with monitoring each cluster, (3) test procedures (cooperative
line fishing, trapping) for insuring high exploitation rates on
those experimental reefs open to fishing as well as adeaquate

" sample sizes for tagging studies of interxeef movement, and (4)

estimate dispersal rates of larger fish among reefs by means of
tagging (discovery that dispersal rates are high would mean that
the overall program needs to be redesigned, with line fishing
experimental regimes applied at larger spatial scales than single
reefs). In the Central Section, pilot studies should focus on
background information needed to identify the best possible

descriptive surveys of interreef habitat structure (2) general
patterns of use of interreef habitat by fish, and (3) interreef
fish tagging. The total cost of this pilot study will range from
$0.31 million to $0.938 million depending on what field programs
are considered worthwhile for the long term study.

Field costs and logistical difficulties will be minimized if the

pilot and annual experimental monitoring programs are concentrated
in a single season, with as much of the work as possible being
done from a single large platform (ship or barge) that is based
for about 10 days at each cluster.

key administrative component of the program should be an inter-

" institutional scientific council, charged with allocation of

specific research projects among participating
institutions/scientists, reviewing and recommending any changes in
the program that are necessary to meet changed circumstances, and
arbitration of disputes arising over precedence and authorship for
publication of scientific results that involve synthesis of data
across projects.

The proposed program shares a number of elements with research

proposed for the Far Northern Section by CSIRO (comparison of
trawled and untrawled interreef areas, creation of experimental

~trawl impacts through opening areas, assessment of interreef fish

communities) but does not contain a research element concerned
with the fate of trawl bycatch. Every effort should be made to
integrate the two programs so as to make more efficient use of
funds for experimental trawling and trawl effects measurement.
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INTRODUCTION

There is considerable concern about the effects of fishing on the
GBR. Two types of fishing may have substantial effects over large areas:
(1) "line™ fishing (recreational and commercial) for larger species such
as coral trouf, and (2) commercial "trawl" fishing for prawns and
scallops in interreef areas and in the GBR lagoon inshore of the midshelf
reef complex. Besides directly affecting the abundance of target
species, line fishing may have a variety of indirect effects by altering
the trophic structure (predator-prey interactions, competition) of reef
communities. Trawling may affect benthic communities used by reef
species for functions such as feeding, dispersal, and juvenile rearing.
There may be important "interaction effects™ between line and trawl
fishing, particularly if trawling affects dlspersal of fish among reefs
and hence the immigration component of recruitment to reef populations
subject to line fishing (ie, line fishing effects may be larger in areas
where trawling is present, due to reduced replenishment of heavily fished
reef populations by dispersal from areas where less fishing occurs).
Consequently, management agencies should be concerned with equal emphasis
on both line and trawl- fisheries-and- theirmlnteractlons on both zeel and
interreef areas and their lnterdependenCLesf and on both direct and )
indirect effects of fishing.

We believe that the best strategy for estimating effects of
fishing on the GBR will be to conduct a large scale field experiment,
involving direct comparison of reefs subject to different fishing
regimes. Alternatives to such an experiment are (1) correlative studies
of reef communities where historical patterns of fishing distribution
have already produced differences in impact; or (2) exhaustive "process"
research on the myriad of fishing and ecological processes through which
effects might develop. The second of these alternative approaches can be
rejected out of hand for the GBR; the system is simply too complex and
there are too many ways that any hypothesized effect measured through
localized process studies could be counteracted or exaggerated through
other processes operating in the field. The first alternative is
unlikely to work either, since the distribution of fishing impacts among
reefs is anything but "accidental" or random: there are strong gradients
(north-south, onshore-offshore) in fishing intensity, and there are
almost certain to be major differences among reefs due to other processes 2
(besides fishing) that vary along these same gradients and are thus
confounded with the fishing effects.

This report evaluates alternative experimental designs and
monitoring strategies for a large scale effects-of-fishing experiment on
the GBR, and recommends what we consider to be the best design opiions
given some known ecological, institutional and financial constraints. We
begin with the following broad assumptions about the scope and conduct of
the experiment: (1) the experiment will be conducted by a partnership of
research and management institutions, each contributing specialized

skills; (2) the experiment will continue for at least 10 yrs, with each
member of a predefined set of about 30 experimental reefs being monitored
for key response indices in every year; (3) line fishing experimental

"treatments" will involve closing and/or opening individual reefs
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(distinguishable map units at 2-10 km spatial scales) to line fishing and
supplementing "natural" fishing effort levels by deliberate depletion
fishing where necessary, whereas trawl fishing treatments will involve
closing and/or opening "clusters™ of reefs with associated interreef
areas; (4) the experimental results should be broadly applicable to the -
GBR at least from the Cairns section southward, ie not to just a local

region such as the Cairns or Southern Section; and (5) the experiment

should produce not only estimates of average long term differences

between fished and protected reefs, but also estimates of how rapidly

reefs change when protection is provided or removed (ie, there is a

concern with the dynamics of response to fishing changes).

The difference in spatial scale between line and trawl treatment
opportunities implies that the most efficient experimental design will be
of the'general type called "split-plot" designs,{where the "plots" are
clusters of reefs subject to the same trawling regime and these plots are
split into individual reefs within clusters. We take it as a given that
there would be insurmocuntable political problems in any case with trying
to close and open experimental units larger than individual reefs to line
fishing, since closing larger units would create substantial disparities
in recreational fishing opportunities among Queensland coastal
communitges. We restrict the analysis to 'designs of the split-plot type - B
where no more than one or two reefs might need to be closed to fishing in
the proximity of any community.

In designing and evaluating the experiment we considered that the
specific aims of the experiment would be:

(1) To determine the effect of line fishing on the reefs of the GBR, of
trawl fishing in the GBR interreef areas, and the interaction
effects of line and trawl fishing on the abundance of index
species (such as coral trout) that are directly impacted by
fishing (including both fish and invertebrates.

(2) To describe the effect of line fishing, trawl fishing, and the
" interaction of line and trawl fishing on the abundances of index
species that are not directly impacted by fishing but may be
affected indirectly through ecological processes such as predation
and competition.

(3) To determine the dynamics of recovery of index reef populations when
reefs are closed to fishing, and to determine the effects of
interreef trawling on the time dependence of these dynamics.

We recognize that these objectives are complementary to, but alsoc .
overlap, the aims of an effects of fishing experiment that has been //m(é
proposed by CSIRO. That proposal deals only with trawl fishing effects, cﬁj'
in the Far Northern Section of the GBR. It also has the objective of

comparing trawled and untrawled areas in terms of fish and berithic \AV\
communities, and would utilize deliberate manipulations of trawl fishing I

to measure direct effects of trawling. However, it aims to deal with a Ca/f)J

broader range of concerns about trawling effects, including effects of

lagoonal trawling inshore of the main reef complex and fate of trawl

bycatch. This report does not deal with the issue of how the two




programs might be integrated to provide a more cost—effectlve assessment
of trawl fishing effects throughout the GBR.

To assist in evaluation of design alternatives, we have developed
a PC based program called REEF. We describe this program in Appendix A,
in hopes that it will be of continuing use in the analysis of design
options as further information becomes available through pilot field
studies to assess sampling variability and other aspects of the
experiment. REEF can simulate reef population responses to altered
harvest regimes, carry out some of the statistical analyses that might be
applied to the experimental results, and generate simulated data files
for analysis by standard statistical packages such as SYSTAT.
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POSSIBLE EFFECTS TO BE MEASURED BY THE EXPERIMENT

Many responses are pOSSlble, throughout the Barrier Reef
ecosystem, over several temporal and spatial scales. We roughly classify
these effects into three groups:. .
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(1) Direct and immediate impacts of fishing on abundance of target
and incidental (bycatch) species, and on habitat features.recuired by
these species. These impacts are expected to become evident on time
scales ranging from days (for depletion impact following openings to
fishing) to a few years (for rebuilding of population age structures
following closures).

(2) Secondary effects of abundance reduction on regulatory
processes directly related to or occurring as a consequence of abundance:
changes in survival rate and abundance of prey and competitor species,
and changes in recruitment rates of the target species (recruitment
overfishing). Most of these effects are expected to become evident on
time-scales of 3-5 yrs, though some highly nonlinear responses such as
release of crown of thorns outbreaks due to reduced predation may require

-as much as 10 yr to first become evident. Clearly the experiment will

not be capable of detecting responses with such long delays.

(3) Tertiary responses in community trophic structure: changed
abundances of prey species as a result of changes in the abundance of
predators, effects of COT release on coral community structure, release
of other species such as urchins, etc. We can envision an almost endless
variety of such responses. A key decision in the field monitoring design
will be whether or how to conduct "synoptic" monitoring to detec; the
broad effects of various possibilities.

CRITERIA FOR COMPARING DESIGN OPTIONS
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We consider that an acceptable design should meet at least two
basic criteria: (1) when time-aggregated experimental results are
analyzed by classical statistical procedures (repeated measures ANOVA,
MANOVA), the power of standard tests for direct effects (line, trawl,
line x trawl) should be at least 0.9 given that these effects involve
abundance changes of at least 50% relative to unfished situations and
that a 5% significance level is used in tests for presence of effects;
and (2) when the temporal data are fitted to realistic nonlinear
dynamical models of population responses, model parameter estimates
representing direct fishing effects should have no more than a 10% chance
of falling inside the 95% confidence limits for zero effect, when the
parameter values are such as to produce at least 50% reductions in
abundance due to fishing.

'~ These minimum standards eliminate some dégign alternatives. We
then compare surviving alternatives in terms of the power of ANOVA tests
and the varianceés of parameter estimates for nonlinear models. For
alternatives that would be good for estimating one type of effect (eg
line fishing) but poor at the other (eg trawling), we simply note the
tradeoff without judging which type is more important for GBR policy
development. ] i
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It should be noted here that simple statistical tests for presence

of effects (power of test to distinguish from null hypothesis of no
effect, etc) really should not be used at all in comparing design
alternatives. We should be using decision-theoretic criteria that
measure the risks or costs of management decisions that might be made on
the basis of the experimental results. However, we do not know how to
specify a utility function for GBR management, and specification of some
arbitrary function would be more difficult to defend than use of simple
scientific criteria for design comparison.

A variety of statistical models might be used to analvze the
results of the experiment. We have examined estimation performance and
power of hypothesis tests for three models of increasing complexity and
progressively less defensible assumptions about the use of the time
.series data from each experimental reef. First, the safest znalysis is
assumed to be by using a simple MANOVA model for nested or split plot
designs, where the average responses from the first and second halves of
the time series are taken to be two (correlated or structurally related) )
multivariate observations on each reef. ‘

Second, a risker approach is to assume a general linear model
(Appendix B) of the form y(i,Jj,t) = C(j) + F(i,t) + C(J,t) +w(i,t) where
y(i,j,t) is an abundance measurement for reef 1 in year t, C(j) is an
"intrinsic" average response for reefs in the jth cluster containing reef
i, F(i,t) is a time varying fishing effect on reef i in year t that
depends on how reef i is treated, C(Jj,t) is a time varying cluster
effect, and w(i,t) is an autocorrelated random effect that we assume can
be adequately modelled as w(i,t)=v(t)+rw(i,t-1) where the v(t) are
independent random effects and r is the first-order autocorrelacion
between w(i,t) and w(i,t-1); under this model, a set of "independent"”
linear model observations given an assumed r are the differences vy(i,t)-
ry(i,t-1). The advantage of this model over the simple ANQVA is to
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produce estimates of time-varying fishing effects F(i,t) for at least
some times t, but at the risk of requiring stronger assumptions about the
error structure of the time series data. --:

Third, we assume that the data may be analyzed by fitting them to
general population dynamics models of the form N(t)=f(B,N(t-1), F(t)),
y (t)=h (B, N(t)), where f£(.) is a nonlinear population model with
parameters B and fishing policies F(t), N{(t) is a vector of experimental
reef population sizes, and y(t) is a set of observations assumed to be
related to N{(t) through the function h{.). In this third approach the
covariance matrix of the parameters B is assumed to be approximately
equal to (J'V*J)-1 where J is the matrix of partial derivatives of the
predictions y(t) with respect to B and V* is the inverse of the
covariance matrix of the observations y(t):;.we assume that nonmodelled
processes will result in significant lag-1 autoc%rrelations and cross
correlations among reefs, implying that V* is tridiagonal with elements
that are functions of assumed sampling variation and auto- and cross-
correlation coefficients of unmodelled "process" errors. The advantages
of this approach are to (1) make joint use of different types of
observations (larval, juvenile, adult abundances, catches, etc) in the
estimation; and (2) provide estimates of parameters that are directly
meaningful in terms of population’ processes (recruitment, survival, ’ .
dispersal, etc) and that are directly usable in predicting the outcome of
applying a management policy to a system following such processes.

FACTORS THAT COULD CAUSE A DESIGN TO FAIL

There are at least eight basic reasons why a large-scale
experiment on the GBR might fail to show significant effects of fishing,
given that such effects are actually present, or poorly estimate the
magnitude of the effects:

(1) Confounding of treatment effects with other causes of
variation, because of inadeguate replication in the design. We expect
strong geographic gradients in fish abundance and response to fishing at
various spatial scales, especially north-south and onshore-offshore. If
only one reef cluster were used for each trawl treatment, it would be
impossible to say whether this cluster differed from others due to
trawling or to its location; at smaller scales, the same problem applies
to individual reefs treated with different line fishing regimes.

(2) High variance among replicate clusters or confounding of
cluster and treatment effects due to the strategy for choosing cluster
locations along the north-south axis of the GBR. Since it will be
impractical to use a large number of reef clusters in the experiment, the
question arises whether to (1) choose the few replicate clusters for each
trawl treatment at random from all possible clusters in the GBR, (2)
systematically spread (intersperse) these replicates along the main
north-south axis of the GBR, (3) try‘to "pair" the clusters into
trawled/untrawled pairs spread along the north-south axis of the GBR; or
(4) “cluster" the clusters near the north and south extremes of the

»



system, so as to improve replication within each of these extreme
geographic contexts. B Any systematic choice aimed at assuring
representative results along the whole north-south gradient will increase
the risk of confounding gradient and trawl effects.

(3) High movement rates of fish among reefs. If dispersal rates
of fish among reefs (both within and among clusters) are high enough,
differences in abundance among treatments will be dampened or masked. As
an extreme possibility, under very high movement rates it is possible to
have overfishing over a large area, with movement causing nearly the same
abundance decline for each reef in the area, even if the fishing
mortality is actually occurring on only a few of these reefs. In simpler
terms, high movement rates would mean that an individual reef is not the
appropriate experimental unit for measuring the effects of any type of
fishing. It should be noted that high enough movement rates to cause the
experiment to fail would also imply that the current zoning strategy
(reefs as basic unit for most closures) is ineffective in creating and
protecting preservation areas.

(4) Extreme intrinsic (time-independent) variation among reefs in
population dynamics and/or response of key fish species to fishing
treatments. Recruitment rates and relatlénshlps to spawnlng abundance
may vary greatly among reefs due to differences in larval retention rates
and proximity to external larval sources. Availability of juvenile
rearing areas {(lagoons, interreef areas, etc) may also vary relative to
total reef size. The combination of larval and juvenile survival
variation could easily produce order of magnitude variation in average
adult fish abundance among reefs subject to the same fishing treatment,
thus swamping any differences due to treatment. To hedge against this
eventuality, it is important to replicate line treatments within
clusters; if extreme variability arises at scales larger than the
clusters, then replicated comparisons within clusters will at least give
some information about the best policy to use on a cluster-specific
basis.

(5) Extreme autocorrelation in deviations of each reef from its
-long term average abundance, due to biological mechanisms that cause
unusual disturbances to have a persistent effect. For example, an
unusually high larval settlement can result in a perturbation to
abundance that can persist for as long as the species' lifespan. For
relatively long-lived species such as coral trout, unusual recruitment
events can cause population changes that persist for at least 5-10 yrs,
while creating abundance trends over this period that are difficult to
interpret or separate from transient effects of treatment.

(6) Highly correlated variation in recruitment rates among reefs
within clusters. There is evidence (Williams, Doherty) that “"pulses" of
recruitment can occur over spatial scales as large or larger tHan reef
clusters; furthermore these pulses may have a complex interannual
"structure” (runs of good years followed by runs of bad years). The
resulting cross~ and auto-correlation in deviations from average
abundance could make it impossible to distinguish transient effects of
fishing, or even the average effect of fishing over time.
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(7) Inadequate survey design. If funding for field monitoring is
spread over too many distinctive types of measurements or reefs, sampling
variation for each type of response measurément may be so high as to mask
all other effects.

(8) Confounding of effects due to intrinsic differences between
study reefs and/or reef clusters. In particular, there may be intrinsic
differences between trawled and untrawled interreef areas, and between
reefs open to line fishing versus reefs that have been closed for long
periods. Interreef areas now closed to trawling may be fundamentally
different from areas now trawled or that could be opened to trawling, in
terms of bottom habitat types and utilization by reef fishes for
functions including dispersal and juvenile rearing. In this event the
experlment can show. only that trawled and untrawled areas are different
in terms of reef and interreef fish communities, ‘but not that the
difference is due solely to trawling. Basic differences are possible
between reefs available for use as the long-term closed areas, versus
other nearby reefs that form each treatment cluster; closed reefs tend to
be further offshore than reefs that are heavily fished, and may have
lower abundance of some species due to offshore position (hence making

..effects. oﬁwashlng appeax.- .smaller than would be seen if Comoar;sons~we“e~wmm—~~~-
“based solely on’ fished versus unfished reefs near theé center of the y

midshelf area).

In the following sections we suggest ways to deal with these
concerns. For items (1), (2), (4), (5), (6), and (7), the basic
scientific answer is to provide adequate replication at the various
spatial scales of measurement and treatment, and we use the REEF program
to estimate just how extensive that replication needs to be. Item (3) is
a basic unknown that should be a central focus of the pilot study that
should precede the program; as a working target in the design
development, we have sought experimental designs that can cope with
among-reef dispersal rates of up to 25% of adult fish per year. The
concerns about trawl confounding in item (8) can be partly dealt with
throtigh habitat mapping in the pilot study. Concerns about closed reef

‘positioning can be partly addressed through careful choice of resfs for
‘closure at the start of the experiment.

DESIGN OPTIONS AND TRADEOQOFFS

We have examined a variety of general options in terms of the
duration of the experiment, choice of treatment regimes, variables to be
monitored, auxiliary experiments to be conducted, and tradeoffs between
number of clusters and reefs per cluster. This section summarizés our
general conclusions about the various options. =

-

Short Term Versus Long Term Experiment
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It is not practical for institutions participating in the program
to make financial and manpower commitments to an experiment that will
detect all possible effects, on all time_scales. Some things will happen
too quickly to measure, and other things will happen too slowly.
Population dynamics responses for key index species such as coral trout
and COT are likely to require at least 5 years to become evident. An
experiment of shorter than 5 yrs duration might be adequate to measure
"average" differences between fished and unfished areas, but would not
provide information on rates of decline/recovery under zoning changes.

It is doubtful that an experiment of less than 5 yrs duration,
involving no measurement of transient responses under policy change,
would provide much information that is not already available (or easily
obtained) from comparisons of areas presently subject to different
zoning. Such comparisons might be included in the pilot study phase of
the experiment, particularly as a way of helping to decide whether a
longer-term program should involve deliberate exaggeration of fishing
effects by controlled fishing in the "open" treatment reefs or open
interreef areas. But they cannot be viewed as an adequate substitute for
longer term response measurements. :

', " It makés goodijsénse -in terms of planning periods faer zoning and =
research funding to think of the experiment as consisting of an adaptive
sequence of S-year treatment periods or rotation blocks. Near the end of
each period, a major synthesis conference or workshop would provide a key
milestone for (1) making sure that research results to date are fully
analyzed and reported; (2) obtaining external reviews and critigques of
the program; (3) deciding whether or not to continue the program based on
results to date; and (4) revising experimental treatment schedules, field
programs, and sharing arrangements for research funding.

One attractive option is to view the experiment as consisting of
three broad phases in terms of research funding and scientific
commitment: (1) a 2-yr pilot study mainly aimed at testing and refining
sampling methods; (2) a 5-yr main study with intensive monitoring, that
will likely be extended for an additional 5 yrs; and (3) a 10+ yr long

term monitoring program, where only a few key variables are monitored on
" a subset of reefs and interreef areas that have remained open or closed
during the study.

Choice of Line Treatment Regimes in the First 5-yr Period

There should be changes in line treatment (line fishing policy)
for at least some reefs at the start of each 5-yr experimental period,
including the first, so at least some reefs will be undergoing transient
recoveries (or declines) during the period. After examining a_variety of
options, we conclude that the most informative combination of reef (line
fishing) treatments during the first S5-yr period will be to have (1)
reefs that have been closed for as long as possible before the experiment
and remain closed for the period; (2) reefs that have been open and
remain open for the period; and (3) reefs that have been open and are
closed to fishing at the start of the period.
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The fourth possibility would be to include reefs that have been
closed prior to the experiment and are opened at the start of the
experiment. We do not believe that the cldsed-to-open treatment regime
should be included in the first period because (1) few such reefs are
available in the GBR, and these reefs are most valuable as places to
measure the long term effect of closure to fishing; and (2) the initial
transient responses to opening a reef to fishing (high fishing pressure,
rapid depletion of larger fishes) are obvious and are already fairly well
understood.

Wherever possible, it would be wise to provide nearby (within-
cluster) replicates of the three initial treatment regimes. Dr. A.
Underwood has pointed out to us that these replicates would serve two
quite distinct but very important purposes: (1) to measure variation
among reefs within clusters, ie to measure whether responses to
management are predictable within small regions but different on larger
geographic scales (such that management measures might need to be highly
localized); and (2) to provide flexibility in the choice of treatment
regimes to be followed in the second 5-yr period of the experiment. The
second of these arguments is particularly compelling; for example, having
several reefs that have been fished heavily (and monitored closely) for
five years would create the opportunity.to close some (and replicate the
recovery response at a different starting time) while leaving others
open, and having several closed reefs would create the opportunity to
measure depletion responses. on some while leaving others closed.

Choice of Trawl Treatment Regimes

The trawl component of the experiment could focus on either
lagoonal trawling inshore of the main reef complex, or on interreef
trawling. Most of the midshelf area is now closed to interreef trawling,
so there is the opportunity to manipulate at least this type of trawling
through openings. Examination of the present distribution of trawl
effort showed that lagoonal trawling now occurs inshore of most reefs,
‘excepting two cross-shelf closures (Far North Section and Whitsundays) .
Thus manipulation of lagoonal trawling would have to involve further
cross—-shelf closures, which would create significant economic costs and
hardships for the trawl industry.

We initially hoped that it would be possible to find a balanced
set of clusters with and without interreef trawling. However, most of
the lagoon just inside the mid-shelf reefs is now trawled, and there are
only a few areas where interreef trawling has apparently been extensive.
A compariscon of clusters differing only in whether or not there has been
trawling inshore in the adjacent lagoon area is likely to provide a much
weaker test of the effects of trawling than the comparison of clusters
which differ as well in the extent of interreef trawling. Also,
manipulation of lagoonal trawling would not provide information useful
for future management responses to requests from trawlers to extend their
activities further into interreef areas. Therefore, we feel that it is
important to establish and compare areas where interreef trawling has
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been extensive, even if that means opening some closed areas and even
chartering trawlers to work in them.

Considering the long time scales likely required for recovery of
benthic community composition and physical structure following cessation
of trawling, we do not feel that additional trawl closures in the lagoon
inshore of the midshelf reefs would provide useful comparisons during the
planned duration (5-10yrs) of the experiment. It would, however, be
useful to establish at least two relatively small permanent closures in
the lagoon area, to be used for very long term studies on benthos
recovery. Hopefully such closures could be established in "fair trade™
for access to interreef areas used in the experiment.

Extensive Versus Intensive Sampling A

There is a basic choice in field sampling between doing a complex
set of measurements on a few reefs versus doing a simpler set of

measurements on a larger number of reefs. Ecological field researchers
often opt for the first of these choices, on the grounds that otherwise
"something. important may be missed". Thettrouble ‘with this approach is S S8

that ecological systems are complex enough to insure that something
important will be missed, no matter how elaborate the sampling program.
Therefore it is not even an issue whether the experiment will measure all
effects of fishing; it certainly will not.

Thus the basic case for an extensive (large spatial scale, few
measurements per location) design is: (1) even very intensive study
cannot insure that key interactions and effects will not be missed; (2)
managers of the GBR cannot trust that results from any few sites or reefs
are representative of the whole geographic region, due to heterogeneity
and geographic trends among reefs; (3) the long term nature of the
experiment will require careful administration of commitment by key
researchers (long term studies must not take a large percentage of any
individual's research time--otherwise the program will be too risky for
- careers); and (4) over the long term, it is important to avoid complex
sampling procedures that require highly experienced people, ie the
program should not be vulnerable to problems and biases associated with
turnover in scientific staff.

Auxiliary Sampling and Experimentation

While the experiment should have a core, long term monitoring
program that is relatively simple and easy to repeat across many,reefs,
there are some key needs for short term studies to evaluate sampling
procedures and check for processes and interactions that might invalidate
the experiment. There will also be opportunities for "opportunistic™
research projects that make use of the contrasting situations created by
the experimental treatment regimes.
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One set of important auxiliary studies should involve calibration
of "indexing" methods. (visual surveys, catch rates, trap indices) and
evaluation of sample sizes. This calibration will require obtaining
independent and relatively reliable estimates of absolute abundance for
at least some important species like coral trout, over locations that
have a range of absolute abundances and where index measurements are also
taken. The rabsolute abundance estimates can be obtained by a
combination of depletion (removal) experiments, intensive sampling of
changes in abundance indices at times of experimental regime change, and
mark-recapture (or sequential tagging) experiments.

Another key need is for estimation of linkage among reefs, and of
off-reef residence patterns, created by dispersal of line fished speCles-
ThlS need can be met by short term tagging experlments We cannot
overstate the importance of these experiments. As noted above, if
dispersal rates among reefs are high, it will be difficult or impossible’
to maintain strong contrasts in abundance among reefs. Also,
recovery/depletion dynamics on individual reefs will be dominated on time
scales of a few years by movement/dispersal processes, so that dynamic
responses on single reefs will not be representative of larger scale
responses a55001ated;w;th*mechanlsmswsuch as recrultment overfishing (eg,
depletion of larval sources ‘over whole sets of reefs:within' heavily
fished regions such as the Cairns Section).

Tagging studies must be conducted on both trawled and untrawled
clusters. In clusters that are to be opened to trawling, the studies
must be repeated before and after the trawl opening; this will provide
the only measurement in the whole program of the direct and immediate
impact of trawling on fish behavior and dispersal.

There should be regular sampling for the age composition of at
least a few index fish species, on all the experimental reefs. Age
composition data can be used to reconstruct histories of recruitment
variation (complementing direct larval-juvenile surveys) and to measure
changes in survival rate associated with fishing. But large-scale age
composition sampling creates two needs for auxiliary experimentation: (1)
-validation of aging methods (tetracycline marking, tagging);~ and (2)
tests of preparation procedures and routine laboratory handling for large
numbers of samples (otoliths, etc).

The trawled/untrawled clusters should create opportunities for
short term studies that need not be repeated annually. For example, it
would be useful to compare of water quality measures (turbidity,
nutrients) among the clusters, and to assess how seasonal variation in
these measures is affected by trawling (this comparison would be a useful
component of the proposed study on nutrients and runoff to be coordlnatec
by GBRMPA) -

Another short term need is for source-sink modelling of larval
transport among the experimental reefs and clusters. Specificity of
source-sink linkages has been indicated by crown of thorns larval
transport modelling. If some of the experimental reefs with different
line treatments are tightly linked, then the treatment effects may be
transmitted in ways that mask or exaggerate effects in the sink reefs.

Lot oo ie dT ot B et g WA N R O G YR L eary RPN N Tt i Y - . :
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Also, the experiment will provide useful data in the long term for

testing source-sink modelling predictions, and it would be best to have
these predictions "up front™ at the start of the program.

Tradeoff between Number of Clusters (plots) and Reefs per Cluster

Figure 1 shows some basic constraints and tradeoffs involved in
the choice of how many reef clusters to use in the experiment, and how
many reefs to include in each cluster. 1In an ideal scientific
experiment, it would of course be best to have many clusters (many
replicates of each trawl treatment regime) and many reefs in each cluster
(many replicates of each line treatment regime, within each cluster); but
since the number of reefs to be monitored is the product of the number of
clusters times the number of reefs per cluster,lﬁncreasing either
clusters or reefs per cluster causes the total number of reefs needed to
increase explosively. A minimum cluster size of two reefs is needed to
make any comparison between reefs subject to different line fishing
regimes. On the other hand, the minimum number of clusters must be at
least two times the number of distinctive trawl fishing regimes to be
evaluated, so.thatythere are:at least.two—{replicate)--clusters for each
trawl regime. If there were to be three trawl regimes (none, trawled
over experiment, trawled before experiment but closed during it), then
there would be at least 6 reef clusters. This implies a maximum cluster
size of 5 reefs/cluster under the assumption that the experiment will
deal with no more than 32 reefs in total. Even without considering the
recovery-from-trawling treatment type, there must be at least four
clusters each containing at least four reefs, for a minimum experiment
size of 16 reefs.

There are only a few options for trading off cluster number and
size assuming a balanced design is to be maintained and that the total
number of reefs is to be around 30-32 (excluding some replicate reefs
where there are opportunities to use them):

- 16 clusters of 2 reefs
10 clusters of 3 reefs

8 clusters of 4 reefs

6 clusters of 5 reefs

4 clusters of 8 reefs.

The option "4 clusters of 8 reefs" can be included only if there are to
be just two trawl treatments (none, continue historical trawling). If
fewer clusters are used, then the increased number of reefs per cluster
can be used to either (1) provide replication of line treatments within
clusters; or (2) increase the number of distinctive line treatment
regimes applied within every cluster, eg by adding one or more
"crossover" treatments where reefs are closed at first, then opened later
to line fishing. ‘

RECOMMENDED REEF CLUSTERS FOR THE EXPERIMENT
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There are relatively few reef clusters in the GBR that provide the
opportunity for trawl/untrawl comparisons, and also contain even the one
unfished reef needed for unreplicated, paired comparisons between reefs
that have been closed and open to line fishing for long times. We could
identify a total of only twelve such clusters in the Cairns, Central, and
Mackay/Capricorn Sections. Further, there are no clusters that have
extensive interreef trawling in the Cairns Section, and it is too late in
the zoning review process for that Section to create a trawled cluster in
the one area (near Whartle Reef) where interreef trawling has occurred
historically. Most existing and potential sites for interreef trawling
are in the Central Section.

Figure 2 shows the location of a basic 8 cluster design proposal

_developed by scientists participating in a planqlng workshop (Townsville

July 31-August 2 1990). This proposal has three types of reef clusters
(Figure 2): (1) four clusters where there is not and has not "been
interreef trawllng; (2) two clusters that now appear to have extensive
interreef trawling; and (3) two clusters where trawlers have indicated
interest in working (on maps of trawl patterns submitted to GBRMPA as
part of the last Central Section zoning review process). One of the
untrawled clusters (Beaver) has alscwbeenwidfptiiéeqlaswkrawlable.

i y N . - T ¥

On a cluster-by-cluster basis, the trawl history and opportunities

for trawling are as follows:

Agincourt #3: this cluster was described in zoning submissions in the
early 1980s as being trawlable but not commercially trawled.

Beaver: this cluster was also described in the early 1980s as being
trawlable but not trawled.

Duncan: the central part of this cluster was described in zoning
submissions in the mid-1980s as being trawlable but not
commercially trawled, and the interreef area on the lagoonal side

~. (between Britomart, Bramble, and Trunk Reefs) was trawled prior to
GBRMPA zoning.

Bowl: there is no information on the trawlability of this cluster, but
charts indicate narrow strips of trawlable area between most
reefs.

Kangaroo: the interreef on the lagoonal side of the cluster is
extensively trawled, and prior to GBRMPA zoning trawling extended
well into the cluster toward Tiger Reef. Zoning submissions in
the mid-1880s identified a large area of trawlable but untrawled
bottom in the eastern part of the cluster adjacent to Tlge* and
Kangaroo Reefs.

-

Jacquelin: the central part of this cluster (between Jack, Elizabeth,
Kennedy, and Cobham Reefs) was identified as being trawlable but
untrawled in the mid-1980s zoning submissions. The remainder of
the cluster appears untrawlable except for narrow strips between
some of the reefs.

16



Hardy: No trawling or trawlable areas were identified in the zoning
submissions, but advice from QDPI (Mike Dredge) indicates that
this cluster is probably trawlable.:.

20-137: Prior to GBRMPA zoning, trawling extended into this cluster
between Cannon, Nixon, and Packer Reefs, and-also to an extent
between Hunt and Box Reefs. Conditions in the remainder of the
cluster are unknown.

These 8 clusters allow reasonably confident allocation of trawl
treatments into three trawled and three untrawled treatments, and result
in good interspersion of treatments. Allocation of the remaining two
clusters (Hardy, 20-137) requires further information on their interreef
areas. If neither of these two areas are trawlable, then an additional
trawled cluster should be sought. A possible additional trawled cluster
is around Rip Cay in the Mackay/Capricorn Section; however, use of this
cluster may be undesirable for operational reasons and because use of a
cluster from this Section may considerably increase variability among
clusters.

The proposed "green reef" (now closed to line fishing, and to

‘remain closed throughout eéxperiment) for each cluster in Flgure 2 is

shown by name with an arrow indicating its offshore position. Note that
for the untrawled cluster set, three of the four closed reefs (Agincourt
#3, Bowl, and Jacquelin) are offshore reefs in terms of likely cross ’
shelf gradients in fish abundance and species composition, while one
(Beaver) is on the inner edge of the midshelf complex. For currently
trawled clusters, Duncan is probably of offshore type while Kangaroco is
nearer the centre of the midshelf complex. For clusters where trawling
could likely be introduced, there is one closed reef on the inner edge of
the midshelf (Hardy) and another near the centre of the midshelf complex
(20-137). Thus there is not an ideal interspersion of unfished reefs
with respect to cross shelf gradients; it would be better to have a
closed reef closer to shore in at least one more trawled and one more
currently trawled clusters, and to avoid using Jacquelin which is far
offshore. However, we could identify no such options.

Specific reefs to receive each line treatment regime have been
made public for the Cairns Section clusters, but have not yet been
proposed for the Central Section clusters. Our recommendation is to
concentrate the reefs to be closed at the start of the experiment near
the inner edge of the midshelf complex, for at least the clusters
containing Duncan and Jacquelin reefs. At the midterm (S year) decision
point, that choice would provide at least some comparison of unfished
abundances for inner versus outer midshelf reefs in clusters subject to
trawling, and will provide an even stronger comparison at the end of the
experiment if it i1s decided to keep at least one of the reefs closed for
the full 10 years. A risk associated with the choice would be .to inflate
the variance among unfished reefs relative to what would- llke*v be seen
under a strategy of randomly assigning reefs within clusters to line
treatments, hence weakening ANOVA comparisons.

The selection of reef clusters in Figure 2 will almost certainly
create long-shore gradients or differences among clusters in line fishing
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effects, unless such effects are carefully controlled through
experimental fishing.- Without experimental exaggeration of line fishing,
the Cairns Section clusters are likely to have larger line fishing
effects than the Central Section clusters, since the more southerly
clusters are less accessible to recreational fishermen. It might be
necessary to add as much as 100 recreational man~days of fishing per
cluster in the Central Section, beyond what has been planned in the basic
budget for the program (see section below); this would involve one
additional expedition per cluster beyond what has been planned, at a cost
per expedition of roughly $20,000.

RECOMMENDED COMPONENTS OF THE ANNUAL MONITORING PROGRAM ON
ALL EXPERIMENTAL REEFS

The core monitoring program for each experimental reef should be
capable of providing information on interannual changes in recruitment
and abundance of line fishing species, reef species that may be
;nfluenced by changes in abundance of the line species, and qnec1@s “that,
are key structural features of the re&f ecosystem (corals, algae, ‘etc.).
The program should also provide information on fish movements and
utilization of interreef habitats, and on the macro-structure of such
interreef habitats (bottom types, coral cover, etc.). Finally, fishing
activities (fishing effort, catch rates) should be monitored on a routine
basis, and in detail following changes in zoning (especially openings)

Considering manpower and ship time costs for access to the reefs,
it appears that the best monitoring strategy will be to do most of the
annual sampling for each reef cluster during one annual visit by a single
large research vessel or barge. With this arrangement, several teams of
field people would work in parallel to carry out various sampling
programs, and could cooperate in terms of both sampling and use of
smaller vessels for access to reefs within the cluster. An ideal
.research platform would be the barge that is being planned as a National
Facility by Peter Moran and others at AIMS.

The core monitoring program for each reef/cluster should have at
least the following basic elements: » »

(1) Visual surveys: 20-30 transects for coral trout abundance/size
distribution, COT abundance (50m scale), and Chaetodontid
abundance; 5-10 larger (500m scale) transects for large aggregated
fishes (Lethrinids, Lutjanids); 20-30 transects for smaller and/or
juvenile fishes;.20-30 transects for benthic community structure
. (coral types, algae, cover, invertebrate grazers); syngg&ic large-
area surveys (transect, grid) of interreef benthic substrate type
and community structure.
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(2) Fish trapping using traps with video cameras-minimum of 20 3-hr trap
sets on reef sites, and same number on off-reef (interreef) sites.
All fish released live from the traps should be tagged, and a
sample killed for otolith based ageing; if necessary there should
be additional sets to provide removal samples for otoliths, so as
to provide an age composition sample of at least 100 coral
trout/reef.

(3) Line fishing by cooperating anglers--at least 1 rod hr/ha of reef,
for tagging/tag recovery/age sampling and to maintain target
exploitation rates of at least 50%/yr. Lower efforts (1 rod
hr/10-20ha) could safely be permitted even in closed reefs, as an
inducement for cooperation.

(4) Trawl and/or trap sampling for interreef areas, using trawls equipped
with TV to provide information on habitat use by the fish sampled.
Sample sizes for this project yet to be determined.

(5) Aerial surveillance to provide fishing effort estimates--at least 3
overflights per week, using sampling program currently in-place,
plus 10-20 additional "random™ visits per year; night visits if
practical} on”at ledst 30 nights/yr. P .

(6) Boat ramp and fishing club surveys to provide catch per effort and
catch species/size composition information. Clubs should be
requested to record all catches, and boat ramp surveys should
sample at least 20 days at a major ramp nearest each reef cluster
{(to provide comparison/calibration with club data).

(7) Fish counts on artificial interreef substrates. A set of artificial
reef substrates should be put in place around each reef, arranged
in 3 or more transects of 5-10 substrates running at least one km
off the reef. 1Index fish counts around these reefs might be done
by TV for deeper waters, or by divers where depth permits.

For all of the survey methods outlined above, there is z need to

- evaluate optimum numbers of transects versus number of reefs surveyed
within each cluster, using standard formulations for optimum sample sizes
in nested experimental designs (eg Sokal and Rohlf, p 294). That
assessment might reveal that it is better to use more replicate reefs per
cluster than we have assumed in the design planning, and fewer
transects/trap sets, etc. per reef. The sample sizes suggested above are
based on preliminary calculations assuming (1) variance/mean ratios for
transect counts or trapping of 2.0, and among-reef variance/mean ratios
of 1.0; and (2) relative costs to access and work each
cluster:reef:transect vary in the ratios 3:1:0.1. Under these
assumptions, the optimum number of reefs per cluster is around 6 rather
than the 4 that we have assumed in Monte Carlo tests of design .
performance (see next section). ' -

MONTE CARLO TESTS OF PERFORMANCE FOR ALTERNATIVE EXPERIMENTAL
DESIGNS: HOW LARGE MUST THE EXPERIMENT BE?
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We conducted a large number of simulation trials, using the REEF
experimental reefs model to generate realistic fake data for analysis by
MANOVA and General Linear Model (Appendix-B) statistical procedures. It
quickly became apparent from these trials that intrinsic, time-
independent differences among reefs (in average larval loadings, juvenile
carrying capacities) would make the results of any small experiment (<16
reefs) highly suspect even if there were no sampling variation and little
or no stochastic variation in recruitment rates. Gross line fishing
effects should be clearly evident even with smaller experiments (6-8
reefs would give good estimates of average differences in abundance of
targeted species like coral trout, between fished and unfished reefs, and
transient depletion responses after line openings). But the key losses
with small experiments are in ability to estimate (1) trawling and line-'x
trawl interaction effects, and (2) transient recovery responses after

“closure to line fishing. ¢

Design Screening Procedure

For larger designs involving 4-8 clusters of 4 reefs/cluster (16-
32 reefs), wetdid a suite of Monte Carlo -trials'to measure robustness of
the designs to uncertainty about magnitudes of effects and patterns of
stochastic variation (Table 1). We also did extra tests for an 8
cluster, 40 reef design to check the effect of improved replication of
line treatments. The basic procedure for each design was to set up a
hypothesis about recruitment variation and fishing effects, then do 20
simulation trials (approximately 20 min. microcomputer time) and tally
the number of significantly nonzero (5% alpha level) General Linear Model
(Appendix B) effects detected in the "data"™. The tally of significant
outcomes over trials is a crude measure of the power of the design. For
some cases that did not give an extreme tally (0 or 20 significant
outcomes), we did an additional 20 trials to confirm that the power was
neither very high or very low; these tests showed that the 20-trial
screening procedure does give a good first indication of power. Results
from a few simulation trials were passed to the MANOVA routines in

. Systat, for general tests of line, trawl, and line x trawl effects; here

the multivariate observation for each reef was taken to be the two mean
abundances seen during the first and second 5 year phases of the
experiment. In most cases we found that the Systat results were very
similar to the General Linear Model results, even though the GLM uses the
annual data and estimates many more time-related parameters. Here we
mostly discuss the GLM results.

For each design evaluated with this screening procedure, we
examined 8 hypotheses about effect sizes and variability. These
hypotheses were roughly ordered from very pessimistic (low effects, high
variability) to about as optimistic as we feel is justified based on
available data. For the most pessimistic scenario (labelled E,L,H,H in
Table 1), we assume (1) high (5-fold) variability in average larval
loading among experimental reefs, with all of this variability
"transmitted" into changes in population age structure (density
dependence occurs prior to larval settlement); (2) low fishing mortality-
33%/yr line fishing and 10%/yr juvenile mortality due directly to




trawling; (3) high off-reef residence proportions (50% of fish) and
dispersal rates among reefs (25%/yr) in the absence of trawling (but no
residence/dispersal in the presence of trawling); and (4) high stochastic
variation in recruitment rates, such that log(recruitment) has a normally
distributed stochastic component with standard deviation 0.4 due to
unique effects on each reef and an additional 0.4 due to effects shared
among reefs within each experimental cluster. 1In all cases, the standard
error due to "survey variation was assumed to be 20% of the mean
abundance. The high stochastic variation case corresponds to the worst
variation seen in the Williams-Doherty recruitment surveys for
Chaetodontids; the Ayling coral trout data suggest much lower recruitment
variation. For the most optimistic case, we assumed that juvenile
density dependence causes damping in larval variation effects so that
there is only 2-fold variation among reefs in average recruitment,
60%/20% fishing mortality effects, no off reef residence or migration
among reefs, and log(recruitment) standard deviations of 0.2 unique to
reef, 0.2 shared across cluster.

As noted in Appendix A, the REEF program simulates other sources
of variation that are not represented as explicit effects in MANOVA or
the General Linear Model. These include (1) 2-fold geographic "cline" in
larval ¥and juvénile carrying capacities (lower in'north); (2) persistence
of stochastic recruitment effects through population age structure and
survival; and (3) interannual "coupling"” of stochastic recruitment
effects through the effect of older juveniles on post-settlement density
dependence in early juvenile survival.

Reef clusters used in the Table 1 screening were identified by
GBRMPA staff. In terms of general geographic locations, these were as
follows:

8-cluster design: Mossman (Agincourt 3 etc), not trawled
Innisfail (Beaver, etc), not trawled
Hinchinbrook (Duncan, et), trawled

. Palm (Bowl, etc), not trawled
Bowling Green (Kangaroo, etc), trawled
Upstart (Jacquelin, etc.), not trawled

Whitsunday (Hardy, etc), not trawled

Mackay (20-137,Bax, etc), trawled
6-cluster design: as above but omit Hinchenbrook, Palm
4-cluster design: as 6-cluster case but also omit ‘

Bowling Green and Upstart clusters
Note here that we could find only two clusters that appear to already
have extensive interreef trawling (Duncan, Kangaroo). Note also that
there are no clusters designated for the Mackay/Capricorn secticn. We
did a few checks with other cluster locations and trawl treatment
designations, and could see no indication that the details of such
choices have much effect on general predictions about power of .fests
(proportion of significant outcomes, etc.). }

How Big Should the Experiment Be?
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The results in Table 1 indicate that even the largest of the
locally unreplicated designs tested (32 reefs) would not have adequate
power to confidently detect the direct effect of trawling (on juvenile
survival), or various line fishing effects in the absence of trawling,
for the worst case scenario where fishing effects are small in the first
place {33% line exploitation, 10% trawl mortality) and off-reef
dispersal/migration is high enough to dampen effects of fishing (see
Table lines for E,L,L,H and J,L,L,H scenarios). However, these
exploitation rates are far lower than we had set as basic standards for
the experiment to detect (see Section above); the apparently discouraging
results in the Table simply indicate that it will be important to
deliberately maintain or exaggerate at least the line fishing effects to
make sure that higher exploitation rates occur on the fished reefs.

: Some effects may not be measured accurately by the 32_reef design,
even if exploitation rates are high (60% line, 20% trawl--see Table 1
lines E,H,H,H and J,H,H,H). There will be only about.'a 50%-75% chance of-
obtaining significantly nonzero estimates for the direct trawl effect,
and for the effect of trawling on the average effect of line fishing.
Also, only about 10-20% of the annual transient effects estimates for
line fishing recovery/depletion response in the absence of trawling will
differ significantly from zéro. However, it should be noted 'that ‘these
transient response effects would only be observed on a few reefs (only 3
untrawled clusters, transients seen on only two reefs in each of these
clusters) . '

Note also for the 32 reef case in Table 1 that transient recovery
responses after line closures would not be significantly different from
zero for most years, even if stochastic recruitment variation is low and
if there is no off-reef residence/dispersal (see Table columns marked
RNT, RTT). There are two reasons for this apparently discouraging
result: (1) by arbitrary convention, the recovery responses are measured
as differences from unfished abundance, so lack of significance can mean
that abundance has recovered to not differ significantly from unfished
levels; (2) there is a basic difficulty in measuring transients in the
presence of high stochastic variation in recruitment, which can cause
transients in abundance that are regularly as large as the response

transients. This masking of effects would of course be even more severe
if dispersal among reefs tends to dampen the transients. To be fair, we
have used a very harsh standard in the General Linear Model estimation, -

bv insisting that each annual effect be treated as an independent
response that might be of any magnitude and sign; much higher power would
be obtained for tests of patterned effects over years (linear trends,
quadratic trends, etc.).

Tests of a 40 reef design, with replication of the closed-for-
first-five-years-then-opened treatment, showed some improvement in the
probability of detecting differences from unfished abundance during
recovery after closure. This difference was minor for untrawled clusters
in the worst case scenario (E,L,L,H) (where weak line fishing effects are
masked, and recoveries speeded, by interreef dispersal), but was dramatic
for trawled clusters and for untrawled clusters in the more optimistic
scenarios.



Table 1 indicates that there is not a simple monotonic
relationship between power of all tests and number of reefs included in
the design. For some major effects there is an obvious decline in power
from the 32 to 16 reef options, but even £or these effects the 32 reef
option is not consistently superior to the 24 reef option. The lack of a
clear monotonic relationship occurs because additional sources of
variation are added when more clusters are added, and the clusters are
not selected from a large random universe of choices in the first place.

The 16 reef design is clearly not acceptable, since it cannot be
relied upon to provide nonzero estimates of even the main effects.
MANOVA tests using Systat reinforce this conclusion; in a 10-simulation
test using optimistic assumptions (60%/20% harvest), we failed to get
significant trawl effects in 8 cases and significant line x trawl
interaction effects in all cases.
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We did some simulation trials pretending that one additional
cluster has no nearby trawling. These trials indicated that if we had
been able to identify four untrawled reef clusters (instead of the 3
untrawled/5 untrawled set used in the Table 1 simulations), the Monte
Carlo trials would have shown much clearer differences between the 32 and
24 reef. options. This difference was particularly gpparent‘for,MANOVA f
tests of trawl and line x trawl effects using Systat. ) o

The 16, 24, and 32 reef designs differ considerably in power to
detect a significant direct effect of trawling, as a function of the
juvenile mortality rate due to trawling. Over 20-40 Monte carlo trials,
the following proportions of trials resulted in significant (5%) direct
trawl effects under the most pessimistic biological hypothesis, for the
juvenile mortality rates shown:

Juvenile mortality 16 reef 24 reef 32 reef
rate case case case
0.1 0.00 0.05 0.10
_ 0.2 0.10 0.10 0.75
0.3 0.10 0.90 1.00
0.4 0.65 1.00 1.00
0.5 1.00 1.00 1.00
What these results show is that the 32 reef design should be reliable for S

detecting a trawl mortality rate exceeding 0.2, while the 24 reef design
will reliably detect only rates exceeding 0.3 and the 16 reef design is
likely to demonstrate the rate to be statistically significant only if it
exceeds 0.4. Essentially identical results were obtained for the 40 reet
design as for the 32 reef design. It is very unlikely that the rate is
so high as 0.4 for any common reef fish species. Based on the REEF
population dynamics model, a juvenile mortality rate of 0.3 per year
should result in average juvenile and adult abundances about half as high
on reefs in trawled areas as on reefs in untrawled areas. ;;’

On the basis of reef clusters that have been identified to date,
the 8 cluster/32-40 reef designs do not appear to be substantially better
than a 6 cluster/24 reef design at measuring some of the simplest line
fishing effects; they differ primarily in power to find trawling effects.
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Unless additional untrawled clusters can be identified, serious
consideration should be given to using a 6 cluster design with an
increased number of reefs in each cluster:. This would allow better
replication of line fishing treatments, and/or more choices about line
treatment changes to use later in the experiment.

We did some Monte Carlo trials with a 6 cluster/5 reefs per
cluster (30 reef) design suggested by participants in the Townsville
planning workshop (July 3l1-August 2, 1990). These trials indicated that
the design should perform about the same as a 6 cluster/24 reef design at
estimating trawl effects. Its main advantage would be to provide
estimates of cluster-specific differences in response to line fishing
treatments.

INSTITUTIONATL ARRANGEMENTS

Various scientists from QDPI, JCU, AIMS, and CSIRO are interested
in participating in the experiment. Their interests and experience are
far-reaching and-largely complementary. However, there are several ™
institutional problems that will plague the program: (1) there will
doubtless be competition for favored studies / projects / synthesis
efforts, due to overlapping interests of some key scientists; (2) there
will be considerable difficulties in holding scientific teams and
expertise together over the long life of the program; (3) intellectual
and administrative leadership of the program will be seen as a real
public relations asset for any agency that assumes this role; (4) there
will be a continuing need for cooperation with fishermen, even during
times when there are no obvious benefits to them, such as opening reefs
to fishing. Below we suggest some ways of dealing with these
institutional problems.

An Equal Partnership of Participating Agencies

There have been various proposals about where to provide an
administrative and scientific "home" for the program. To the extent that
an administrative and financial home is required, the obvious agency to
handle this is GBRMPA--any of the other institutions could too easily be
accused of using such a position to provide favored projects to its own
staff. Considering such potential conflicts of interest, we believe that
it is important that there not be any designated lead institution for
scientific project planning and synthesis: instead the scientific
planning should involve an equal partnership of agencies. '

>
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There should of course be an inter-agency coordinzting council or
committee. This council should be required to establish formal internal
and external review and arbitration procedures, to resolve conflicts and
make selections among competing proposals as necessary.



Roles and Responsibilities of the Participating Agencies

Based on discussions with scientists from the various agencies,
the following initial division of responsibilities and roles would fit
the interests of existing scientific staff:

GBRMPA~~Administrative and financial coordination of projects, overall
data base management, aerial surveys and surveillance.

JCU--Experimental and survey design, statistical analysis advisory work,
coral trout-COT surveys, fish trapping, development and operation
of ageing laboratory for batch processing large numbers of
samples, artificial reef (interreef) transect studies.

. “

AIMS--Recruitment and small fish surveys, benthic community Structure

surveys,-COT surveys, interreef habitat and fish surveys.

QDPI--Coral trout surveys, fish trapping and tagging, line fishing
cooperative projects, trawl by-catch monitoring, recreational
catch per effort surveys.

A : ' IO

CSIRO--Fish trapping methods, effects of trawling on demersal systems,

evaluation of adaptive management regimes.

This list of interests contains some key OVerlaps that could potentially
lead to difficulties, especially when it comes time to publish results of
the program. The overlaps that particularly need attention early in the
program are: (1) JCU/QDPI interests in coral trout survevs; (2) JCU/QDPI
interests in fish trapping and tagging; (3) GBRMPA/QDPI interests in line
fishing monitoring; and (4) CSIRO/QDPI interests in direct effects of
trawling.

We do not recommend that problems with overlapping interests be
sorted out on a geographic basis (eg, QDPI doing surveys/trapping in
north, JCU in south). While this is the simplest approach from a
- logistic viewpoint, it would create serious difficulties in the longer
term. There will be enough trouble with standardization of methods and
with variability among clusters in the measurements, without compounding
matters with possible observer/handling biases. Worse, who would have
priority or responsibility for scientific reporting of the results? It
is silly to think about publishing two papers with the same title,
differing only in the geographic region where the data were gathered.

Cooperation with Recreational and Commexrcial Fishermen

Our statistical analyses indicate that it will likely be necessar
to deliberately exaggerate and standardize effects of line fishing for a
least some reefs, and this will necessitate cooperative fishing
activities on an annual basis throughout the program. Likewise, there
will be continuing need for assistance of fishermen in obtaining fish for
tagging, recovery of tags, and sampling of trawl bycatch.

Yy
+
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We do not envision major problems in obtaining cooperation from
line fishermen for short term and pilot studles However, it will likely
be very difficult to maintain cooperative arrangements for more than a
few years unless these arrangements are (1) strongly institutionalized
(organized as regular and predictable annual “events", planned far in
advance); and (2) accompanied with strong incentives such as
opportunities to fish in closed areas, coverage of costs (food, drink,
fuel, bait, etc.), prizes for fishing performance, and lottery
arrangements or other direct financial incentives.

An alternative to relatively complicated organization of fishing
clubs and other public participants would be to handle line fishing
operations entirely through charter arrangements with commercial line
fishermen and recreational charter operators. While this approach is
appealing from an administrative viewpoint, it might be far more costly
in the long runsw We do not recommend using it in at least the initial
few years of the program, except perhaps in a few of the less accessible
(southern) clusters.

If it is necessary to charter trawlers as well to work in

-;1nterreef .aréas, then the overall cost of the program will-be increased
"substantlally. A prawn trawler can sweep about 1.5 k2 'per night, and

the full charter cost per night would be around $3500. For most reef
cluster choices, around 100-200 km? might need to be trawled at least

‘once every 2-3 yrs; without cooperation from trawlers, this would

represent an annual cost per cluster of at least $100,000.

Interim Review and Reporting (Program Benchmarks)

All scientific data from the program should be published in report
and microcomputer machine-readable format on a regular annual basis.
Every year or two there should be a workshop involving all scientists in
the program, plus external reviewers from universities and government

_agencies.

Every 3-5 years there should be a major synthesis conference,
where results are reported and synthesis/critique papers are solicited
from external scientific reviewers. ;

We cannot overemphasize the importance of making use of external
reviewers, especially from the Australian academic community, for both
criticism and broad synthesis of program results. Regular involvement of
such people will not only strengthen the program scientifically, but will
also help to avoid confllcts among progect scientists over who lS to have
prlorlty for general synthesis work and publication. <

Documentation of Field Procedures

Over even the 5-yr time blocks between treatment rotations, there
is likely to be substantial turnover of field staff. This means that it
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will be necessary to make all field procedures as simple as possible, and
to precisely document them. All sample locations (permanent plots,
transect patterns) should be indicated on.maps and aerial photos, and
should be marked in the field where possible. Visual surveys should
involve extra (volunteer?) personnel whenever practical, to help
establish a group of experienced people such that loss of the whole group
between samplings becomes very unlikely.

Documentation and training will obviously be a substantial burden
for program scientists for the first few years. We see this as a
necessary price to be paid for the chance to become involved in the
program.

Data Base Management and Exchange

Again because of the long term nature of the program, and because
of the complexity of the field monitoring program, we feel that it is
~essential to be ruthless about requiring regular {annual or faster)
reporting of all numerical results in microcomputer machine-readable

form.. .GBRMPA-should undertake a data management “set-up'-service to-all-

: program scientists at the start of the program, providing (where needed)
spreadsheet interfaces for data entry, standard file reporting formats,
and instruction (where needed) in data entry and file management
procedures.

Research Synthesis and Publication

The most interesting and important results of the program will
likely be a set of serendipitous findings that are not anticipated at all
by the scientists who have planned it. Particularly for situations where
such findings involve looking at data across monitoring projects (eg,
comparing trapping and visual survey data), it will be important to
define a set of protocols before the program begins for deciding who
- should author any publications that result from the findings.

COSTS OF THE PROGRAM

Here we present annual cost assessments for an 8 cluster, 40 reef
design, and for several less expensive options involving reduction in
design size and in the complexity of the field monitoring program. We
also present cost estimates for a 2-yr pilot study focussed on the Cairns
section clusters already designated for the experiment, but qféo
including preliminary studies on trawling and interreef-bicta in the
Central Section where the main trawl comparisons are proposed. The
estimates were developed by scientists from the cooperating agencies, and
our assessment is that they are as realistic as can be expected at
present (no major costs omitted, no obvious frills added). In cdeveloping
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the estimates, scientists worked from the following basic assumptions:
(1) in so far as possible, the on-reef sampling should be done from the
fewest possible chartered research vessels; during a single concentrated
field season where research teams remain at each cluster for
approximately 10 working days; (2) field work will be mainly carried out
by a professional crew hired specifically for the program, with limited
assistance by scientific staff already employed by (salaries already
covered by participating agencies); (3) project specific administrative
costs (administrative overheads, conference travel, etc.) will be borne
by the agencies; and (4) some initial equipment development costs (traps,
etc.) will be covered through a separate pilot study budget (see next
section) .

Annual Costs of the Full Field Program

Table 2 presents annual costs estimated for the full recommended

program. Note that nearly half of the annual budget consists of vessel

charter costs, and that labor costs are about evenly divided between

field and laboratory (sample processing, data management, etc) work.
. - Fre oo 3 | 1 3 iy 3
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Table 2. Estimated annual cost for the full experimental program with 8

clusters, 40 reefs. Costs in $1000s.

PROJECT AND COST COMPONENT

1. Visual surveys for coral trout, COT, etc.
Senior observers, annual pay (2x40)
Seasonal field crew (2x0.4x25.2)

Data entry clerk (1x11)
Equipment/supplies (dive gear, etc.)
Ship time (100@1.2)

2. Visual surveys for juvenile recruitment
Senior observers, annual (2x40)
Seasonal field crew (6x100x0.12)
Equipment/supplies
Ship time (different season from 1.)

3. Benthic community visual surveys
Senior observers, annual (2x35)
Seasonal assistant (1x100x0.12)

Data entry, analysis (1x100x0.36)

Equipment/supplies
4.'TV-baseditrapping, :tagging for large fish

Field assistants (5x0.33x30)

Video analysis clerks (3x30)

Equipment (Trap construction, etc)

Ship time (100x1.2)

5. Interreef habitat and fish use surveys
Field assistants, annual (1x40,1x30)
Seasonal assistant (1x10)
Equipment/supplies (nets, etc)

..... Ship time (large trawler, 52x4)

6. Public involvement (fishing, tagging, census)

Angler club organization fees (8x2)
Census and data management clerks (2x32)
Equipment/supply (small boats, bait,etc)
"Ship time (8 x 8 days x 2.5)

~ 7. Fishdown assessments (tagging, census)

Investigator, seasonal assistants
Equipment/supplies
Ship time (70x1.2)

8. Fish ageing facility (sample laboratory)

..... Laboratory technicians (2x40)

9. Increased surveillance (fishing effort)
Air time (100 hr Q1)

10. Program coordination and operations
Coordinator and assistant (2x40)
Travel, organization, data mgmt.

TOTAL ANNUAL COST

ANNUAL COST

80
20
11
18
120

80
80
10
100

70
12
35
19

50
80
96
120

70
10
31
220

16
64
108
160
49
18
89
80
100

80
20

2127

T~
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Costs for the Two-Year Pilot Study

We have developed cost estimates for a 2-year pilot study with
four basic objectives: (1) evaluate sampling procedures that have not
been used extensively in the GBR context (trapping, long transect visual
surveys, etc.); (2) provide basic information about interreef areas
proposed for use in the Central Section (operability for trawling,
habitat patterns, fish sampling methods); (3) provide calibration
information for survey methods through opportunity for depletion
experiment provided by rezoning of Wardle and Escape reefs in the Cairns
Section in 1991; and (4) initiate basic monitoring programs on
experimental clusters that will be created by rezoning in the Cairns
Section. We emphasize that the opportunities créated by Cairns Section
rezoning should be utilized to fullest degree possible, even_if the pilot
study indicates “that the overall experiment is unlikely to be successful.
The pilot budget also includes one "trouble shooting™ study concerning
the overall experimental design, involving source-sink modelling of
larval transport patterns between the experimental reefs and reef
clusters; this study will help to anticipate variability in abundance

among reefs and also whether there are likely¥to be any specific reef-! *

reef larval linkages that might cause misleading changes related to how
the source reef(s) are treated.

Table 3 provides cost estimates for research activities only. It
does not include surveillance and program administration costs; we assume
that these costs will be borne by GBRMPR as part of its investment in the
development of the program.

PEEA TN S AU e
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Table 3. Cost assessment for a full two-year pilot study with both
methods evaluation and routine monitoring objectives. Costs in $1000s.

1. Visual surveys (trout + large transect eval.)

Manpower (2 yr @ 15/yr) 30
Equipment (2 yr € 3) 6
Ship time (2 yr @20) 40
2. Visual recruitment surveys
Manpower (2 yr @ 70) 140
Equipment (2 yr € 5) 10
Ship time (2 yr @ 30) 60
3. TV-trap tests, tagging (reef and interreef) - -
Manpower (aggregate pilot and routine) 4 29 _
Equipment (trap development, etc) 17
Ship time - 28
4. Public involvement tagging program
Manpower (2 yr @ 20) ) 40
Equipment (small boat use, bait, etc) - 48
Ship time (2 x 2yr @40) 80

5. Reef benthos survey, interreef s 7 b : ;
stereoscopic photographic survey test

Manpower 8

Equipment (cameras, etc) 16

Ship time 11
6. Wardle/Escape Reefs depletion study

Manpower (2x489) 98

Equipment and field expenses 36

Ship time 160
7. Interreef prawn trawl test, photo survey

Manpower 10

Equipment (nets, etc) 10

Ship time (trawler charter) 21
8. Source/sink modelling for proposed reefs

-Manpower (1 full time, 1 yr) 40

TOTAL PILOT STUDY COST, 2YR 938
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Options for Reducing Costs of the Experiment

The cost assessments in Tables 2-3 are for a comprehensive program
that is scientifically conservative. It calls for relatively high
expenditures to insure adequate experimental replication, cross-
comparison of the different methods used for measuring abundances of
affected species, and broad surveys of the aquatic organisms that might
be affected by fishing. Here we suggest a series of less costly options,
and indicate some of the risks associated with each. There are basically
two strategic directions for reducing costs: (1) reduce the number of
clusters/reefs included in the experiment; and (2) reduce the variety
and/or intensity of field monitoring programs. Options of the first
strategic type are labelled la, 1lb, etc. below, while options of the
second type are labelled 2a, 2b, etc. Options of the first type do not
reduce pilot study costs.

Option la: 8 cluster, 32 reef design: $2.037 m/yr

The snumber of reefs.go be monitored can be reduced by 8 by¥:
omitting within-cluster replication of the recovery after closure
treatment. With all monitoring projects in place, the savings would
amount to about $90,000/yr, mainly in seasonal labor costs and ship time.
The number of long-~term employed people would not be reduced, nor. would
the substantial costs of public involvement and interreef sampling.

There would be no savings in pilot study costs.

This option would sacrifice the flexibility and cluster level
response discrimination afforded by the basic design, and would provide
only modest savings. It, and similar minor reductions in design size,
are not wise alternatives to the full program.

Optipon lb: 6 cluster, 24 reef design: $1.637 m/yr

Under this much reduced design, there would be substantizl savings
in ship time, manpower costs, and in interreef sampling programs,
totalling nearly $0.5 m/yr.

The key loss under this option would be in ability to detect
effects of trawling. According to our assessments of statistical power
(see above), the smaller design would be incapable of reliably detecting
direct mortalities due to trawling of less than 50%/yr (far higher than
expected) .

Option 2a: full design, no redundant monitoring: $1.533 m/yr -

This and the other options below would involve omitting components
of the sampling program, while insisting on a well-replicated design.
Under option 2a, we would omit the visual survey project for fish
recruitment (0.27 m/yr), combine depletion studies and the public
involvement project for a savings of 0.156 m/yr, do benthic surveys only
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every other year to save 0.068 m/yr, and omit extra financing for the
GBRMPA aerial surveillance program (0.1 m/yr). Also, under this option
the pilot study would be reduced in cost by 0.266m, to a total cost of
$672,000. The JCU fish ageing facility wdould assume critical importance,
since routine age composition sampling would become the main procedure
for measuring variability and changes in fish recruitment rates.

Along with a loss in ability to study fish recruitment variation
and in accuracy of calibration of survey methods to independent estimates
of absolute abundance, this option would reduce the variety of fish
species monitored and hence the ability of the design to detect indirect
effects of fishing on reef communities. It would also involve higher
risks of having treatment effects masked through illegal fishing
activities.

Option 2b: full design, omit even more monitorigg: $1.202m/yr

An extension of Option 2a would be to also omit either the
interreef trawling or fish trapping projects, depending on the outcome of
pilot studies to evaluate these methods, for an additional savings of
about 0533‘m/yr. If TV—trapping does not»wofk, then only trawling would
be used to}sémplelinterreef areas; if trapping does work, then it would
be used instead of trawling as the main means of interreef sampling.

This option involves the same losses as option 2a, along with a
risk of either inadequate sampling of interreef fish populations or of
inadequate abundance indexing and tagging (for interreef movement
studies) of both reef and interreef fish populations. Its viability
cannot be assessed until the pilot study is completed.

Option 2c¢: full design, minimum viable program: $0.73 m/yr

Under this option the on-reef studies would be reduced to only
visual surveys (large fish, benthos) and a small trapping program to
- obtain fish for ageing, and the interreef studies would involve only
- habitat mapping and modest fish sampling through either TV-
trap/photographic surveys or TV/trawl surveys. There would be no
financial support for the public involvement project, no increased s
surveillance, no extensive tagging for fish movement, no calibration of
sampling gear by depletion experiments, and no funded program
coordination. The JCU fish ageing facility would be provided for studies
of recruitment variation based on age composition. In preparation for
option 2c¢c, it would still be necessary to conduct the 2-yr, multi-
objective pilot study, but this study could be reduced to cost a total of
$320,000.

Option 2c would measure mainly the most crude and direct effects
of fishing on abundances of targeted species, and provide some
information on interreef habitat differences between trawled and
untrawled areas. It would be fully viable in terms of the statistical
measurement of the direct effects. It would give little information on
dynamic processes (eg movement, recruitment) that might be affected by
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APPENDIX A--SIMULATION TO ASSESS DESIGN PERFORMANCE: THE REEF
PROGRAM

We consider that the best a priori way to evaluate a-design
alternative is to generate realistic simulated data, then see how well
the statistical methods that will eventually be used to analyze the real
experimental results can do at recovering the (known) treatment effects
present in the simulated data. If the simulated data are generated with
a dynamic model that represents the main perversities that may occur in
terms of variance sources among reefs and over time (and how these are
propagated through the population dynamics), along with realistically
high sampling errors, the result should be a quite conservative
assessment (ie, the actual experimental result §hould be cleaner than the
simulation result). Furthermore, such tests should be made not with a
single dynamic model, but instead with a suite of alternative models that
capture extreme (but credible) hypotheses about key population dynamics
mechanisms; for example, the stock-recruitment component of the simulated
population dynamics should be represented at one extreme by larval-driven
recruitment (with associated high variation and linkage among reefs due
to larval transport), and at another by juvenile-space-limited
rd¢ruitmert (with most larval variation damped out by the juvenile
density dependence). We should at least be able to determine before the
experiment begins whether its success will depend on which (if any)
extreme hypothesis is correct, ie whether the design is robust to basic
uncertainties about the population dynamics of key index species.

The REEF program, written in QuickBasic for IBM PCs (with minimum
640K memory and VGA graphics adaptor), was developed to do many of the
chores associated with generation and analysis of simulated experimental
responses. It contains routines to (1) simulate spatial patterns of
larval dispersal over the whole GBR in order to provide (a) rough
assessments of linkages among experimental reefs through dispersal and
(b) estimates of how background levels of larval input from other reefs
might be expected to vary among candidate reefs for the experiment; (2)
allow rapid (spreadsheet type) selection of candidate reefs and treatment

‘regimes for "gaming" situations where many interactive simulations are to

be tried in order to quickly check design alternatives; (3) an
experimental reefs simulation routine that can simulate a variety of
hypotheses about dispersal, recruitment, survival, and harvest effects on s

reef populations over time, while accounting for linkages among the reefs
generated by larval dispersal; (4) a routine that generates SYSTAT files
from the reefs simulation results, for ANOVA/MANOVA tests of design

performance; (5) a General Linear Model (GLM) routine for estimating
reef, fishing treatment, and cluster-time interaction effects from
experimental or simulated data; (6) a.nonlinear estimation algorithm to

predict variances of parameter estimates to be expected if the reefs
simulation were fitted to results of the experiment; and (7) a-'whole-reef
simulation routine to examine changes over time in an index fish
population (eg coral trout) in relation to the space-time dynamics of
larval dispersal, adult movement, and dynamic changes in the levels and
distribution of line fishing effort through regional population growth
and selection of fishing sites by anglers.



Key assumptions used in the REEF dynamic models are described in
the following subsections. An important point is that we do not pretend
that these models and the alternative hypotheses that they represent are
"correct™ or optimal descriptions of reef dynamics; they are intended
only to provide general assessments of scale effects (distances of larval
dispersal, linkages, etc), and realistically perverse behavior of
simulated abundances.

Larval Dispersal and Linkage Among Reefs

The REEF system sets up a 10x10km grid of spatial cells over the
reef from Cape Flattery to Gladstone, and from shore to the outermost
‘reefs.” This grid is oriented along shore, so that dominant water
transport will he between rows of the grid (from NW to SE). The program
user can define any arbitrary transport "rosette" specifying
probabilities per day of a larva in any cell being transported to each of
the four adjoining cells (NW, NE, SE, SW). Using short time steps, such
that the total probability of movement per time step is equal to 0.5, the
program then uses the rosette values to predict probablth’es of movemernt
among all cells reachable from the source cell over timé. In conjunctiod
with a user-defined larval competence period (first and last davs
competent), the program then accumulates total larval-days (of exposure
to settlement) for cells reached from the source cell, per larva
successfully dispersing from the source cell. This exposure pattern is
stored as a "dispersal table" or grid centered on the source cell, and
this table can then be applied to other source cells to predict
cumulative larval exposure throughout the system.

Three types of outputs can be generated from this part of the REEF
system: (1) a "linkage table" for a predefined experimental reef set,
specifying larval days exposure generated on each experimental reef per
larvae successfully dispersing from each other experimental reef; (2) a
"background loading" estimate for each experimental reef, measuring the
total larval days exposure at that reef per larvae successfully
‘dispersing from all reefs that the dispersal table predicts could reach
the reef; and (3) a "linkage list"™ for the entire GBR, specifying larvae
days exposure per larvae successfully dispersing for every source-sink
combination of reef pairs (or more precisely, of 10x10km grid cells
containing reefs) such that the sink member of the pair.is predicted to
have greater than 0.01 larvae days exposure per larvae dispersing from
the source member.

The experimental reefs linkage table and the background loading
estimates for experimental reefs are used in the REEF simulations of
dynamic changes in experimental reefs over time in response to -’
experimental fishing regimes. The whole reef linkage list is used in
simulations of population dynamics and responses of fishing effort over
the GBR.

REEF contains a data filing and retrieval system that encourages
users to construct and simulate a variety of dispersal hypotheses. The
results of these simulations can then be saved and retrieved later for
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use in the other REEF simulations, thus permitting a systematic
exploration of how alternative dispersal patterns may interact with other

uncertain processes to influence performance of alternatlve experimental
designs.

The larval dispersal calculations are not integrated directly into
the other REEF simulations for the simple reason that these calculations
involve a large amount of computation on very short time scales. To redo
them over many years for many reefs in the other simulations would be
impractical (as well as unnecessary).

Components of Recruitment: Larval sources, Larval Retention, Pre- and
Post-Settlement Density Dependence in Survival

The "experimental reefs™ and “whole GBR" simulations in REEF use
the same basic logical structure to simulate recruitment mechanisms on
individual reefs. This structure involves three basic steps for each
simulated year for each reef: (1) predict total larval loading onto the
reef from spawning on the reef and from outside sources; (2) apply early
mortality (which may- be densxty dependent) to the larvae, to predict S
recruitment to the juvenlle populatlon on the ‘reef; and (3) predict
survival of juveniles over ages, and add juveniles reaching the age at
maturity to the adult population of the reef as new recruits to that
population. :

For the experimental reefs simulation, larval loading S onto each
reef i is assumed to consist of four components LL, BL, EL, and PL:

S(i) = rLL{(i) + (1-xr)[BL(i) + EL(i)] +PL(i) (A1)

Here LL(3i) is a retention proportion r of the total settling larvae
produced by spawning on reef i itself, BL(i) is a background larval
loading that is calculated from an assumed average larval production per
reef -over the whole GBR and from the background loading rate for reef i
estimated in the REEF larval dispersal model (see above section), EL(i)

" is a sum of larval productions from other experimental reefs multiplied
by linkages to reef i calculated in the REEF larval dispersal model, and
PL(i) is addition of larvae due to random "pulses"™ or swaths of larvae of
unknown source settling over blocks of cells including and surrounding
reef i.

The larval production components LL, BL, and EL are calculated
from adult spawning abundances using Beverton-Holt recruitment equations
of the form

L = fN / (1 + £N/k) (A2)"
where L is net number of larvae produced and surviving to settlement, £
is the product of average adult fecundity times maximum survival rate to
settlement in the absence of larval competition, N 1is the number of
spawners involved in producing L (reef i adults for LL, average per reef
adult abundance for BL, and experimental reef adult abundances for terms
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in the EL sum), and k is a larval “carrying capacity" representing
possible density dependence of larval survival prior to settlement.
Setting k large results in the assumption--{or hypothesis) that larval
settlement is globally (over the whole GBR) proportional to adult
abundance (ie no limiting factors on recruitment at the larval stage),
while setting k small results in the assumption that there are limiting
factors operating somewhere in the larval stage such that the number of
settling larvae is independent of the number of eggs released except when
total egg production is very low.

Given total larval loading S$(i) onto each reef, the simulations
then allow for the possibility of post-settlement density dependence in
survival through a second Beverton-Holt recruitment relationship:

“J(i,1) = sS(i) / (1 + (sS(L)+JT(i))/k'] " (33)
where J(i,1) is the number of juveniles reaching age 1 on reef i, s is a
base (or maximum) survival rate from settlement to age 1, JT(i) is total
juveniles present on the reef, and k' is Jjuvenile "carrying capacity™.
Setting k' to large values results in juvenile (and later adult)
abundance being proportional to larval settlement (ie, larval variability
transmitted- into populatidn struc¢ture and abundance), while setting k' to ‘
small values results in the hypothesis suggested by P.F. Sale that
abundance is limited by post-settlement competition except when {or
where) larval abundance is very low.

Equations Al-A3 permit simulation of a rich variety of hypotheses
about mechanisms of population regulation in reef fishes. Varying the
larval retention (r) parameter in Al allows simulation of whether or not
reefs are "self-seeding™ (and hence have a local stock-recruitment
relationship). Varying the fecundity x survival parameter f allows
simulation of varying risks of recruitment overfishing (risk high when f
is low). Varying the k and k' parameters results in different scenarios
for how variability in larval abundance influences later juvenile and
adult_ abundance.

The juvenile age structure on each reef is simulated by passing
the juveniles through an age-structured survival process:

J(3+1,1) = s(1-T(1)) J(j,1) (A4)

where J(j,1i) is the number of juveniles of age j present on the reef,
J(3+1,1i) is resulting Jjuveniles of age j+1 a year later, s is annual
survival rate in the absence of trawling effects, and T(i) is juvenile
mortality rate per year due to direct effects of trawling (capture of

juveniles while they are foraging off the reef, etc.). Eqguation A4 is
applied up to an assumed age at maturity j*, at which the juveniles are
entered into the adult population N(i). To speed up calpulations in the

"whole GBR" simulation, the juvenile age structure is not stored
explictly for each reef, and recruitment to the adult stock is calculated
instead as a proportion 1/3j* of the total juveniles present each year.

Natural and Fishing Mortality, and Dispersal of Larger Fish among Reefs
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Year-to-year dynamics of adult abundance N{(i) on each reef are
simulated with the balance relationship

N (i) = S[L-H(i)V (i) IN(i) + m(i) [N(i)-N*] +J(5*,1)
(year t+1) (year t) (AS)

Here the term s{1-H(i)V(i)]N(i) represents surviving adults from the
previous year, m(i) [N(i)-N*] represents dispersal among reefs, and
J(j*,i) represents recruitment to the adult stock of juveniles reaching
the age at maturity. s is annual natural survival rate, H(i) is the line
fishing harvest rate applied to reef i in year t, V(i) is the proportion
of reef i adults that are resident on the reef and hence vulnerable to
line fishing in year t (see below), m(i) is the proportion of fish
assumed to disperse from each reef per year, and N* is a background
average abundance of adults over the GBR (source abundance for dispersal
of new adults into the reef i population). N

The experimental reefs simulation treats fishing mortality H(i) as
a fixed (planned, experimentally maintained) annual exploitation rate set
as a policy choice by the REEF user. The whole-GBR simulation predicts
fishing mortality from line-fishing effort on each reef, using the usual
fisheries catch equation’ H(i)= l-eyp{-qE (i)} where E(i) is fishing . °
effort on reef i and g is catchability. '

A possible mechanism that could produce line-trawl fishing
interactions is represented through the V(i) and m(i) parameters. If
trawling damages interreef habitat ﬁpatches" that act as foraging-resting
sites and dispersal "stepping stones" for larger fish, then trawled areas
should have (1) lower proportions of large fish utilizing interreef
patches as foraging-resting sites, and hence a larger proportion V that
are vulnerable to line fishing directed at reef habitats; and (2) lower
dispersal rates m among reefs. In trawled areas with lower m values,
local reef populations should be more variable and should recover more
slowly under experimental reduction in line fishing (due to lack of
immigrant fish to both dampen effects of local recruitment variation and
repiace fishing losses more rapidly).

Dynamic Responses of Line Fishing Effort to Spatial Distribution of Fish
Abundance -

The whole GBR simulation predicts fishing effort over time (for a
20 year development period) on each of the REEF 10x10km grid cells
containing at least one reef, and population dynamics responses in each
grid cell to this fishing effort. Effort in each cell in any simulation
year, E(i), is assumed to depend on three factors: (1) the total
fisherman population along the GBR coastline; (2) the position of the
cell (longshore, offshore) relative to sources of fishermen;,ﬁﬁd (3)
relative abundance of fish on the reef. :

The GBR fisherman population is represented in the simulation by
relative population sizes for 8 population centres (Cooktown, Cairns,
Innisfall, ..., Gladstone). These relative population sizes are increased



geometrically over time at different rates, to represent differences in
regional economic development (Cairns is increased at 10%/yr, other
centres at 8%/yr). Each population centre."c" is assumed to generate an
annual total fishing effort ET(c) proportional to its relative size, and
the program then distributes these total efforts among reefs.

Each total effort ET(c) is distributed among reefs in each
simulation year by calculating an "attractiveness index" A(c,i) for each
reef i, then assigning the proportion A(c,i)/[sum over i of A(c,i)] of
ET(c) to reef i. This "gravity model™ for the effort distribution can
generate a variety of realistic effort distributions, and changes over
time, depending on how the attractiveness indices are calculated. We
assume that attractiveness is (1) inversely proportional to the longshore

distance from center c to reef i; (2) inversely proportional to the
square.of the offshore distance of reef i from the coast; and (2)
proportional to the square of the adult fish population®N(i) That is,

A(i) is calculated as
A(c,i) = N2/([DS.DO] (A6)

where N2 is N(i) squared, DS is longshore distance from ¢ to i, and DO is
the square of:.the distance offshore ofrreef ii.' This attractiveness index
will result in disproportionately high fishing effort on reefs that are
inshore and that have higher than average fish abundance.

The total fishing effort predicted to occur on reef i in any
simulation year is then just the sum of the population centre
contributions A{(c,i)ET(c)/[sum of A(c,i)]. Note here that there is a
hidden or implied assumption that fishermen from every population centre
have at least some information about fish abundances throughout the GBR,
and that they base choices about where to fish partly on the basis of
this information. However, we found that the calculated fishing effort
for each centre according to the model was generally concentrated within
a relatively narrow radius (200-300km) of the centre, so that the
assumption of global knowledge and choice does not cause an unrealistic
spreaaing of effort. Long distance shifts in fishing effort (and long
.range movement of fishermen) is generated only in model scenarios where
fish abundances are grossly reduced in all coastal and northern areas, so
that the only remaining good fishing opportunities are in the Swain group
(farthest from population centres in both longshore and offshore
directions) . ‘

Responses of Prey and Competitor Species to Reduction in Predatory Fish
Density: Simple Mortality Changes versus Release Effects under Nonlinear
Functional Responses

The experimental reefs simulation in REEF has a "submodel™ for
crown of thorns (COT) dynamics, as an index or example of ecosystem
changes that might accompany changes in abundance of line fishing
species. COT dynamics are the best known example of possible
"pathological™ effects of altering coral reef trophic structure through
fishing: the basic notion represented in the simulation is that there may
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exist an unstable or cyclic predator-prey association between COT and
coral when COT juvenile survival is high, but fish predation on juveniles
may dampen or prevent outbreak cycles when fish abundance is high.

COT is represented as an abundance index scaled in terms of
relative coral damage, ie COT(i,t)=1 means enough starfish on reef i in
year t to consume 100% of the coral cover on a reef in one year,
COT(i,t)=0.1 means enough to consume 10% of the coral cover, etc. Coral
abundance is represented as a cover index C(i,t), ranging from 0.0 (no
live coral on reef i in year t) to 1.0 ("healthy“ coral covering 100% of
the available reef habitat).

Interannual changes in the coral cover index for each experimental

reef is modelled as

e “
C(i,t+1l) = C(i,t) + gC(i,t)[1-C(i,t)] + K - COT(i,t) (277
where g is a logistic growth-spreading parameter (the term gC[1-C)
represents growth of corals already present at the start of year t), and
K is a coral colonization rate (new coral cover added per year from
formation of new colonies). Note here that there are no additional
“carrying capacity"aor:bOT predation parameters, due to the units of
measurement defined above for COT and C. There is an implied assumption
that the COT have a very high rate of effective search for coral, so that
their consumption is simply proportional to their abundance. This
assumption must be wrong for cases where COT as defined above is greater
than C, so the program has a check to make sure that the consumption loss
term does not exceed 90% of C per year, ie so that the negative term is
actually the lesser of 0.9*C(i,t) and COT(i,t).

Interannual changes in COT are modelled with the balance
relationship

COT(i,t+1)=sCOT(i,t)+SP(i,t)L(i,t)C(i,t)/[1+L(i,t)] (A8)

where sCOT (i,t) represents surviving COT from year t to t+l, SP(i,t) is
predation-related Jjuvenile survival rate for the COT larvae L(i,t)

settling in year t (the delay from COT settlement to appearance is

modelled as 12 months rather than a more realistic 18+ months), and the
multiplier term C(i,t)/([1+L(i,t)] represents effects of coral cover and ;
intraspecific competition among COT juveniles on COT juvenile survival.

COT larval settlement L(i,t) 1s modelled with the same basic
structure as for fish larvae (see section above, eq Al), ie as retention
of larvae produced by COT(i,t) plus addition of "background" larvae from
other reefs plus addition of non-retained larvae from other experimental
reefs. However, the background larval addition of COT is assumed to vary
in a périodic pattern, with each reef receiving a “"pulse" of larval
settlement lasting 4-5 yrs every 15-20 yrs; the timing of this pulse 1is
shifted with latitude to form a space-time "wave", so that reefs in the
southern part of the Central Section receive pulses about 10 yrs later
than reefs in the center of the Cairns section. The pulse size for each
reef is assumed proportional to the background larval addition rate for
fish on the reef, since this background rate (see larval dispersal
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section above) is assumed to reflect general position of the reef in
terms of upstream sources of larvae of all types.

Alternative hypotheses concerning effects of fish predation on COT
outbreaks are represented in the juvenile survival term SP(i,t) in eq AS.
It is assumed that fish predators have a Type II functional response to
COT juvenile density, and that combined functional response and
exploitation effects can be approximated by the exponential survival
relationship

SP(i,t)=exp{~eN(i,t)/[l+ehL(i,t)]} (A9)

where N(i,t) is the abundance of adult fish on reef i in year t (see fish
dynamics sections above), L(i,t) is COT larval density at the start of
year t, e is the rate of effective search by fish for COT larvae (slope
of relationship between COT juveniles eaten per fish per year versus
number of juveniles available, when juvenile density is low), and h is
the "handling time"™ per juvenile eaten (so that 1/h is the maximum annual
consumption of COT juveniles per N(i,t)). The key uncertain parameters
here are e and h. Low e values imply that fish take few COT juveniles
even when these juveniles are abundant. High h values imply that the
maximum numbér:of COT Jjuvenilies eaten per fish is low, even ‘whén COT
juvenile abundance is high. Low e values imply that fish predation is
never important, while high h values imply that predation becomes
progressively less important as COT abundance is increased even if it is
important when COT abundance is low.

For some combinations of the predation e and h parameters,
equations A8-9 imply a multiple equilibrium behavior for COT on any reef.
If e and h are both quite large (efficient predators but with limited
feeding rates), then COT juvenile density will tend to decrease to a low
level set by larval immigration rates provided it is low enough
initially. But if COT juvenile density is initially high and/or there is
a sufficiently large input of larvae from outside sources, the predation
mortality rate will decrease (same number eaten but from a larger initial
abundance) so as to "release" or permit further increase. Another way to
~obtain similar multiple-equilibrium predictions is to assume that the
fish have Type III (sigmoid) functional responses to changes in COT
density; then local COT populations may be maintained by having the fish
"switch off" (reduce predation rate) when COT densities are very low,
rather than having low populations maintained (prevented from extinction)
by immigration.

Thus the hypothesized predation functional response parameters
(and type) are major determinants of the qualitative pattern of response
predicted by the model to changing fish abundance. If a and/or h are
small, then predicted effects of reduced fish predation may include a
quantitative increase in prey (eg COT) abundance, but no qualitative
changes in prey population dynamics. If a and h are large, the predicted
effects may include abrupt "outbreaks" or qualitative changes in prey
abundance associated with "release" from predation effects.

We do not mean to imply here that fish predation on COT is of Type
II or type III or is even significant in the first place. By providing
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the REEF user with the option to vary predation parameters, so as to
generate different qualitative behaviors (quantitative increases versus
outbreak releases), we seek only to provide a reasonable representation
of how rapidly and strongly such behaviors should become evident at
different locations on the GBR under different regimes of experimental
f£fish reduction/recovery.

Sources of Statistical Variability: Stochastic and Spatial Structure
Effects

For simulations of experimental design performance, the
experimental reef model will include three sources of stochastic and
structural variation among reefs: (1) random and persistent variations
among reefs in recruitment rates; (2) interannual variation in fishing
mortality rate;- and (3) sampling variation in monitoring indices.
Parameter values for these sources of variation are set on entry to the
REEF program to “worst case" values based on analysis of available data
- from the GBR.

. Five types of variation in; recruitment rates are represented.  SER I
First, "background" larval loading levels will vary among reefs due to
reef position (see larval transport section above); these loadings are
not varied from year to year in the calculations, but will produce up to
10 fold variation among reefs in average number of larvae settling per .
year. Second, there is assumed to be variation among reefs in juvenile
carrying capacities due to variation in habitat structure; again this
variation is assumed to be persistent over time, and for default
parameter values will produce 5 fold variation among reefs in juvenile
abundance. Third, there is assumed to be a north-south geographic cline
in both larval and juvenile carrying capacities, so as to produce a 2x
variation in capacities from Cape Flattery to the Capricorn-Bunker Group
(capacities are varied linearly with latitude). Fourth, there is assumed
to be log-normally distributed variation in early post-settlement (first
yearf survival rate, with each reef receiving an independent disturbance
each year (ie, no autocorrelation or crosscorrelation among reefs).
Fifth, the GBR is assumed to be "hit" each year by a set of randomly
distributed larval "pulses", where each pulse is shaped like a bivariate
normal distribution with longshore and offshore scale parameters such as r
to produce correlated recruitment variation among the reefs within one
cluster but not (usually) among clusters.

Analysis of among-reef and interannual variation in recruitment
rates from available survey data (off Townsville by Williams, over the
whole GBR by Williams and Doherty, and by Doherty in the Capricorn-Bunker
Group, all focussing on Pomacentrids) indicated that the five sources of
variation listed above account for most of the possible "perversity" to
be expected in recruitment dynamics. The only indication of Strong
autocorrelation in recruitment variation was in Doherty's 1981-88 data
from the Capricorn-Bunker Group, where there was indication of a sudden
and persistent decrease in recruitment rates in 1983. For most species
analyzed by Williams and Doherty, the log-normal (reef-year specific)
component of recruitment variation had a variance of around 0.2-0.4 and
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accounted for about half of the total interannual variation around the
mean for each reef; the other half of thi§,variation was associated with
"shared" effects among reefs (ie, cluster~scale larval pulses).

Interannual variations in line fishing harvest rate are
represented by assuming that the rate is a uniformly distributed random
variable for.each reef, over a range of 0.5 to 1.0 times the "target™”
rate (set as a REEF policy variable) for the experiment. No
autocorrelation or crosscorrelation among reefs is represented, nor are
any clinal variations along or across the GBR. Since such variations
certainly do exist, the model implicitly assumes that harvest rates on
the experimental reefs will be deliberately controlled or exaggerated to
target levels, though with randomly varying success.

" Sampling variation is represented as havfng an indepegdent, log-
normally distributed effect on each measured abundance index (reef-year
combination). The variance of this effect is set so as to give a
relative sampling precision (100 x standard error/mean) of about 20% on
entry to REEF, though the user can change this precision to reflect
increased or decreased survey effort. For coral trout (Ayling-Mapstone)
and Pomacentrid (Doherty-Williams) surveys, the among-transect.
variance/mean ratio appedrs to generally be ‘betwéen 1.0 and 3.0 for
trout, and 2.0-5.0 for Pomacentrids. At these levels of variation, the
20% baseline relative precision corresponds to sample sizes of 8-10
transects/reef/yr for trout, and 10-20 transects/reef/yr for the more
variable Pomacentrids. To halve the relative error (to 10%) would
require substantially larger numbers of transects (eg, 40/reef/yr for
trout, 80-100/reef/yr for Pomacentrids). Thus the 20% base value for
relative error is set on entry to REEF since it is doubtful that
substantially more precise surveys will be worthwhile.
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APPENDIX B. A GENERAL LINEAR MODEL (GLM) FOR STATISTICAL
ANALYSIS OF RESULTS FROM THE EXPERIMENT

Here we provide additional details about the GLM used in Monte
Carlo experiments to assess power of tests for alternative experimental
designs. As noted in the text, the GLM model involves statistical
assumptions that are more difficult to Jjustify than would simple
ANOVA/MANOVA models, and we review those assumptions here. For further
information about GLM in general, we recommend the introductory texts by
Searle and Graybill. g _

Suppose -that y(i,j,t) is the measured response for some variable
(eg, coral trout adult density or COT index density) on a reef subjected
to the ith line treatment regime in cluster Jj in year t. We assume that
this response can be written as an additive sum of cluster, fishing, and
local (reef) effects as

‘¢
5

vi{i,3j,t) = C(3) + C(3j,t) + F(i,t) + w(i,t)( (B1)

where C(3) 1s a base mean response over time in the absence of line
fishing for reefs in cluster j, C(3j,t) is a time dependent departure from
this mean that is shared by all reefs in cluster j, F(i,t) is a time
dependent departure from C(j) due to the ith fishing treatment regime as
expressed in year t, and w(i,t) is reef-specific variation due to
location and time effects not explained by fishing or shared with other
reefs in the same cluster.

In model (Bl), the "residuals" w(i,t) cannot be assumed to be
independent and identically distributed random effects or forced to be so
through any randomization process used in the selection of experimental

~ reefs. 1In particular, the w(i,t) are certain to be autocorrelated
‘(expected value of w(i,t)w(i,t+k) not egual to 0.0 for k nonzero) due to

(1) intrinsic differences among reefs not explained by the cluster mean
and cluster-time parameters; and (2) biological mechanisms that cause
"random" disturbances to have persistent effects on abundances (eg,
survival over many years of unusually strong vear classes). A simple and
reasonably conservative way to deal with this nonindependence is to
essentially throw out some of the time series data for each reef, by
assuming w(i,t)=rw(i,t-1) where r is a first-order autocorrelation
coefficient; this assumption leads to .independent errors for the

transformed observations Y(i,Jj,t)=y(i,Jj,t)~-ry(i,j,t-1). Note that there
is one less Y (i,3j,t) than y(i,j,t) for each reef. The GLM for .Y (i, ], t)
has parameters C(3j) (1-r), C(J,t)-rC(3j,t-1), and F(i,t)—yF(i,€>l). Note

that these parameters will generally be smaller (and hence more difficulc
to detect as being significantly different from zero) than for eg. Bl.

In Monte Carlo trials, we did the estimation in terms of the Y variables
(generated by the REEF system simulations), but we assumed r=0; thus we
threw out part of the data but did not assume strong autocorrelation
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(available data from Ayling's surveys and the Williams-Doherty surveys
suggest r<0.3). I -

The experimental line treatments and line-trawl interaction effects
will create a variety of line fishing effects F(i,t) which have to be
"coded" as individual present/absent effects for the GLM estimation.
Suppose these coded effects are called £(1), £(2), ...f(n) where n is the
number of fishing effects parameters to be estimated. We use the
following coding convention in the REEF system (the user can change this
coding though one of the program menus): £(1) is the average (time-
independent) effect of continued line fishing on (abundance on) a reef in
an untrawled cluster; £(2) is the average (time-independent) effect of
continued line fishing on a reef in a trawled cluster; f(3-6) are
transient differences (year 2-year 1, year 3 - year 2, etc) between
fished and unfished abundance for the 2nd-5th yeérs following closure to
line fishing for a reef in an untrawled cluster; £(7-11) are transient
departures from unfished abundance for reefs in untrawled clusters that
are opened to fishing at the end of the 5th year of study:; and £(12-16)
are transient departures during the second five years of the experiment
for reefs that were open for the first five years and are then closed, in
-untrawled clusters.-.Elshlng effects parameterq £(17-20) are the. same-as-- -
f(3 6), except that they apply to reéfs in trawled clusters; f(2l 25) are
the same as f£(7-11) except that they are for reefs in trawled clusters:
and £(26-30) are the same as £(12-16) except that they are for reefs in
trawled clusters. For designs involving replication of line treatments
within clusters, it would be possible to further articulate the f effects
list to represent differences among clusters in the fishing responses;
due to time constraints in the model development and Monte Carlo testing
phases of our work, we did not investigate this possibility, though we
suspect that it would lead to "overparameterization" (trying to estimate
too many parameters) of the model.

An estimate of the variance of each of the coded GLM parameters
(C(3), C(3,t), f£(i)) is provided by a diagonal element of the GLM
covariance matrix C=s2(X'X) 1, and variance estimates for individual
~linear contrasts of the parameters are calculated as quadratic forms c'Cc
"where ¢ is 'a vector with the weighting for each parameter included in the
contrast (eg, the variance of the contrast £(1)-£(2) is obtained by
setting the c element for £(l1) equal to 1.0, the c element for f(2) to -
1.0, and all other c values equal to 0.0, then calculating c'Cc). Given
the variance for any parameter or contrast, it is a simple matter to test
whether the parameter or contrast differs significantly from zero, just
by seeing whether its confidence interval (T statistic times square root
of variance) includes zero. For each such (planned) test, the T
statistic has the error degrees of freedom for the whole linear model
estimation, which for all the designs we considered is large eﬂougn to
assume T=2.0 for 95% confidence limit calculations. e

Trawl and line-trawl interaction effects are not represented
explicitly in the basic encoding of fishing effects described above.
Instead, we have examined specific (and policy-relevant) components of
these effects as contrasts among the model parameters. We have
represented the "basic effect of trawling" as the mean difference between
the C(3j) effects for trawled and untrawled clusters, ie the mean effect
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of trawling on abundance in the absence of line fishing. We have
represented the simplest component of the line-trawl interaction as the
difference f£(1)-£f(2), ie the difference between trawled and untrawled
clusters in the basic effect of continued line fishing. Line-trawl
interactions involving influences of trawling on recovery/depletion
responses to line fishing could be examined by constructing contrasts
among appropriate f(.) effects; we have not examined estimation
performance for such contrasts in the design evaluations to date.

General tests for the presence of overall trawl and line x trawl
interaction effects would be simpler to do in the context of ANOVA
models. The limited tests that we did by passing time-aggregated REEF
simulation results to SYSTAT indicated that the GLM above has about the
same power to detect the "basic trawl effect" as ANOVA has for detecting
overall trawl effects. However, the ANOVA is léss likely to _detect line
x trawl interaction effects. We are unclear about the reason for this
difference between methods in power to detect interaction effects; most
likely the problem is that all transient observations (and effects) are
lumped for the ANOVA, hence masking obvious differences between trawled
and untrawled clusters in transient responses to line fishing.




Table 1. Power of test indices for tests of differences in adult
abundance under three experimental design options, for a range of
hypotheses about response dynamics, effect sizes, and variability
in recruitment. Tabled indices are percentage of general linear
model (including temporal and cluster parameters) effects that
differed significantly from zero over 10 Monte Carlo trials, where
"data"  for the linear model were generated with the REEF
experimental reefs simulation. Each table row represents one
combination of hypotheses about recruitment limitation (E=larwval
stage; J=juvenile stage), Fishing mortality rates (L=33%/yr line,
10%/yr juvenile trawl mortality; H=60%/yr line, 20%/yr juvenile
trawl mortality), proportions of fish resident/migrating off reefs
(L=none; H=50% off reef resident and 25% migrating/yr), and

_standard deviation of interannual variation in log recruitment

" (L=0.2; H=0.4). For example, hypothesis combination labelled
E,L,L,H represents larval stage limitation, low fishing mortality,
low off reef residence.and migration, and high interannual
variation.’ -

Effects defined as follows:

f . . A Yo . ot

i

TNL-base effect of trawling in absence of line fishing
TBL~effect of trawling on base effect of line fishing
LNE-effect of line fishing in absence of trawling
LTE-effect of line fishing in presence of trawling
RTE-recovery effects after line closure, no trawling
DNT-decline effects after line opening, no trawling
RTT-recovery effects after line closure, trawling open
DTT-decline effects after line opening, trawling open
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Design 1:
Hypo. TNL TBL
E,L,H,H 10
J,L,H,H 50
E,H,H,H 50
J,H,H,H 90
E,H,L,H 80
J,H,L,H 100
E,H,L,L 100
J,H,L,L 100

Design 2:
Hypo. TNL TBL
E,L,H,H 0
J,L,H,H 40
E,H,H,H 8C
J,H,H,H 90
E,H,L,H 100
J,H,L,H 100
E,H,L,L 100
J,H;L,L 100

Design 3:
Hypo. TNL TBL
E,L,H,H 0
J,L,H,H 0
E,H,H,H 0
J,H,HH 60
EIHILIH 10
J,H,L,H 0
E,H,L,L 0
J,H,L,L 90

'~

32 reefs in 8 clusters (5 trawled, 3 closed)

LNE
90
70
50
20
50
80
40
90

LTE
10
60
80
90
100
100
100
100

RTE
100
100
100
100
100
100
100
100

DNT
20
20
20
10
20
40
10
40

24 reefs in 6 clusters

LNE
90
60
50
60
20
20
50

100

LTE
10
60
60

100

100

100

100

100

RTE
100
100
100
100
100
100
100
100+

DNT
15
10
30
30
15
40
15
35

16 reefs in 4 clusters

LNE
100
40
100
30
40
50
90
70

LTE
0
20
10
80
80
100
100
100

RTE
100
100
100
100
100
100
100
100

DNT
0
20
30
10
25
15
75
50

RTT DTT
-z 0 30
20 20

0 40

20 40

60 20

90 20

70 10
100 40

(3 trawled,

RTT DTT
0 4 20
20 15
0 20
30 60
40 25
80 15
80 10
95 35
(2 trawled,
RTT DTT
0 0
20 25
S 30
20 15
10 20
50 15
5 30
90 .30

70
55
80
70
80
70
100
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Figure 1. Tradeoffs and constraints that define experimental design
choices. Power of tests for trawl effects increases as number of
clusters is increased; fewer clusters than shown by vertical line
would represent an unreplicated experiment with regard to at least
one trawl treatment. Possible variety of line fishing treatments
and opportunities for local replication improve with increase in
number of reefs per cluster. Curve shows design combinations
(clusters, reefs/cluster) resulting in total experiment size of
around 40 reefs; region above and to right of curve represents

Zexperiments that are considered too largé‘in terms of_costs, and
region below and to left of curve represents weaker (lower power)
experimeﬁtal choices.
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Figure 2. Recommended reef clusters for the effects of fishing
experiment. Named reef for each cluster is the unfished line
treatment reef, that has been closed to fishing prior to the
experiment and would remain closed throughout. Arrows show cross-
shelf positions of the closed reefs.

L




>

/
1MOssAN RIVIR CORGE

Twpsersay, |
‘Alchcrpomt
)NaA

./ INe 3
) )czm(s m./,Waz
Ratiiesnaks Point . .nmoonnumal

CEDAR BAY NATIONAL PAR

Wujaquia*lA - Cru ser Pass

~J
M P‘J'm‘m Pazs.

Tharnton Pesk NALPAR
175" ¢ Cape noulaa

RTIONAL PARK

‘SECTION

cn
n o -
8230 wichaeimas cay

Aoy ko
. "S((\:\:.e‘l’ ¥ (lpolo Cay w
it - 4
'’ \‘ A LN \ . ,Aflmglon Reel
'

“Gre
pe Gralmn " Geatton Passoge

atrabah Community “,

SIBIN rcoy s <
ordonvale S Maori feol

‘Aloomba \
3 TAKRASAH Auoucml RESERVE
utgsﬁ«raz:l ‘b\f" SSudbury Reet
Xes .
eljenden Ker S

Qaabmda

oy iy

Oaca gee
2 MY MaRiAN .w\!"r(«n.

Innistail =
Moqnlyan

Howno

aL

— T iy

.8 n Johns?one

!
¥
§
i
4
¢
i
4
+
[
;
H
f

Un’fmw led (A

Baugainvitte

me\ed (Bmveﬂ

B
¢ Goolv Istand
= 8roox Isiands.-

* Hinchinbrook isiand Resort

. o)
Trawled: (Dtmcm’ﬂ

> ~.Cape Sandwich-"

:Hinchinbrook
HINCHINERQOK 190

J4nn 5id'nG

I Orpheus lsland et
Curacoaistang 77
! -
& Paim Island Community *

Great Paim island ~

‘g imbaroo
de gt S
\Mutarnee
A\SEE NAL P Havonnan
3and
o "
g stone ‘\1 13
2
Ratilesnaiels
"(\J'OXO“”"'IEU
=luev(a|¢'
Yabulu  Magneltic Island
- .“L’S::-vou«r e nucutlsnoc Bay
*'-r_'””‘s‘ l l
,, Cape Cleveiand
~ CAPE CLIVELAND
* NATIONAL PARK

forn .. N
Brewer ™
Ree! -

Lodestone ™
Reel

1063 »22)
KeeperReef w

1
Stuart
Y R."" Dam -

’A,I-quor Ck.
488

- 1, oonoan

1R Nat
‘Woogistock
i=\ i mwnwc GREEN BAY

-.G_iru .
\O:ﬁu%‘ NAL PA,

Home Hill

Inkerman

i Clare,

[ =
H W "
» Rpvens~00d . Bozawabal
115 Cape Upstart
H Miitaroo »
VAR .
i »;
iy :
- * Caiteg
a s svsor Hitmingto
E 1956

N

\
HIGHUANDTRS SONALT
ATHINAL PARK, .7/
.

n

PR T

>

dermiy Co )

. Cape Sowhng Grean~

CAPLUPSTART NAT. FARK

obor Point

) \:;.Darlktcl T

L VigerReel

14 *s Shnmp Reof
Bowden
Reel

-2prawn Rest

cimcowrﬁb 3)

‘oL,
N Heralds Surpnse

.+ Malay Reet

o

WHITSUNDAY R
. Borgert GROUP oy

1
. Wnitsunday Island .j
WNlI$UNU AY ISLAND NATIONAL FALIN

RN

1" Haslewood !

3 Gunyarra / o .
kA T v
< Duant lstand Ha ilton Island .

CONWAY RANGE NAT, PARK “
4 . Lindeman island -

Bioomsaury, LINDEAIAN GROUP Sauare 3

Reel 2 4

Yatvorao
")l,'\l BEATRICE NATIONAL PARK
N,
. Golgsatth i
,n}:lon Linns island
. ewr iand
b ‘JL QOssa y Isla
«.beaforth Carhisie | Porrar Bewt

.Cocxermoulni..

\
Brampfon 1.
t 3, " *wigton isiand
aekwo00 CUMBERLAND + T
=, Keswwck | ro
Bucasia 5, Bows ISLAND )\
~

e
2(1egn * Scawlell Island

,.Mackay

aakprs Creex
36

Derwent i3tang
N Ternts

Hay Pont
/
s Busavt

Peanin

ietmont

Tr‘aw led (Kanqavoo\
Untrawled (Jacq\mm\

G ’W‘aw ad/Un’rmw\@d /4

Sea
. ~ \
1.
-
1t
1t
17
——
" TZ MooiéReet Tl
P /
'S,
>l 1e
‘e
~
NorhCay
wWILLIS ~
=7 MC.
Group OO
SauthCay > .
o 1€

* Heralg ays

.
Connga iz,

v Adinglon Reet

REGRCSSE
REEFS®

(Hardy)

(20-127)

20

\ad UnTraw 1@&

arom dee? 2




