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For the spear gun fishery at Glover’s Reef, Belize, we used catch length frequencies to infer whether
each of the eight most common species was likely to be overfished (spawning stock biomass < target)
or experiencing overfishing (fishing mortality rate F>natural mortality rate M). We used Monte Carlo
simulations to determine whether the results were sensitive to uncertainty about natural mortality,
asymptotic length, growth rate and length at maturity. We found that black grouper Mycteroperca bonaci

Keywords: is overfished, and Nassau grouper Epinephelus striatus, schoolmaster snapper Lutjanus apodus and mutton
Stock assessment . . . : .

Indicators snapper Lutjanus analis are probably overfished, but hogfish Lachnolaimus maximus, stoplight parrotfish
Data-poor fisheries Sparisoma viride, French angelfish Pomacanthus paru and gray angelfish Pomacanthus arcuatus are prob-
Overfishing ably not overfished. All species except French angelfish were experiencing overfishing across a range of

life history parameters. Nassau grouper, black grouper and mutton snapper were often caught below the
size at maturity Ly,. The results were sensitive to different assumed values of the life history parameters.
Life history parameters can vary regionally for many reef fishes, and there have been few life history
studies in the western Caribbean; such studies would greatly improve estimates of stock status. We also
calculated six multispecies indicators of fishery status. The mean length relative to L;, was greater than
1.0 and constant between 2005 and 2011. Mean trophic level, mean maximum size, and fraction pisci-
vores increased between 2005 and 2011, partly due to the fact that parrotfish, previously an important
component of the catch, have been prohibited beginning in 2009. Mean catch per unit effort declined.
Given that black grouper, Nassau grouper, mutton snapper and schoolmaster snapper are found to be
overfished and experiencing overfishing under most values of the life history parameters, we recommend
size or catch limits for these species.

Length-frequency

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The status of many fished stocks is unknown, particularly in the
multispecies small-scale fisheries in the tropics (Worm et al., 2009).
Tropical fisheries often lack historical catch and abundance trend
data, which are necessary for traditional stock assessment methods.
Simple indicators have been proposed to determine whether stocks
are being harvested sustainably using length-frequency data (Ault
et al.,, 1998, 2005, 2008; Cope and Punt, 2009; Ehrhardt and Ault,
1992; Froese, 2004 ), sometimes combined with catch per unit effort
(CPUE) (Prince et al., 2011). These methods may be appropriate for

* Corresponding author. Tel.: +1 305 421 4852; fax: +1 305 4214600.

E-mail addresses: ebabcock@rsmas.miami.edu (E.A. Babcock),
rcoleman@wecs.org (R. Coleman), mandy.karnauskas@noaa.gov (M. Karnauskas),
jgibson@wcs.org (J. Gibson).

1 Present address: NOAA, National Marine Fisheries Service, Southeast Fisheries
Science Center, 75 Virginia Beach Drive, Miami, FL 33149, USA.

0165-7836/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.fishres.2013.03.011

many tropical fisheries because they do not require historical catch
and effort data or complex stock assessment models.

To assess the sustainability of a fishery, Froese (2004) suggested
three length-based indicators: (1) Pmat, the fraction of the catch
that is above the length at maturity (Lm ), (2) Popt, the fraction of the
catch that is within +£10% of the optimal length of harvest (Lopt),
and (3) Pmega, the fraction of fish that are more than 10% larger than
Lopt (“mega-spawners”). To avoid recruitment overfishing, Froese
(2004) suggested that the fraction of mature fish in the catch should
be high, preferably 100%, so that each fish has a chance to spawn at
least once before being harvested. To prevent growth overfishing,
all or most of the fish caught should be within 10% of the optimal
length of harvest (Lopt), which is the length at which the biomass
of fish in a year-class is maximized. Where possible, maximum
size limits to avoid capturing any of the mega-spawners would
be appropriate because large fish are a critical source of fecundity
(Berkeley et al., 2004). In the absence of a maximum size limit, the
fraction of mega-spawners in the catch should be greater than 20%
(Froese, 2004). Maintaining a substantial number of large fish in the
population may be even more important for protogynous species in
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which the change from female to male is socially mediated (Sadovy,
2001).

In the terminology of U.S. law, “overfished” is defined to mean
that the spawning stock biomass is below a reference point, and
“overfishing” is defined to mean that the fishing mortality rate is
above a reference point (Magnuson-Stevens Fishery Conservation
and Management Act, 2007). In a population that is overfished,
there will be fewer large fish in the population to be caught by
the fishery, which could reduce the values of Pmat, Popt, and Pmega.
However, the size selectivity of the fishery also influences the val-
ues of these indicators. Simulation studies by Cope and Punt (2009)
have shown that a decision tree based on the Froese indicators
can be used to infer overfished status with respect to spawning
stock biomass benchmarks, unless the selectivity pattern makes
the length-frequency data uninformative (e.g., a fishery that only
targets large fish).

Length frequencies can also be used to calculate the fishing
mortality rate (Ault et al., 2005; Ault et al., 2008) to determine
whether the population is experiencing overfishing. The total mor-
tality (Z=F+M) can be estimated from average length (L) in the
catch for fish within the size range commonly caught by the gear
(Ehrhardt and Ault, 1992). The fishing mortality rate is estimated
by subtracting the natural mortality rate from total mortality. The
natural mortality rate is often used as a proxy for the fishing mor-
tality rate that would maximize sustainable yield (Fmsy) (e.g. Ault
et al., 2008), and a population with F larger than M may be consid-
ered to be experiencing overfishing. A recent analysis has shown
that Fmsy/M may be lower than 1.0 for most teleosts (Zhou et al.,
2012), so this assumption may underestimate the risk of overfish-
ing. All of the sized-based indicators rely on the assumption that
the age structure of the population is relatively stable over time;
variability in fishing mortality, or in recruitment, may cause bias.

In the modern context of ecosystem-based fishery management,
evaluating the broader impacts of fishing on marine ecosystems is
becoming an important component of fisheries assessment (Fulton
et al., 2005). Several indicators of the ecosystem-level impacts of
fishing can be calculated from a sample of the length frequency
and species composition of the catch (Fulton et al., 2005; Rochet
and Trenkel, 2003; Ye et al., 2011). For example, the average value
of Pmat across all the individual fish of all species in the catch is
an indicator of the mean level of depletion of the harvested fish
community (Rochet and Trenkel, 2003). This is particularly useful
in multispecies fisheries where it is not possible to conduct single-
species assessments of all species. Similarly, the average value of
the maximum length Liyax of fish species caught in the fishery has
been proposed as an indicator of whether large species have been
depleted (Rochet and Trenkel, 2003).

Unfished tropical marine systems often have a higher fraction
of piscivorous fish relative to heavily fished systems, and it has
been hypothesized that the fraction of piscivores can be used as
an index of fishing intensity (Friedlander and DeMartini, 2002).
With increasing fishing intensity, the proportion of piscivores in the
catch would be expected to decline. The mean trophic level of the
catch has also been proposed as an indicator of the effect of fishing
on fish communities (Pauly et al., 1998; Pauly and Watson, 2005).
With increased fishing intensity, the mean trophic level would be
expected to decline. Recent research has shown that trends in the
mean trophic level of fish in the catch may not be consistent with
trends in the mean trophic level of fish in the ecosystem, especially
if the fishery changes target species (Branch et al., 2010). Neverthe-
less, this indicator is a useful summary of the ecological roles of the
fish being removed by the fishery.

The species diversity in the catch is also a potential indicator of
the impact of the fishery on the ecosystem (Rochet and Trenkel,
2003). Biodiversity in the catch could decrease with increasing
fishing pressure if some species become so depleted that they

are no longer caught. Finally, the average catch per unit of effort
(CPUE) in numbers of fish caught per fisherman hour is often used
as an ecosystem indicator (Fulton et al., 2005; Ye et al., 2011).
With increasing fishing intensity, the total fishery CPUE would be
expected to decline.

For these system-level indicators, appropriate reference levels
that would indicate ecosystem overfishing have yet to be devel-
oped. However, the direction of change that the indicator should
experience with increased fishing-induced change to the ecosys-
tem is well understood (Shin et al., 2005). Thus, ecosystem-level
indicators are commonly used to compare ecosystems across time
and space rather than to evaluate the status of a particular sys-
tem against fixed benchmarks (Shin et al., 2010). In this study, the
ecosystem indicators were used to look for changes in the ecosys-
tem or the fishery over time.

This paper presents an analysis of the status of several fish stocks
in the spear gun fishery at Glover’s Reef Marine Reserve, Belize,
based on fish length and species composition data collected from
fishermen by the Wildlife Conservation Society from 2004 through
2011.2 We used Monte Carlo simulations to evaluate the sensitiv-
ity of the status indicators to the assumed values of the life history
parameters. Finally, the potential impact of spear gun fishing on the
broader ecosystem at Glover’s Reef was evaluated with six multi-
species indicators calculated from the length, species composition
and CPUE of all fish caught in each year.

2. Methods

Glover’s Reef (16°44’N, 87°48'W) is an atoll 25 km to the east
of the Belize Barrier Reef, and is designated as a marine protected
area (Fig. 1). Approximately one fifth of the atoll is designated as
a no-take area; in the remainder of the atoll, called the general
use zone, there are restrictions such as a ban on gillnets, traps and
longlines in addition to the fishing regulations that apply through-
out Belize (e.g. seasons and size limits for queen conch Strombus
gigas and Caribbean spiny lobster Panulirus argus). In 2009, new
fishery regulations imposed a ban on catching parrotfish through-
out Belize, and a minimum and maximum size limit for Nassau
grouper (Government of Belize, 2009). The law also included a
ban on spear fishing for any species, the implementation of which
has been indefinitely delayed. Beginning in 2011, the Belize Fish-
eries Department implemented a new Managed Access Program at
Glover’s Reef to restrict fishing to fishermen who have tradition-
ally used Glover’s Reef. As part of the managed access program,
fishermen are required to keep logbooks documenting their catch.

The fishers at Glover’s Reef come mainly from Sartaneja, in
Northern Belize, and Hopkins on the mainland near Glover’s Reef.
The Sarteneja fishermen come to the atoll in sailboats, and then
disperse in 7-14 dories per sailboat to fish individually for finfish
using either spear gun or Hawaiian sling gear, or to free-dive for
conch or lobster. More rarely they also fish with hook and line. The
fishermen from Hopkins tend to use skiffs with outboard motors,
and typically have a crew size of two or three and fish for finfish
year round with hand lines, often on the outside of the atoll.>

Between 2004 and 2011, a Wildlife Conservation Society (WCS)
employee, who is a former fisherman, visited the sailboats of the
spear gun fishers while they were fishing at Glover’s Reef, and

2 Sampling program defined in Grant, S., 2004. Glover’s Reef Marine Reserve
Data Collection Plan (Part 2). Wildlife Conservation Society (Belize). www.
caricom-fisheries.com/LinkClick.aspx?fileticket=foy%2FFW20K0s%3D&tabid=86
and Coleman, R., 2010. Glover’s Reef Marine Reserve - Fisheries Catch Data
Collection Program. Report for the period January 2005 to June 2010. Wildlife
Conservation Society (Belize). www.gloversreef.org/grc/pdf/catch_data_05-10.pdf.

3 Ibid.
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Table 1
Life history parameters, with the ranges used for the simulations: K and L., are the parameters of the von Bertalanffy growth equation; Ly, is length at maturity; Lmax and tmax are the maximum published length and age,
respectively; L. and L are the minimum and maximum lengths that are frequently encountered in the spear gun fishery at Glover’s Reef; and M is natural mortality rate.

Species Family Common name Le Ly Liax Lmax K L L M
0.19(0.13-0.35)

Lachnolaimus maximus?® Labridae Hogfish 35 64 82 23 0.10 (0.08-0.26) 85 (64-92) 25 (17-45

)
Sparisoma viride® Scaridae Stoplight parrotfish 33 42 479 9 0.45 (0.45-0.71) 43 (42-50) 20(18-26) 0.49 (0.33-0.86)
Lutjanus analis® Lutjanidae Mutton snapper 34 62 849 29 0.15(0.1-0.25) 88 (78-118) 39(28-52) 0.16 (0.1-0.43)
Pomacanthus arcuatus? Pomacanthidae Gray angelfish 32 46 55.98 24 0.12(0.12-0.38) 58 (46-58) 22(19-32) 0.19(0.12-0.38)
Lutjanus apodus® Lutjanidae Schoolmaster 32 46 63.2 12 0.18 (0.18-0.35) 57 (46-66) 25 (14-32) 0.37(0.25-0.47)
Epinephelus striatus' Serranidae Nassau grouper 41 71 120 29 0.10 (0.06-0.18) 93 (75-123) 52 (48-75) 0.16 (0.1-0.36)
Mycteroperca bonaci® Serranidae Black grouper 47 103 150 33 0.17 (0.12-0.17) 131(120-153) 72 (67-72) 0.14 (0.09-0.46)
Pomacanthus paru" Pomacanthidae French angelfish 32 43 43 10 0.21 (0.21-0.28) 46 (43-46) 25(25-26) 0.44(0.3-0.52)

2 Hogfish Lyax from McBride and Johnson (2007); tmax and Ly, from Ault et al. (2008) with the upper limit of Ly, calculated from L, and the lower limit from McBride et al. (2008); Ly, and K from McBride and Richardson (2007).

b Stoplight parrotfish Limax from Randall (1978); L., K and tmax from Choat et al. (2003) with the lower limit of L., equal to the maximum size commonly caught at Glover’s reef, and the upper limit calculated from Liax; Lm from
Reeson (1983), Koltes (1993) and Garcia-Cagide et al. (1994).

¢ Mutton snapper Lmax from International Game Fish Association (2001); tmax from Burton (2002); K and L, from Manooch (1987) with upper and lower values from and Mason and Manooch (1985); Ly, from Mason and
Manooch (1985) with lower range from Ault et al. (2008).

d Gray angelfish Lmax from Aiken (1983) with lower range from Steward et al. (2009); tmax from Steward et al. (2009); L., calculated from Limax, and K from M (Jensen, 1996); Ly, from Aiken (1983) with minimum and maximum
calculated from L.

¢ Schoolmaster Lpyax from Cervigon (1993); tmax, K and Ly, from Ault et al. (2008) with upper range of L., calculated from Liax, and lower range of L., from Randall (1962); L, from Garcia-Cagide et al. (1994) with lower limit
from Ault et al. (2008) and upper limit calculated from L.

f Nassau grouper Lmax and tmax from Sadovy and Eklund (1999); K and L., from Valle et al. (1997) including lower limit of L., and both limits of K, upper limit of L., from Pauly (1978); Ly, from Garcia-Cagide et al. (1994) and
Sadovy and Eklund (1999).

€ Black grouper Lyax from International Game Fish Association (2001); tmax, K and L. from Crabtree and Bullock (1998) with lower limit of L. and upper limit of K from Manooch (1987) and upper limit of L., calculated from
Lmax; Lm from Brule (2003), with lower limit calculated from L.

b French angelfish Lmax from Glover’s reef data; tmax from Florida Museum of Natural History (www.flmnh.ufl.edu/fish/gallery/descript/frenchangelfish/frenchangelfish.html); K and L., from Pauly (1978) with minimum and
maximum L., calculated from Liax and minimum and maximum K calculated from M; Ly, from Feitosa et al. (2008) with minimum and maximum calculated from L.
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curve (Steward et al., 2009), found values of L, smaller than the
average size caught at Glover’s reef. Thus, for gray angelfish we cal-
culated the value of Ly, from Lyax (Froese and Binohlan, 2000) and
the value of K from M (Jensen, 1996).

For Ly, the median, minimum and maximum length at matu-
rity for either unsexed or female fish was taken from the literature
(Table 1). For Lipax and tmax, the largest published value was used
as the best estimate, because we assumed that each species was a
single stock in the region. However, we did not use large values of
Lmax and tmax that did not seem to be well supported by data, for
example those that came from guidebooks.

The optimal length Lopt was calculated from Ly, M and K using
the equation of Beverton (1992):

3Ll

(3+M/K) (M

Lopt =

To determine a plausible range of values for natural mortality
rate M, we calculated M using three commonly used meth-
ods: regression from longevity tmax, an ad hoc method based on
longevity, and regression from the growth parameter K. The regres-
sion from longevity is (Hewitt and Hoenig, 2005):

In(M) = 1.44 — 0.982 In(tmax) (2)
The ad hoc method is (Hewitt et al., 2007):

—In(a)

tmax

M= (3)

where a is a small number corresponding to the fraction of recruits
expected to survive to age tmax. We used a=0.05 to be consistent
with Ault et al. (2008). The regression from K is (Jensen, 1996):

M =0.21 + 1.45K (4)

We used the median, minimum and maximum of these three
values to define the range of values for M (Table 1).

The modes (or in the case of tmax and Lmax, the maximum) values
of the life history parameters were chosen as the best estimate of
each parameter, in the absence of any data from Belize to improve
the estimates. The values we chose as best estimates seemed to
be consistent with each other (Froese and Binohlan, 2000; Jensen,
1996) and with the length frequency data we had collected. The val-
ues of Ly, were within 20% of Ly,ax for each species. Ly, was between
40 and 60% of L, for every species expect hogfish. For hogfish, the
Ly was small relative to Ly, in the published studies so we con-
sidered this value to be credible (Table 1). Finally, when M was
estimated from either tmax or K, the values were broadly consistent
(Table 1).

The three Froese (2004) indicators were calculated as:

(1) Pmat is the fraction of the catch greater than Ly,.
(2) Popy is the fraction of the catch between 0.9Lope and 1.1Lopt.
(3) Pmega is the fraction of the catch greater than 1.1Lopt.

The 90% confidence intervals of each indicator were calculated
by a simple bootstrap of the length frequency data, with 20,000
draws.

The decision tree of Cope and Punt (2009) was used to infer the
selectivity pattern of the fishery for each species, and whether the
biomass was likely to be above an overfished biomass reference
point. The decision tree evaluates the values of the three Froese
indicators, as well as their sum (Pgpj =Pmat + Popt + Pmega) and the
ratio of Lm/Lopt to determine whether the selectivity pattern of the
fishery is:

(1) catch small, immature fish;

(2) catch small and optimally-sized fish;

(3) selectivity curve similar to the maturity ogive;
(4) catch optimally-sized and bigger fish or;

(5) catch optimally-sized fish.

Depending on the inferred selectivity, either Pmat or Popt is com-
pared to an empirically-derived reference point to infer whether
the population is likely to be above or below the biomass refer-
ence point that corresponds to overfished status. The results of the
Cope and Punt decision tree may be quite different from the results
of the Froese indicators alone. For example, if the fishery selectiv-
ity pattern is to catch only small and immature fish, the Cope and
Punt decision tree considers the population to be above the refer-
ence point (i.e. not overfished)if Pmat > 0.25, as compared to Froese’s
(2004) recommendation that all fish should be above this reference
point to allow more fish to spawn. The Cope and Punt decision tree
does not estimate the ratio of stock biomass to the reference point;
rather, it infers whether the biomass is likely to be above or below
the reference point. To determine the uncertainty in this estimate,
we recalculated the reference point from the bootstrapped length
frequency samples to calculate the probability that the population
would be considered overfished.

For the overfishing indicator (F> M), the total mortality (Z) was
estimated from average length (L) using the method of Beverton
and Holt (1957) as modified by Ehrhardt and Ault (1992). The orig-
inal Beverton and Holt equation is:

,_ Klx-1)

(L-Le) ®

where Kand L., are the parameters of the von Bertalanffy growth
function and L. is the minimum fully-exploited size in the fishery.
Ehrhardt and Ault (1992) showed that this method can be biased
if the fishery does not exploit all older age classes of fish. They
proposed the following formulation that includes a maximum size
of capture (L, ):

(Loo —1I )Z/K _ Z(Le—L)+K(Ls — L)

Loo — Lc ©Z(L, — L)+ K(Ls — L) (6)

We estimated L. for each species as the length at which a
smoothed curve through the cumulative length-frequency his-
togram reached its maximum slope. This value was always close to
the mode of the length-frequency histogram, so fish below that size
were not fully recruited into the fishery. The maximum length in the
fishery L, was the maximum observed length for most species. For
some species, there were one or two fish in the data set that were
more than 10cm larger than the rest of the fish of that species;
we excluded these outliers from the calculation of L. The aver-
age length (L) was calculated as the arithmetic mean of the lengths
of all fish between lengths L and L, . Total mortality Z was calcu-
lated iteratively from Equation (6), using the function minimization
algorithm nlminb in R (R Development Core Team, 2012). Fish-
ing mortality rate was calculated by subtracting M from Z. The
90% confidence interval for F/M was calculated by bootstrapping.
If F was less than zero, it was assumed to be zero (this occurred
only for one species, and in less than 8% of the samples for that
species).

Monte Carlo simulations were used to evaluate the potential
impact of uncertainty in the life history parameters Ly, L, K and
M in the estimated values of the five indicators, using the mini-
mum, maximum and mode values of the parameters from Table 1.
We did the simulations two different ways: one with correlation
among the four parameters, and one without. For the uncorrelated
simulations, 20,000 random values of each of the uncertain param-
eters (Lm, Lo, K, and M), were drawn from a triangle distribution
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Table 2 Table 3
Correlation parameters used in simulations (Jensen, 1996; Pauly, 1980). Sample sizes in the WCS survey of spear-gun fishermen.
Ly K L M Year Days Boats Boat days Fisherman days Fish
L 1 -0.76 0.94 —0.61 2004 3 3 6 6 88
K -0.76 1 —0.65 0.81 2005 14 8 16 29 386
L 0.94 —0.65 1 —0.61 2006 21 8 22 49 364
M -0.61 0.81 —0.61 1 2007 16 9 19 38 193
2008 23 9 30 72 323
2009 17 8 19 59 481
2010 21 9 26 66 260
(Carnell, 2011; Cortes, 2002; R Development Core Team, 2012), 2011 8 s 12 27 177
with mode, minimum and maximum values as shown in Table 1.
Total 123 62 150 346 2272

For the correlated simulations, published values of the correlation
between the parameters were used (Table 2, Froese and Binohlan,
2000; Pauly, 1980). The variance of each parameter was calculated
so that the difference between the minimum and maximum value
of the parameter was six standard deviations, and the variance-
covariance matrix of the four parameters was calculated from the
variances and correlations. We used the modal value of each param-
eter as the mean, and drew 20,000 sets of parameter values from
the multivariate normal distribution. To avoid parameter sets that
were not biologically possible, we threw out any parameter sets
in which any of the parameter values drawn from the multivariate
normal distribution were outside the range defined in Table 1.

For both correlated and uncorrelated simulations, Lopt was cal-
culated from Equation 1 for each draw of the parameters. The values
ofthe three Froese indicators were then calculated at these parame-
ter values, and a bootstrapped sample of the length frequency data.
The Cope and Punt decision tree was then applied to each draw, and
Z,F and F/M were calculated. Monte Carlo intervals were calculated
as the 5% and 95% quantiles of the estimated indicators across the
20,000 random draws. The probability of being overfished was cal-
culated as the fraction of the 20,000 draws in which the Cope and
Punt decision tree found that the population was below the over-
fished threshold. The probability of experiencing overfishing was
calculated as the fraction of the 20,000 draws for which F was larger
than M.

Using F/M to estimate whether a population is experiencing
overfishing is only appropriate if M is a reasonable proxy for Fmsy.
A meta-analysis by Zhou et al. (2012) estimated a credible interval
for Fmsy/M from 0.77 to 0.97 for all teleosts combined. To determine
whether the value of Fsy/M would change our perception of the
overfishing status of these stocks, we recalculated the probability
of overfishing using the lower limit of the credible interval from
Zhou et al. (2012), Fmsy/M=0.77. Finally, to evaluate whether the
assumption that the fishery does not select larger fish influences
the results, we recalculated the probability that F/M is greater than
1, using Equation (5), rather than Equation (6).

The potential impact of fishing on the finfish community at
Glover’s Reef was evaluated using six multispecies indicators cal-
culated from the length and species composition of all fish caught
in each year. They were:

(1) mean length relative to Ly,

(2) mean maximum size Liax,

(3) fraction of piscivores,

(4) mean trophic level,

(5) Simpson species diversity, and

(6) mean catch per unit of effort across all species.

Estimates of the parameters Ly, and Lyax were taken from Fish-
base or from the literature (Table 1). To calculate the average length
relative to length at maturity, the length of each fish was divided by
the median length at maturity for its species. For species not listed
in Table 1, the median values of L, from Fishbase were used. For
the few species for which no Ly, data were available, values were
estimated from Lax (Froese and Binohlan, 2000). For fish that had

only been identified to family, the median value for that family was
used. The mean and standard error of L/L,, were then calculated for
each year. The mean Lyax and mean trophic level were calculated
similarly using values of Lyhax and trophic level for each fish from
Table 1 or from Fishbase. Fish were classified as herbivores, pisci-
vores or other using diet information from McClanahanetal.(2011)
and from Fishbase (Froese and Pauly, 2013), and the fraction of pis-
civores was calculated. Simpson’s diversity index, defined as the
probability that two fish chosen at random from the catch will be
of different species, was calculated as (Hurlbert, 1971; Rochet and
Trenkel, 2003):

le 2
o-1-5,(3)
where N is the total number of fish identified to species level in
the catch, and n; is the number of fish of species j.

The total CPUE was calculated by first calculating the mean catch
in numbers of fish per fisherman hour for each sampled fishing boat,
and then taking the average of the boat means across each year.
This CPUE was not standardized, so it may not be proportional to
abundance; nevertheless, it is expected to decline with increasing
fishing intensity.

All of the analyses were conducted using R version 2.15.2 for
Windows (R Development Core Team, 2012). ArcGIS was used to
produce Fig. 1.

3. Results
3.1. Single species indicators

Length samples were collected on 123 days between August
2004 and June 2011, for a total of 346 fisherman-days sampled
(Table 3). A total of 51 species were identified, and 2272 fish were
identified to the species level, the most common of which were
hogfish (Lachnolaimus maximus, 38%) and stoplight parrotfish (9%,
Table 4). Eight species, comprising 70% of the catch, were caught in
large enough numbers that we could estimate their status.

At the modal values of the parameters (light gray bars in Fig. 2,
solid black line for bootstrapped confidence interval), most of the

Table 4

Number of length samples available by species.
Species Common name Number of fish
Lachnolaimus maximus Hogfish 632
Sparisoma viride Stoplight parrotfish 207
Lutjanus analis Mutton snapper 191
Pomacanthus arcuatus Gray angelfish 151
Lutjanus apodus Schoolmaster 147
Epinephelus striatus Nassau grouper 107
Mycteroperca bonaci Black grouper 100
Pomacanthus paru French angelfish 68
Other 669
Total 2272
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Fig. 2. Froese indicators for the most common species caught in the spear gun fishery at Glover’s Reef, Belize, including: (a) fraction mature Pp,; (b) fraction within the
optimal size range Pop; and (c) fraction of mega-spawners Prega. Horizontal dashed lines are target levels of the indicators (below the line is not desirable). Gray bars indicate
values calculated from the length frequency data with the life history parameters fixed at their most likely values. Error bars indicate 90% intervals calculated from bootstrap
samples of the length-frequency data, with fixed life-history parameters (bootstrap) and with two alternative Monte Carlo simulations of parameter uncertainty (correlated

and independent). Species are sorted by decreasing frequency in the catch.

fish of the eight common species caught at Glover's Reef were
larger than the assumed length at maturity (Fig. 2a). The species
often caught below L, were mutton snapper (Lutjanus analis), black
grouper (Mycteroperca bonaci) and Nassau grouper (Epinephelus
striatus). The fraction of the catch at optimal size (Fig. 2b) was
less than 50% for most species. The fraction of mega-spawners
in the catch (Fig. 2c) was below the 20% target for five of the
eight species, with one (schoolmaster, Lutjanus apodus) including
the 20% target in its confidence interval. Stoplight parrotfish and
French angelfish (Pomacanthus paru) were commonly caught in
the mega-spawner size range. There were four species for which
more than 50% of the catch was smaller than the lower limit of the
optimal size range, implying that they were experiencing growth
overfishing: hogfish, mutton snapper, black grouper and Nassau
grouper.

With fixed parameters, the confidence bounds around the esti-
mated values of the Froese indicators were generally narrow,
implying that the length-frequency sample sizes were large enough
to provide adequate estimates of the indicators. Monte Carlo esti-
mates of uncertainty in the indicators, given uncertainty in the life

history parameters (Fig. 2a-c), showed that the Froese indicators
were fairly sensitive to the life history parameters, whether the
parameters were correlated (Monte Carlo intervals solid gray) or
not (Monte Carlo intervals dashed). For example, for hogfish with
uncorrelated parameters, the Ppye indicator ranged from 38% to
100% depending on the values of the life history parameters. Never-
theless, the conclusions that many mutton snapper, black grouper
and Nassau grouper are caught below the length at maturity, and
that few fish of any species are caught at the optimal length holds
across all the parameter values.

Using the Cope and Punt decision tree, at the modal values of
the parameters (gray bars in Fig. 3a), the indicator relative to its
target value was above 1.0 for hogfish, stoplight parrotfish, mutton
snapper and gray angelfish, implying that they were not overfished.
Schoolmaster, Nassau grouper and black grouper were overfished.
The bootstrapped confidence intervals overlapped 1.0 for Nassau
grouper and mutton snapper. The bootstrapped samples (Fig. 3d,
black bars), found that there was some probability of being over-
fished for all species except French angelfish. Mutton snapper had
a 28% probability of being overfished, while Nassau grouper had a
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Fig. 3. Overfished and overfishing status, including: (a) the ratio of the appropriate Froese indicator to the target level in the Cope and Punt decision tree (values less than
1.0 imply an overfished population with SB <SBrarget); (b) the fraction of Monte Carlo simulations in which SB < SByarget; (€) F relative to M; and (d) the fraction of simulations

with F>M.

70% probability of being overfished. For the Cope and Punt indi-
cator, parameter uncertainty increased the probability that the
stock was overfished for mutton snapper and Nassau grouper, and
decreased it for schoolmaster and black grouper. The selectivity
curves for the stocks were all classified as either type 2 (catch small
and optimally-sized fish) or type 3 (selectivity curve similar to the
maturity ogive), and the estimated selectivity pattern varied with
the assumed life history parameters (Table 5).

The value of F relative to M at the modal parameter values
implied that all species except French angelfish were experienc-
ing overfishing (Fig. 3¢). Even with fixed values of the parameters,
the bootstrap confidence intervals for F/M were quite broad. For
example, for black grouper, the 90% confidence interval of F/M was
2.2-4.2. This implies that larger sample sizes would be needed
to achieve precise estimates of F/M from average length. Param-
eter uncertainty strongly influenced the results, particularly if
the life history parameters were uncorrelated. With uncorrelated
parameter uncertainty, the confidence interval of F/M included
1.0 for hogfish, mutton snapper, schoolmaster, Nassau grouper,
and French angelfish. At the modal values of the parameters, or
using correlated parameters, the probability that the population
was experiencing overfishing was close to 1.0 for stoplight par-
rotfish, mutton snapper, gray angelfish, Nassau grouper and black
grouper (Fig. 3d). With uncorrelated parameters, allowing for a
broader range of possible life histories, the probability they were
experiencing overfishing decreased slightly for mutton snapper
and both groupers. All of these species, as well as hogfish and
schoolmaster, were likely to be experiencing overfishing, with >60%
probability that F>M in all scenarios. Using a value of Fysy/M of
0.77 (the lower limit of the credible interval of Zhou et al. (2012),
stars in Fig. 3d) increased the probability that the population was

experiencing overfishing, especially for hogfish. Assuming that
there is no upper limit to the size of fish caught in the fishery (tri-
angles in Fig. 3d) also increased the probability that the population
was experiencing overfishing, especially for hogfish. Despite the
wide Monte Carlo intervals, and the slightly different results with
different modeling assumptions, the results are all consistent in
finding that French angelfish are not experiencing overfishing, and
all the other species are.

The average lengths of most of the eight species appeared to be
stable over time (Fig. 4). Regression of individual fish length against
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Fig. 4. Average lengths of the eight most common species relative to their length at
maturity, by year.



Table 5

Values of estimated parameters and indicators at the modal value of the parameters, with 90% confidence intervals from the simulations with correlated parameters in parenthesis. Py refers to whichever indicator is selected

by the Cope and Punt decision tree. The selectivity is the selectivity estimated by the Cope and Punt decision tree, with the range of values in parenthesis, SB < SBger and F> M refer to whether the population is overfished or

experiencing overfishing; the probability of being overfished or experiencing overfishing is given in parentheses.

F>M

FIM

SB < SBrarget
N (0.11)

Popt Pmega Px/Ptarget
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)
)
)
)
)
)
)
)

Y (0.77

1.18(0.76-1.83)

0.15 (0.12-0.18) 0.06 (0.02-0.14) 1.04 (0.94-1.05)

0.99 (0.87-1.00)

51.2 (47.1-55.9)

Hogfish

Y (1.00
Y (0

2.52 (1.64-3.48)
2.78 (1.34-4.53)
3.44 (2.63-5.33)

0.62 (0.38-0.82) 0.35(0.10-0.62) 1.05 (1.03-1.77) N (0.04)

1.00 (1.00-1.00)
0.42 (0.23-0.63)

3(3-4)

31.6(29.8-33.0)

Stoplight parrotfish

Mutton snapper

.99

N (0.32)

0.00 (0.00-0.00) 1.05 (0.72-1.63)

0.04 (0.00-0.14)

2(1-3)

65.7 (56.5-73.7)

.00

Y(1

N (0.00)

0.03 (0.00-0.05) 1.05 (1.04-1.05)
0.94(0.84-1.05)

0.35(0.13-0.51)

0.99 (0.99-1.00)

3(2-3)

37.9(35.9-41.2)

Gray angelfish

Y (0.85

1.53(0.77-2.32)

Y (0.59)

0.46 (0.33-0.52) 0.19 (0.10-0.38)

0.89 (0.80-1.00)

3(2-3)

33.9(31.0-36.0)

School-master

Y (0.97

0.14(0.03-0.27) 0.03 (0.00-0.07) 0.93 (0.30-1.42) Y (0.67) 2.04(1.13-3.47)

0.02 (0.00-0.09)

0.23 (0.07-0.36)
0.17 (0.12-0.24)

2(1-3)

61.2 (54.8-69.6)

Nassau grouper
Black grouper

.00

(1

Y
N(

3.10 (1.64-5.09)
0.38 (0.00-0.81)

Y (1.00)
N (0.00)

0.42 (0.30-0.62)

0.02 (0.00-0.05)

2(1-2)

103.3 (93.9-109.2)

0.02

0.18 (0.06-0.24) 0.82 (0.76-0.94) 1.11(1.11-2.69)

1.00 (1.00-1.00)

3(3-4)

27.3(26.1-27.9)

French angelfish

Table 6

Regressions of multispecies indicators against year.
Indicator Slope P Regression model Sample unit
L/Ln —0.002 0.636 Linear regression Fish
Linax 0.020 <0.001 Log linear regression Fish
Fraction piscivores 0.081 0.003 Logistic regression Fish
Mean trophic level 0.134 <0.001 Linear regression Fish

Simpson’s diversity —0.013 0.253 Linear regression Annual values
Total CPUE by boat —0.134 <0.001 Log linear regression Boat-days

year for each species (except stoplight parrotfish which was not
caughtin all years) found a significant increase in length for mutton
snapper (slope =1.35,p<0.01), and significant decreases for school-
master (slope=-0.82, p=0.03) and black grouper (slope=-2.52,
p=0.04).

3.2. Ecosystem indicators

Four of the six ecosystem indicators showed a significant trend
over time (Table 6). The mean length relative to length at matu-
rity (Fig. 5a, Table 6) was stable over time. The mean Liax (Fig. 5b),
fraction of piscivores (Fig. 5¢) and mean trophic level of the catch
(Fig. 5d) all showed small but significant positive trends over time
(Table 6). Simpson diversity was lower in 2010 than in any other
years (Fig. 5e) but showed no significant trend. CPUE declined sig-
nificantly over time (Fig. 5f, Table 6).

The increased trophic level, fraction of piscivores, and mean
Lmax in the spear gun fishery may be caused by the fact that the
spear gun fishery stopped targeting parrotfish from 2009 onward
(Fig. 6), because of a regulation prohibiting parrotfish starting in
2009 (Government of Belize, 2009). There was a large catch of
angelfish in 2009, but angelfish catches declined again in 2010.
The current fishery catches mostly hogfish, groupers and snappers,
which have higher trophic levels and larger maximum sizes than
parrotfish and angelfish. The current mean tropic level of 3.9 is
higher than the mean trophic levels in the catches of most fish-
eries (Branch et al., 2010) because there are so many snappers and
groupers in the catch.

4. Discussion
4.1. Findings of the study

This study shows that, across the most plausible range of life his-
tory parameters, seven of the eight most commonly caught species
inGlover’'s Reef spear gun fishery are currently overfished or experi-
encing overfishing. Only one species, the French angelfish, does not
appear to be overfished or experiencing overfishing, and the sam-
ple size for this species was quite low. Estimated fishing mortality
rates were several times the natural mortality rates for stoplight
parrotfish, mutton snapper, gray angelfish, Nassau grouper and
black grouper. According to the Cope and Punt decision tree, black
grouper is overfished, and Nassau grouper, schoolmaster snapper
and mutton snapper are probably overfished, but hogfish, stop-
light parrotfish, gray angelfish and French angelfish are probably
not overfished. Note that the Cope and Punt decision is an ad hoc
method to infer overfished status based on length-frequencies, it
is not a direct estimate of biomass relative to the biomass refer-
ence point. Nevertheless, the fact that the Cope and Punt indicators
suggest overfished status for these species indicates that they may
benefit from further assessment and improved management.

Mutton snapper, black grouper and Nassau grouper were caught
in substantial numbers before they reached maturity, implying that
there may be some risk of recruitment overfishing, if the fishing
mortality rates continue to be large. The four species that were
mainly caught before they reached the optimal size range (hogfish,
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mutton snapper, black grouper and Nassau grouper) may be expe-
riencing growth overfishing. For hogfish, these results imply that
the species is mainly caught at sizes larger than the size at matu-
rity and smaller than the optimal size, which is possible because Ly,
(17-45 cm) is much smaller than the Lopt (47.1-55.9 cm) we calcu-
lated using L, and other life history parameters. While Ly, and Lopt
are similar for most species (Froese and Binohlan, 2000), published
estimates of Ly, for hogfish are small relative to the published esti-
mates of L, (McBride and Johnson, 2007; McBride and Richardson,
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Fig. 6. Family composition of the catch by year.

2007; McBride et al., 2008), so it is plausible for this species to have
an optimal size larger than its size at maturity.

4.2. Methodology and uncertainties

Given the lack of historical catch, abundance or effort trend data
from the spear gun fishery at Glover’s Reef, there were a limited
number of methods that could be used to infer stock status. The
length-based assessment methods turned out to be quite informa-
tive for these stocks. Our length-frequency sample of just 2272 fish
was sufficient to provide estimates of the current status of the eight
most common species in the fishery with reasonably narrow con-
fidence intervals, given an assumed set of life history parameters.

Uncertainty in the life history parameters was the largest source
of uncertainty in the estimates of status. Life history parameters
vary considerably between studies for Caribbean reef fish (Ault
et al.,, 2008; Froese and Pauly, 2013). The life history data used in
this paper are from studies throughout the Caribbean and Florida
and many come from a single local sample. None of the studies
were conducted in Belize, and few were in the Western Caribbean.
Thus, some of the numbers may not be applicable to populations
in Belize, and some may be poorly estimated due to small sample
sizes.

Our Monte Carlo simulations give some indication of how
uncertainty in parameters propagates into wider intervals for the
estimates of stock status, but there is no guarantee that our ranges
for the life history parameters include the correct values for the
populations at Glover’s Reef. Nevertheless, despite the high level of
parameter uncertainty, we were able to reach some conclusions
about the status of the fish populations, for example that black
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grouper, Nassau grouper, and probably schoolmaster and mutton
snapper are overfished and experiencing overfishing, while French
angelfish are not.

Many methods for evaluating the status of low-data fisheries
(Edwards et al., 2012) are dependent on the assumed values of
life history parameters like length at maturity and maximum age
(used to calculate natural mortality). Thus, methods such as Monte
Carlo simulation should generally be used to evaluate the sensitiv-
ity of the status determinations to the uncertainty in life history
parameters.

For species for which the fisheries are extremely size selective,
the size-based indicators may not be useful for evaluating stock sta-
tus. The Cope and Punt (2009) method cannot be used to estimate
status for a fishery that catches only optimally-sized fish. Both stop-
light parrotfish and French angelfish are caught at very large sizes
at Glover’s Reef, often in the mega-spawner size range. The smallest
stoplight parrotfish reported in the spear gun catch was 28 cm, only
2 cm less than the upper limit of the optimal range. Stoplight par-
rotfish between 10 and 50 cm are seen in visual surveys at Glover’s
Reef (WCS unpublished data). Thus, the truncated size distribution
in the parrotfish is likely the result of spear-fishermen targeting the
largest fish they encounter, including large females and terminal
phase males. According to the Cope and Punt decision tree, neither
species is overfished; nevertheless, this result should be considered
uncertain given the narrow range of sizes selected by the fishery.
French angelfish also had the smallest sample size (68 fish) which
gave wide confidence intervals to the status estimates.

All of the size-based indicators perform best if recruitment, fish-
ing effort and the size selectivity of fisheries are fairly stable over
time. Average lengths in the catch seemed to be relatively constant
over time, which is consistent with these assumptions. However,
the species composition of the catch was variable. Stoplight par-
rotfish and angelfish, for example, were significant components of
the catch in some but not all years, due to a change in management
(see below). Methods that account for changing fishing mortality
rates might be particularly appropriate for these species.

4.3. Comparison to other studies

The finding that both Nassau and black grouper are overfished
and experiencing overfishing is consistent with previous studies
in the region. Black grouper are known to be depleted throughout
their range (Sanches et al., 2010). Nassau grouper were overfished
in the 1990s in Belize (Sala et al., 2001). Mutton snapper are also
known to be experiencing overfishing elsewhere in Belize (Graham
et al,, 2008). As far as we know, this is the first study in Belize to
find that schoolmaster snapper are probably overfished.

This is the first study to estimate status of fish populations at
Glover’s Reef, although there have been previous studies of changes
in fish abundance. A fishery-independent survey at Glover’s Reef
compared fish densities in 1999, around the time the marine
protected area was established, to fish densities in 2009, with
data collected from random sites across the atoll both in the
conservation zone and the general use zone. They found that
mutton snapper, Nassau grouper and schoolmaster densities had
not changed significantly, while black grouper, hogfish and gray
angelfish densities had increased and stoplight parrotfish and
French angelfish had declined (Karnauskas et al., 2011; Thoney,
2001). Stoplight parrotfish density decreased between 2002 and
2008 in another study (Mumby et al., 2012).

It may appear surprising that three species that appear to be
experiencing high fishing mortality (black grouper, hogfish and
gray angelfish) would be increasing in density. However, this dis-
crepancy may be explained by the fact that the density dataincludes
samples from the conservation zone. These species may be recover-
ing from overfishing within the conservation zone while continuing

to be heavily fished in the general use zone. The fact that part of the
population is protected from fishing in the conservation zone may
allow the population to persist even with apparent high fishing
mortality rates. More problematic is the decline in both stoplight
parrotfish and French angelfish in the fishery-independent data.
These species were not considered overfished in our analysis. How-
ever, considering that they are the two species with the narrowest
range of sizes caught in the fishery, our results may be overly opti-
mistic. It is also possible that the three species that our analysis
found to be experiencing overfishing but not overfished (hogfish,
stoplight parrotfish, and gray angelfish) are in fact experiencing
high fishing mortality rates but have not yet declined below the
overfished threshold.

4.4. Recommendations for future research

Further research to estimate the life history parameters for the
fish populations in Belize would greatly improve our estimates
of stock status. In particular, information on size at maturity of
the important fishery species should be collected at Glover’s Reef.
Growth studies would be useful, particularly for the two species of
angelfish, each of which had only one published growth study. The
maximum sizes and growth rates of stoplight parrotfish are highly
variable; therefore, a growth study of stoplight parrotfish in Belize
would also be useful. There may also be geographic patterns in life
history parameters for some species that could be used to provide
better estimates of uncertainty in these parameters through meta-
analysis.

Additional data that could be useful for Glover’s Reef finfish
fishery management are total catch and effort data. The catch
data collection program that began in 2011 could generate such
data, if species-specific data can be collected. The single-species
and ecosystem-level indicators that we calculated would be use-
ful for monitoring changes in the ecosystem over time. Therefore,
length-frequency samples should continue to be collected, and the
indicators should be recalculated regularly.

If resources become available, information on both the move-
ment of adult fish at Glover’s Reef, and the source of larval
recruitment would also be useful, to determine whether the con-
servation zone is contributing to the sustainability of the fishery.

4.5. Effect of management and management recommendations

The fishing mortality rates for all species except French angelfish
appear to be quite high. Therefore, reducing the fishing mortal-
ity rate for these species may be advisable. The species that are
apparently overfished would be the highest priority for manage-
ment action: black grouper, Nassau grouper, schoolmaster and
mutton snapper. The species that do not yet appear to be overfished
but are experiencing overfishing (hogfish, stoplight parrotfish and
gray angelfish) may also benefit from lower fishing mortality rates.
Imposing minimum size limits would be one way to reduce fish-
ing mortality rates. Size limits could increase fishery yields by
allowing more fish to grow to the optimal size before they are
harvested, for the species that are currently caught at small sizes
(Nassau grouper, black grouper, and mutton snapper). Except for
Nassau Grouper, there are no size limits for finfish in Belize. Our
data show that Nassau grouper have not yet recovered, despite
protection at their spawning sites. The introduction (in 2009) of
a minimum (51cm) and maximum (76 cm) size limit for Nas-
sau grouper may help the population recover (Government of
Belize, 2009). The minimum size limit for Nassau grouper is around
the size at maturity, and the maximum size is well into the
mega-spawner size range. Thus, the minimum size limit allows
fish to grow to reproductive size before they are harvested, and
the maximum size limit protects older, highly fecund females
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(mega-spawners) and males. Similar logic could be used to set lim-
its for the other species that are overfished and caught at small sizes,
black grouper, mutton snapper, and possibly schoolmaster snap-
per. Black grouper, Nassau grouper and mutton snapper are also
caught by fishermen using hand lines at Glover’s Reef (WCS unpub-
lished data), which would need to be included in any management
provision.

The other species-specific finfish regulation at Glover’s Reef is
the ban on catching parrotfish, implemented in 2009. Our data
show that the fishery for parrotfish has indeed stopped. With
no fishing mortality, the population should recover. However,
now that parrotfish are not being caught, fishery-independent
data, collected throughout the general use zone with an ade-
quate sample size, would be the only way to monitor population
recovery.

4.6. Ecosystem indicators

The increase in the ecosystem indicators mean Lpx, mean
trophic level and fraction piscivores are related to changes in the
species composition of the catch from year to year, especially the
catches of parrotfish. Most fish are taken when they are above the
length at maturity, and the mean length is not changing with time,
indicating a fishery thatis neither collapsing nor rebuilding for most
species (or a fishery that is highly size selective). The decline in
CPUE over time is not easy to explain, because it occurred between
2004 and 2007 before the new regulations went into effect. The
lower CPUE may be a result of declining abundance of some species,
or changes in fishing practices.

Ecosystem-based fishery management requires the ability to
monitor changes in ecosystems over time, especially those caused
by fishing (Fulton et al., 2005; Rochet and Trenkel, 2003; Ye et al.,
2011). Many proposed indicators require either ecosystem mod-
els or fishery-independent data sets, which are expensive and time
consuming to collect. It would be convenient if the information
gathered from a small, inexpensive, species and length-frequency
sample from the fishery could give useful information about sta-
tus and trends in the whole ecosystem. For the Glover’s Reef data,
the indicator of mean length relative to Ly, was useful, because,
in a fishery that catches more than 51 species, it would be dif-
ficult to get a large enough sample size to estimate status for
every species. This indicator gives the useful information that
most fish are growing to the age at maturity before being har-
vested. The trophic indicators and biodiversity indicators do not
seem to give much information beyond what could be gleaned
from examining the family composition of the catch. The fact that
overall CPUE decreased over the time of the study was interest-
ing, and warrants further study. Unfortunately, our sample sizes
were not large enough to allow the calculation of single-species
CPUE with any accuracy, and it is not clear whether the decrease
in CPUE is caused by a decrease in abundance or some other
factor.

5. Conclusion

The species composition, length and effort data collected at
Glover’s Reef since 2004 allowed the calculation of a range of
single-species and ecosystem indicators appropriate for monitor-
ing the status of the spear gun fishery. Given the result that Nassau
grouper is overfished, the current size limits on Nassau grouper
seem to be warranted. Additional protections for black grouper and
perhaps schoolmaster and mutton snapper are advisable. We are
able to make these recommendations despite the fact that we do
not have reliable data from Belize on the age at maturity, maxi-
mum sizes and ages and growth curves for these finfish species,

because the overfishing indicators gave consistent results for a wide
range of plausible values of the life history parameters for these
species. Nevertheless, studies of the life history of these species
should be conducted in Belize. It is also important to continue col-
lecting length-frequency data from this fishery, to monitor status
and trends over time.
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