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A B S T R A C T

Using information on the species composition and length-frequencies of fish caught in the spear and hook and
line fisheries of Glover’s Reef Marine Reserve, Belize, we evaluated changes between 2004–2010 and 2011–2017
in single-species and ecosystem sustainability indicators. The two gears differed in species caught, and both
changed species composition between time periods, with the line fishers targeting smaller species, and the spear
fishers responding to a parrotfish ban by catching more snappers and small groupers, as well as grey angels. Both
gears caught smaller fish in 2011–2017 compared to 2004–2010, indicating overfishing. Species often caught
immature were black grouper, Nassau grouper and mutton snapper with spears, and black snapper with lines.
Most fish of other species were mature, but many were smaller than the optimal size for harvest. Fishing
mortality rates were higher than natural mortality rates for most species in both gears in both time periods,
whether calculated from average length or by length-based spawning potential ratio (LBSPR), implying that most
populations were experiencing overfishing. Many species also had a low spawning potential ratio, implying a
high probability that they were overfished. In general, many species were subject to unsustainable levels of
fishing, and, according to the Froese indicators, some would benefit from size limits to protect immature in-
dividuals. These results are supported despite uncertainty in life history parameters for fishes in Belize, and
differences between data poor assessment methods.

1. Introduction

Small-scale fisheries, including fisheries around tropical coral reefs,
are an important source of livelihood and food security for often-im-
poverished coastal communities worldwide (Andrew et al., 2007;
Newton et al., 2007). Thus, improving the sustainability of these fish-
eries is a necessary step toward poverty alleviation (Bene et al., 2010).
In the Western Caribbean, over one million local people are directly
dependent on the integrity and health of the Mesoamerican Reef system
for their livelihood, and the national economies of four countries (Be-
lize, Guatemala, Honduras, and Mexico) substantially benefit from the
reef’s fisheries resources and appeal as an international tourist desti-
nation (Zeller et al., 2011). Therefore, the sustainable management of
small-scale fisheries associated with the Mesoamerican Reef system,
much of which falls within the territorial waters of Belize, is imperative
in light of food security and income generation as well as maintaining
biodiversity and other essential ecosystem services. However, small-
scale fisheries are difficult to assess and manage because they lack the
quantity and/or quality of data needed for conventional stock

assessment and have limited enforcement capacity across dynamic
multi-species and multi-gear systems (Costello et al., 2012).

A first step in assessing the status of a small-scale fishery is to
evaluate the species and length composition of the catch. Samples of
species composition and length-frequencies may be easier to obtain
than time series of total catch or abundance. Thus, length-based
methods are commonly used for assessing the sustainability of data-
limited fisheries, and to evaluate changes in status over time (Dowling
et al., 2016). Such information can be used to evaluate whether large-
scale community shifts have occurred, such as changes in the trophic
level of fish that are caught, or a shift toward smaller species or smaller
individuals, which can indicate unsustainable exploitation rates
(Hobday et al., 2011; Rochet and Trenkel, 2003). Differences between
gears may be important for designing management strategies that take
into account the species and size selectivity of each component of the
fishery.

For individual species that are commonly caught, the length com-
position of the catch can be informative about whether the fishery is
focused on small or immature individuals (Froese, 2004), and whether
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the population is overfished, defined as being below a biomass
threshold (Cope and Punt, 2009). Given information about growth and
natural mortality rates, length-frequencies can be also used to estimate
fishing mortality rates (Beverton and Holt, 1957; Ehrhardt and Ault,
1992; Hordyk et al., 2015b), where a fishing mortality rate (F) larger
than the natural mortality rate (M, i.e. F/M > 1) is an indicator that
the population is experiencing overfishing (See Table 1 for definitions
of all parameters, and Table 2 for the indicators). Length-based
spawning potential ratio (LBSPR) (Hordyk et al., 2015b, 2016) is a
methodology that can be used to estimate both fishing mortality rates
and spawning potential ratio (SPR). SPR, defined as the current
spawning stock biomass (SSB) relative to the unfished SSB, is a metric
of whether the population is overfished, with values less than 0.3–0.5
(depending on the life history of the fish population) indicative of
overfished status (Goodyear, 1993).

Using data collected by the Wildlife Conservation Society (WCS)
between 2004 and 2011 at Glover’s Reef, Belize, Babcock et al. (2013)
applied several length-based methods to determine whether the spear
component of the fishery was sustainable (Ault et al., 1998, 2005, 2008;
Cope and Punt, 2009; Ehrhardt and Ault, 1992; Froese, 2004), and also
used a range of multispecies indicators to evaluate the ecosystem im-
pacts of the fishery (Rochet and Trenkel, 2003). Because life history
data were not available from Belize, they used a Monte Carlo method to
include uncertainty about the values of life history parameters in the
estimates of status, along with bootstrapping to estimate the sampling
error. The objective of this paper is to expand the analysis of Babcock
et al. (2013) by: (1) using multivariate statistics to compare the species
composition caught in the spear versus hook and line gears over time;
(2) including six more years of data through May 2017 to calculate
sustainability indicators; (3) calculating the indicators for the hook and
line gear as well as the spear gear; (4) updating the life history data
used to calculate the indicators; and (5) adding the LBSPR method
(Hordyk et al., 2015b) to estimate both SPR and F/M.

2. Methods

2.1. Study site and data collection

Glover’s reef (16°44′ N, 87°48′ W) is an atoll 25 km to the east of the
Belize barrier reef, which is designated as a multi-zone marine reserve
(i.e. marine protected area) (Tewfik et al., 2017). Approximately one
fifth of the atoll is a replenishment zone (i.e. no-take area), while the
remainder of the atoll is zoned as general use where commercial fishing
is only allowed by licensed users and under a set of regulations enforced
by the Belize Fisheries Department. The regulations within Glover’s
atoll include a ban on gillnets, traps, artificial habitats (i.e. shades to
attract lobsters) and longlines in addition to other fishing regulations
that apply throughout Belize (Government of Belize, 2003; Tewfik
et al., 2017). Since 2009 regulations specific to finfish in Belize include
a ban on catching herbivorous fish (specifically parrotfish and sur-
geonfish) and a minimum and maximum size limit (50–74 cm total
length) for the Nassau grouper (Government of Belize, 2009). Begin-
ning in 2011, the Belize Fisheries Department implemented a pilot
study for the spatial management of fishing grounds, called the “Man-
aged Access Program”, at Glover’s Reef, which restricted fishing rights
to individuals who have traditionally used Glover’s Reef through a new
electronic licensing system. The fishers at Glover’s Reef originate
mainly from Sarteneja, in Northern Belize, and Hopkins on the main-
land opposite Glover’s Reef (Grant, 2004; Tewfik et al., 2017). The
Sarteneja fishers come to the atoll aboard 10–15m sailboats, and then
disperse in 4–7 dories per sailboat to fish individually for finfish using
either spear gun or Hawaiian sling gear (hereafter both referred to as
spear fishing), or to free-dive for conch or lobster mostly within the
atoll’s lagoon and associated patch reefs but occasionally on the fore-
reef (Tewfik et al., 2017). More rarely they also fish with hook and line.
The fishermen from Hopkins tend to use 7–10m skiffs with outboard
motors, and typically have a crew size of two or three and fish for

Table 1
Details on the symbols used in the analysis. Indicators are given separately in Table 2.

Symbol Units Defination Source, method and use

Calculated from species composition data
N Number of fish identified to species in the

catch
Used to calculate Simpson diversity

nj Number of fish of species j in the catch. Used to calculate Simpson diversity

Calculated from length composition data
Lc cm Length fully recruited into fishery Calculated from mode of length frequency distribution (Babcock et al., 2013)
Lλ cm Maximum fully recruited length in fishery Observed maximum length in the catch, excluding any outliers more than a few cm larger than the rest of the

distribution. (See Supplement for details)
SL50 cm Length at 50% selection in logistic selectivity

curve
Estimated by LBSPR function in R (Hordyk et al., 2015b)

SL95 cm Length at 95% selection in logistic selectivity
curve

Estimated by LBSPR function in R (Hordyk et al., 2015b)

Taken from the literature or given an assumed value
CV(L) CV in length at age Assumed equal to 0.1
K von Bertalanffy growth coefficient From literature (Table 3 and Supplement), has Monte Carlo distribution
Lm cm Median length at first reproduction From literature (Table 3 and Supplement), has Monte Carlo distribution
Lmax cm Maximum observed length From literature (Table 3 and Supplement), assumed constant
L∞ cm Asymptotic length in the von Bertalanffy

growth curve
From literature (Table 3 and Supplement), has Monte Carlo distribution

tmax yr Maximum observed age From literature (Table 3 and Supplement), assumed constant

Calculated from literature values for each Monte Carlo draw
Lopt cm Optimal length, at which the total biomass of a

cohort is maximized
= ∞

+
Lopt

L
M K

3
(3 / )

(Beverton, 1992) or = ∙ −log L log L( ) 1.053 ( ) 0.0565opt m10 10 (Froese and Binohlan, 2000)

M yr−1 Natural mortality rate = −M t4.899 max
0.916 or = ∞

−M K L4.188 (10 )0.73 0.33 where ∞L is in cm (Then et al., 2015) or =
−M

tmax
ln(0.05) (Ault

et al., 2008)

Calculated from data and parameters for each Monte Carlo and bootstrap draw
L cm Mean length of fish between Lc and Lλ Needed to calculate Z (Ehrhardt and Ault, 1992)
Z yr−1 Total morality, calculated from L

=∞ −

∞ −

− + ∞ −

− + ∞ −( )L Lλ
L Lc

Z
K Z Lc L K L L

Z Lλ L K L L
( ) ( )
( ) ( )

(Ehrhardt and Ault, 1992) calculated iteratively using nlminb function in R.

F yr−1 Fishing mortality rate F= Z-M
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finfish year-round mainly with hook and line, often on the outside of
the atoll but still within the general use zone of the marine reserve
(Tewfik et al., 2017).

Between 2004 and 2017, WCS researchers approached boats fishing
at Glover’s Reef, and recorded the length, mass and species of every fish
they had caught, as well as the number of hours each person had fished
and the fishing gear used. Fishers were not obligated to participate in
the data collections. A one-gallon gas coupon was used as an incentive
to individual fishers who did participate. Because the sample sizes were
small, we combined years into two time periods (2004–2010 and
2011–2017) for all analyses, rather than evaluating changes by year.

2.2. Species composition and fish community indicators

We used multivariate statistics to evaluate differences in species
composition between time periods (2004–2010 or 2011–2017), gear
types (spear or hook and line), and boat types (skiff or sail boat). First,
we produced a community table indicating the number of individuals of
each fish species caught in each season (Months 1–3, 4–6, 7–9, 11–12)
of each year, with boat types and gear types counted separately. Fish
that were not identified to species were excluded, as were species with
fewer than 30 observations, and species that were observed in fewer
than 3 samples. To normalize for the differences in sample sizes, the
species composition in each sample (year, season, gear type, boat type)
was divided by the total number of fish caught to give the proportional
species composition. To test for the effects of gear type, time period and
boat type on the species composition of these most common species, we
used PERMANOVA (permutational analysis of variance) (Anderson,
2001; Anderson and Walsh, 2013). PERMANOVA was applied to both
the proportion data, using the Bray-Curtis distance metric, and pre-
sence/absence, using the Jaccard distance metric. NMDS (non-metric
multidimensional scaling) (Minchin, 1987) was used to visualize the
differences in species composition between gears, time periods and boat
types using the same data. All multivariate analyses were done in R
version 3.4.2, using the Vegan community ecology package (Oksanen
et al., 2017).

To estimate the impact of fishing on the fish community in general
at Glover’s Reef, we calculated the following indicators for each gear

type in each time period (Babcock et al., 2013) (See Table 2 for defi-
nitions, references, and interpretations):

(1) mean length relative to the length at maturity Lm,
(2) mean maximum size Lmax,
(3) fraction of piscivores,
(4) fraction of spongivores,
(5) fraction of invertivores,
(6) mean trophic level,
(7) Simpson species diversity, and
(8) mean catch per unit of effort across all species.

All the multispecies indicators except CPUE were calculated across
all individual fish that had been identified to species (Table 2, Sup-
plement Table A1). However, if length data were missing, or no data
were available on diet for the species the sample size was sometimes
reduced. For the most commonly-caught species, the median values of
Lm and Lmax were used from all the values found in Fishbase and an
independent literature search (Table 3). For less common species, we
used the median values from Fishbase, found using the Rfishbase li-
brary (Boettiger et al., 2012). For the few species for which no Lm data
were available, values were estimated from Lmax (Froese and Binohlan,
2000). The total CPUE was calculated as the mean catch in numbers of
fish per fisher-hour for each sampled fishing boat in each day, keeping
the two gear types separate (Babcock et al., 2013). For each indicator, a
linear model was used to determine whether the mean values differed
between gears (spear versus line), and whether they had changed be-
tween time periods (2004–2010 versus 2011–2017). A logit-link gen-
eralized linear model was used for all the proportions. All other models
were simple 2-way ANOVA, with both CPUE and Lmax log-transformed
to achieve normality.

2.3. Single-species fishery indicators

For species with a large enough samples size, we estimated the
following single-species indicators of fishery sustainability (Table 2):
proportion mature (Pmat) (Froese, 2004),

Table 2
Indicators of fishery status.

Symbol Definition Source and interpretation

L L( / )m Mean length relative to the length at maturity Lm
across all fish in the catch

<L L( / ) 1m indicates overfishing, decrease indicates increasing fishing pressure (Rochet and Trenkel, 2003;
Hobday et al., 2011)

Lmax Mean maximum size Lmax Lmax taken from literature, mean calculated across all fish in the catch. Decrease indicates increasing fishing
pressure

Ppisc Fraction of piscivores, defined as fish with a diet
> 75% fish

Diet fractions from Fishbase (Froese and Pauly, 2017) and from Randall (1968) (Supplement Table A1).
Indicates changes in abundance or targeting

Pspong Fraction of spongivores, defined as fish with a diet
> 75% sponges

Indicates changes in abundance or targeting

Pinvert Fraction of invertivores, defined as fish with a
diet> 75% invertebrates

Indicates changes in abundance or targeting

TL Mean trophic level Indicates changes in abundance or targeting
D Simpson species diversity

= −∑ ( )D 1 j
nj
N

2
May decline with overfishing (Hurlbert, 1971; Rochet and Trenkel, 2003)

CPUE Mean catch per unit of effort across all species (fish/
fisher hour)

Indicator of fishery profitability. Calculations done as in Babcock et al. (2013)

Pmat Proportion of fish in catch that are mature (L≥ Lm) Pmat < 1 indicates immature fish being caught (Froese, 2004)
Popt Proportion of fish caught that are within 10% of Lopt Popt < 1 indicates potential growth overfishing (Froese, 2004)
Pmega Proportion of fish caught that are mega-spawners

(L≥ 1.1Lopt)
Popt < 0.2 indicates possible depletion of mega-spawners (Froese, 2004)

DT Overfished metric based on the Froese metrics and a
decision tree

Infers selectivity of the fishery (e.g. target immature fish only, selectivity similar to the maturity ogive, etc.)
from Pmat, Popt, and Pmega, and Lm/ Lopt, and then whether the population is overfished (=below a biomass
threshold) or not. (Cope and Punt, 2009)

(F/M)ML F/M from mean length F/M > 1 is overfishing (Ehrhardt and Ault, 1992)
SPR Length based spawning potential ratio Calculated using R library LBSPR (Hordyk et al., 2015b) LBSPR < 0.4 indicates overfished status
(F/M)LBSPR F/M from the LBSPR method F/M > 1 is overfishing (Hordyk et al., 2015b)
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(1) proportion optimal sized (Popt) (Froese, 2004),
(2) proportion mega-spawners (Pmega) (Froese, 2004),
(3) F/M from mean length, (F/M)ML (Ehrhardt and Ault, 1992),
(4) overfished status from the decision tree approach (DT) (Cope and

Punt, 2009),
(5) spawning potential ratio (SPR) from the LBSPR method (Hordyk

et al., 2015b), and
(6) F/M from the LBSPR method (F/M)LBSPR (Hordyk et al., 2015b).

All indicators were calculated for each species, gear (spear vs. hook
and line), time period (2004–2010 and 2011–2017) combination for
which at least 60 fish were measured. Combining the data across years
implies the assumption that recruitment, fishing mortality and size se-
lectivity are relatively consistent across the time period, since the
combined length frequency is assumed to represent the entire time
period. For stoplight parrotfish, no fish were caught after 2008 due to
the herbivore ban, so the indicators calculated for the early time period
only apply for 2004–2008.

Table 3
Life history parameters (see details in Table 1), with the ranges used for the Monte Carlo simulations. All lengths are fork lengths in cm. See Table 3 for common
names.

Family Species Lmax tmax K L∞ Lm M Lopt

Haemulidae Haemulon sciurusa 41 12 0.3(0.22,0.3) 37(34,41) 20(17,21) 0.5(0.25,0.52) 23(21,25)
Labridae Lachnolaimus maximusb 82 23 0.1(0.08,0.26) 85(64,92) 25(17,45) 0.17(0.13,0.28) 39(23,54)
Lutjanidae Apsilus dentatusc 60 29 0.48(0.3,0.65) 58(56,62) 40(32,44) 0.22(0.1,0.63) 46(41,52)

Lutjanus analisd 84 29 0.15(0.1,0.25) 88(77,118) 39(28,52) 0.22(0.1,0.24) 51(40,62)
Lutjanus apoduse 63 42 0.18(0.12,0.35) 57(46,66) 25(14,32) 0.16(0.07,0.31) 35(24,45)
Lutjanus buccanellaf 73 NA 0.12(0.08,0.7) 60(53,73) 28(23,36) 0.23(0.22,0.38) 34(28,42)
Lutjanus purpureusg 104 18 0.1(0.09,0.13) 90(79,107) 41(37,44) 0.17(0.08,0.35) 49(42,61)
Lutjanus synagrish 50 19 0.22(0.08,0.4) 47(44,58) 22(18,31) 0.33(0.16,0.38) 27(22,32)
Lutjanus vivanusi 74 NA 0.1(0.05,0.32) 73(60,76) 39(22,57) 0.19(0.19,0.36) 43(33,49)

Pomacanthidae Pomacanthus arcuatusj 60 24 0.38(0.17,0.6) 62(46,62) 25(23,34) 0.27(0.12,0.52) 37(25,49)
Pomacanthus paruk 43 10 0.17(0.12,0.21) 47(43,47) 25(23,27) 0.31(0.3,0.59) 27(25,29)

Scaridae Sparisoma viridel 45 9 0.45(0.45,0.71) 43(42,46) 20(18,26) 0.65(0.33,0.66) 25(20,29)
Scombridae Scomberomorus cavallam 173 23 0.15(0.07,0.51) 140(138,176) 63(40,77) 0.2(0.13,0.28) 83(69,101)
Serranidae Epinephelus guttatusn 76 22 0.24(0.12,0.24) 52(47,57) 25(25,29) 0.29(0.14,0.39) 33(27,39)

Epinephelus striatuso 120 29 0.1(0.06,0.18) 93(72,123) 52(48,75) 0.17(0.1,0.22) 59(53,67)
Mycteroperca bonacip 150 33 0.17(0.12,0.17) 131(120,153) 72(67,72) 0.2(0.09,0.23) 86(79,94)

Sphyraenidae Sphyraena barracudaq 180 18.4 0.11(0.09,0.26) 140(132,183) 66(64,85) 0.16(0.16,0.34) 83(72,96)

a Bluestriped grunt Lmax (Claro, 1994), K and L∞ (Appeldoorn, 1992), lower limit of L∞ (Valle et al., 1997), upper limit of L∞ and Lm (Ault et al., 2008), Lm and
lower limit of Lm (García-Cagide et al., 1994).

b Hogfish Lmax, L∞, K, range of K and upper limit of L∞ (McBride and Johnson, 2007), tmax and Lm (Ault et al., 2008), lower limit of L∞ from largest size
encountered at Glover’s Reef, upper limit of Lm calculated from L∞, lower limit of Lm (McBride et al., 2008).

c Black snapper Lmax (Allen, 1985), tmax (Ault et al., 1998), L∞, upper limit of K, and upper limit of Lm (García-Cagide et al., 1994), Lm (Thompson and Munro,
1983), median value of K from the mean of the upper and lower values, upper limit of L∞ calculated from Lmax, lower limit of Lm calculated from L∞.

d Mutton snapper Lmax (International Game Fish Association, 2001), tmax (Burton, 2002), K and L∞ (Manooch, 1987), range of K and L∞, and Lm (Mason and
Manooch, 1985), lower limit of Lm (Ault et al., 2008).

e Schoolmaster Lmax (Cervigón, 1993), tmax, K,L∞ and lower limit of Lm (Ault et al., 2008), upper range of L∞ calculated from Lmax, lower range of L∞ (Randall,
1962), Lm (García-Cagide et al., 1994), and upper limit of Lm calculated from L∞.

f Blackfin snapper Lmax (Appeldoorn et al., 1987), the only available tmax was only 9 years (Ault et al., 2008) so we did not use this estimate; K and L∞ from (Valle
et al., 1997), with the minimum value of L∞ set equal to the largest observed value at Glover’s Reef, maximum L∞. and minimum K (Ault et al., 2008), K maximum
(Thompson and Munro, 1983); Lm (Ault et al., 2008; Boardman and Weiler, 1980; García-Cagide et al., 1994).

g Southern red snapper Lmax (Trindade-Santos and Freire, 2015); tmax(Allen, 1985); K and L∞ (Pauly, 1980), range of K and L∞ (Baker et al., 2001; Claro and
García-Arteaga, 1994; Manickchand-Heileman and Phillip, 1996; Menezes and Gesteira, 1974); Lm and range of Lm (García-Cagide et al., 1994; Trindade-Santos and
Freire, 2015).

h Lane snapper Lmax (International Game Fish Association, 2001), tmax (Luckhurst et al., 2000); K and L∞ (Freitas et al., 2014), minimum L∞ from largest typical
size at Glover’s Reef, maximum L∞ (Manooch, 1987); K range (Aiken, 2001; Luckhurst et al., 2000), Lm (Aiken, 2001), range of Lm (García-Cagide et al., 1994;
Manickchand-Dass, 1987).

i Silk snapper Lmax (International Game Fish Association, 2001); K and L∞ (Claro and García-Arteaga, 1994), range of L∞ (Lessa et al., 2004; Valle et al., 1997),
range of K (Lessa et al., 2004; Tabash and Sierra, 1996); Lm calculated from L∞ because this gave a value near the center of the reported range, minimum Lm (Lessa
et al., 2004), maximum Lm (García-Cagide et al., 1994).

j Grey angel Lmax (Aiken, 1983), minimum Lmax, tmax (Steward et al., 2009); L∞ calculated from Lmax, and K from M (Jensen, 1996); Lm from Aiken (1983) with
minimum and maximum calculated from L∞.

k French angel Lmax from Glover’s reef data, tmax from Florida Museum of Natural History (2011), K and L∞ from Pauly (1978) with minimum and maximum L∞
calculated from Lmax and minimum and maximum K calculated from M, Lm from Feitosa et al., (2008) with minimum and maximum calculated from L∞.

l Stoplight parrotfish Lmax 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 Lmax, Lm from Reeson, (1983), Koltes (1993) and García-Cagide et al., (1994).

m King mackerel Lmax (Collette and Nauen, 1983), tmax (Shepard et al., 2010); K and L∞ (Sturm and Salter, 1990), range of K (Shepard et al., 2010; Sutter et al.,
1991), lower limit of L∞ from the largest common size at Glover’s Reef, upper limit of L∞ calculated from Lmax, Lm and its upper limit (Trindade-Santos and Freire,
2015) and lower limit (Rickman et al., 2000).

n Red hind Lmax and tmax (Sadovy et al., 1992), K, L∞ and upper limit of K (Thompson and Munro, 1983), lower limit of K and upper limit of L∞ (Munro and
Williams, 1985), lower limit of L∞ (Chan and Sadovy, 2002), Lm (García-Cagide et al., 1994), upper limit of Lm calculated from L∞.

o 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), Lm from García-Cagide et al. (1994) and Sadovy and Eklund (1999).

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

q Barracuda Lmax (Torres, 1991), tmax, lower limit of L∞, upper limit of K and Lm (Kadison et al., 2010), L∞, K and lower limit of K (Pauly, 1978), lower limit of L∞
calculated from Lmax, Lm (García-Cagide et al., 1994), and lower limit of Lm (Whitfield, 1998).
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The following life history and selectivity parameters were needed to
calculate these indicators: K, L∞, Lm, tmax, M, Lopt, Lc, Lλ, SL50, SL95, and
CV(L) (See Table 1 for definitions). The ranges of uncertainty in K, L∞,
Lm and M were also needed for the Monte Carlo analysis. None of the
life history parameters have been estimated for reef fish populations in
Belize. Therefore, we used the published values K, L∞, Lm, and tmax

compiled in Fishbase (Froese and Pauly, 2017) and other literature for
populations of the same species elsewhere in the central Western
Atlantic region and Caribbean basin (Table 3, see Supplementary in-
formation and Babcock et al. (2013) for details). To determine a most
likely value and a plausible range of values for natural mortality rate M,
we calculated M using three alternative methods and used the median,
minimum and maximum of these three values (Table 3). For most
species, two of the three methods were taken from Then et al. (2015),
who compiled a dataset of more than 200 populations with empirical
estimates of M, and estimated the best predictors of M from either tmax

or the von Bertalanffy growth parameters (Table 1). The third method
was based on the assumption that 5% of the population would survive
to the recorded tmax (Ault et al., 2008) (Table 1). For the two species
lacking a value of tmax (Table 3), the three methods used to calculate the
most likely and range of values forM were Then et al. (2015)’s equation
based on K and two alternative equations to calculate M from K from
Jensen (1996). The optimal length Lopt was calculated either from L∞,
M and K (Beverton, 1992) or from Lm (Froese and Binohlan, 2000)
(Tables 1 and 3).

The mean length (F/M)ML and LBSPR (SPR and (F/M)LBSPR) methods
make different assumptions about selectivity. In the mean length
method of Ehrhardt and Ault (1992) maximum size Lλ is used to ac-
count for fish that may not be susceptible to the fishery as they grow
larger. This may be applicable for some species at Glover’s Reef, be-
cause they exhibit ontogenetic migration from the mostly shallow-
water fishing grounds within the lagoon, where spear fishing occurs,
into deeper water (Collins and McBride, 2011; Andradi-Brown et al.,
2016). The minimum and maximum size caught, Lc and Lλ, were cal-
culated separately for each gear, but both time periods were combined
because there have been no observed changes in the gear or fishing
methodology that would cause a change in selectivity (Babcock et al.,
2013). The LBSPR method simulates the population dynamics, in-
cluding variability in length at age, to estimate the F/M and SPR that
would produce the observed length frequency in the fishery. We as-
sumed that the selectivity curve was logistic, and allowed LBSPR to
estimate SL50 and SL95. The selectivity curves were estimated for each
gear and time period separately for convenience, although they were
similar between time periods. The CV(L) was assumed to be 0.1. The
LBSPR method generally assumes a logistic maturity curve. However,
we assumed a knife-edge maturity at Lm to be consistent with the as-
sumptions used in the Froese indicators.

To calculate confidence intervals of the seven indicators and the
probabilities of either overfishing or overfished status, we used Monte
Carlo simulation to include parameter uncertainty, as well as boot-
strapping of the length frequency data (Babcock et al., 2013). The life
history parameters Lm, L∞, K and M were drawn from a truncated
multivariate normal distribution. 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 these
variances and a correlation matrix taken from the literature (Supple-
ment Table A2, (Babcock et al., 2013)). Lopt was calculated from both
equations (Table 1) for each draw of the parameters, and then a single
value was drawn from a uniform distribution between the two values.
This method was used to admit the uncertainty in Lopt in cases where
the growth and size at maturity information did not give consistent
estimates of Lopt. The values of the indicators (Pmat, Popt, Pmega, DT and
(F/M)ML) were then calculated for each of the 10,000 parameter value
draws, each combined with one bootstrapped sample of the length
frequency data. For the LBSPR methods, a preliminary analysis found

that many bootstrap samples were unable to estimate values of SPR and
(F/M)LBSPR, perhaps because the model was not able to estimate se-
lectivity due to relatively small sample sizes. Thus, we used the total
length-frequency rather than bootstrap samples for the LBSPR method,
although we used the Monte Carlo samples to include parameter un-
certainty.

For all indicators, 90% confidence intervals were calculated as the
5% and 95% quantiles of the estimated indicators across the 10,000
draws. If (F/M)ML or (F/M)LPSPR was estimated to be greater than 4, the
value was truncated to 4. The probability of experiencing overfishing
according to the average length or the LBSPR method was calculated as
the fraction of the draws for which (F/M)ML or (F/M)LBSPR was greater
than a reference point. A reference point of F/M=1 was used, as F=M
is a commonly used proxy for the fishing mortality rate that would
sustain maximum sustainable yield (FMSY) (Zhou et al., 2012). The
probability of overfished status according to the DT was calculated as
the fraction of the draws in which the DT found that the population was
below the overfished threshold. The probability of overfished status
according to LBSPR was calculated as the fraction of draws where SPR
was less than a reference point. An SPR of 40% was used as the re-
ference point because it is an intermediate value. The appropriate re-
ference points to define both overfished status and overfishing vary
with the life history of the fish, with lower F/M targets and higher SPR
targets for more long-lived, slow growing species (O’Farrell and
Botsford, 2005; Zhou et al., 2012). To evaluate whether uncertainty in
the reference points influences the results we ran sensitivity analyses in
which the value of the F/M and SPR reference points were drawn from
distributions. A meta-analysis by Zhou et al. (2012) estimated a pos-
terior distribution of FMSY/M that was lognormal with a mean of 0.866
and a CV of 0.21. We therefore drew values of the FMSY/M target from
this lognormal distribution for each of the 10,000 Monte Carlo itera-
tions. For the SPR reference point, we assumed that the value of SPRMSY

decreased linearly from 50% to 30% when the species’ median M in-
creased from the lowest level in our dataset (0.1) to the highest level
(0.33). For each Monte Carlo simulation, we drew random values from
a normal distribution with the mean defined by the linear relationship
withM, and a CV of 0.1. All the overfished and overfishing probabilities
were calculated as above.

Finally, to evaluate whether the size composition of each species in
each gear had changed between time periods for the commonly caught
species, we used ANOVA to test for differences in mean individual fish
length for those species caught in both time periods. For species caught
in both gears, we used 2-way ANOVA to test for differences between
gears and time periods. We also plotted the seasonal distribution of
catches by species in each gear to evaluate whether each species was
likely to be caught during its spawning season, as identified from the
literature. All analyses were conducted in R version 3.4.2 (R
Development Core Team, 2017).

3. Results

3.1. Species composition and fish community indicators

The catch dataset included measurements of 6604 individual fish, of
which 6214 were identified to species. There were 62 species in 20
families. However, only 26 species were sufficiently common in the
catch to be included in the multispecies analysis. When the analysis was
limited to these species, there were 89 samples composed of unique
combinations of year, season, gear type and boat type. PERMANOVA
applied to either the proportions or the presence/absence data from
these samples gave similar results (Table 4). Both models found that
only gear explained a large fraction of the variance in species compo-
sition (24% in the proportions, 14% in presence/absence). For the
proportions, gear, time period and boat type were significant
(P < 0.05), and none of the interactions were significant, while for
presence/absence only gear, time period and the gear x time period
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interaction were significant. For presence/absence, time period, and the
time period× gear interaction together explained an additional 7% of
the variation, while boat type and its interactions explain less than 3%.
Thus, gear and to a lesser extent time period influenced species com-
position, but boat type was less important.

The NMDS based on presence/absence data fit the data adequately
with 2 dimensions, with stress of 0.18, and showed that there was little
overlap between the species composition of the spear and hook and line
catches (Fig. 1). Also, the hook and line species composition changed
more than the spear species composition between time periods. The
proportions of the commonly caught species in each gear in each time
period (Fig. 2) indicate that the species composition of the hook and
line catch shifted over time, from a fishery dominated by a few species
of snappers, along with barracuda, to one that catches a variety of
snappers along with grunts, porgies and red hind. The spear fishers
stopped catching parrotfish due to the ban, but otherwise caught a si-
milar mix of species in both periods. Many species were caught in only
one gear, including parrotfishes and angelfishes by spear, and silk
snapper, red snapper and king mackerel by hook and line. Species
caught with both gears included mutton snapper and black grouper.

There were significant differences in the values of the indicators
between the two gears for all the indicators except Simpson species
diversity (Table 5, Fig. 3). Fraction spongivores (i.e. angelfish) was only
calculated for the spear catch, because the hook and line gear caught no
spongivores. In the first time period, the spear catch had a higher L/Lm
and fraction invertivores, and lower Lmax, fraction piscivores, and
trophic level than hook and line. All indicators except Simpson diversity
varied between time periods for at least one of the gears. For hook and
line, there were decreases over time in L/Lm, Lmax, and fraction pisci-
vores, and increases in fraction of invertivores, trophic level and CPUE
(Table 5, Fig. 3). The hook and line species composition was dominated
by large snappers in both time periods; however, porgies, grunts, and
small groupers such as red hind became more common in the catch over
time (Fig. 2, Supplement Table A4). For the spear catches, there was a
decrease between time periods in L/Lm, and increases in trophic level
and the fraction of spongivores (Table 3). These results are consistent
with the disappearance of parrotfishes from the spear catch, along with
an increase in catch of angelfishes (Fig. 2). Interestingly, the variance of
the trophic levels decreased between time periods for both gears (F test,
p < 0.001). For the spear gear, the higher trophic level and lower

Table 4
PERMANOVA where the response variable is the species composition in samples consisting of all fish sampled in the same year, season, boat type and gear type. Pr
(> F) is the P value associated with each variable and R2 is the proportion of variance explained.

(a) Bray Curtis proportions

Df Sums of Sqs Mean Sqs F R2 Pr(> F)

gear 1 7.14 7.14 28.55 0.24 <0.001
time period 1 0.75 0.75 3.00 0.02 0.005
boat type 1 0.50 0.50 1.98 0.02 0.044
gear × time period 1 0.48 0.48 1.92 0.02 0.052
gear × boat type 1 0.44 0.44 1.75 0.01 0.078
time period ×boat type 1 0.30 0.30 1.20 0.01 0.270
Residuals 82 20.50 0.25 0.68
Total 88 30.10 1.00

(b) Jaccard presence/absence

Df Sums of Sqs Mean Sqs F R2 Pr(> F)

gear 1 3.91 3.91 14.78 0.14 <0.001
time period 1 1.28 1.28 4.83 0.04 <0.001
boat type 1 0.32 0.32 1.20 0.01 0.262
gear × time period 1 0.74 0.74 2.78 0.03 0.002
gear × boat type 1 0.33 0.33 1.24 0.01 0.232
time period ×boat type 1 0.28 0.28 1.05 0.01 0.394
Residuals 82 21.67 0.26 0.76
Total 88 28.51 1.00

Fig. 1. NMDS results for species composition of the most common 26 species in
the catch, showing sites (points) defined as a combination of year, season, boat
type and gear type, and the ellipses defined by the means and standard de-
viations of NMDS1 and NMDS2 for each combination of gear type and time
period (see legend). The mean for each species is labeled, with plain text in-
dicating species caught primarily (> 10%) on spears, bold indicating species
caught primarily on hook and line, and italics indicating species caught on both
gears. Stress= 0.18.
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variance in trophic level in the later period was caused by the loss of
herbivores (trophic level= 2) in the catch. For hook and line, the
change seems to be related to the different mix of snapper species in the
catch (Fig. 2, Supplement Table A4).

3.2. Single-species fisheries indicators

The total sample size of fish with a valid length measurement was
6544, split evenly between gear types (spear: n= 3248, hook and line:
n= 3296). The sample size was larger in 2004–2010 (n=4208) then
in 2011–2017 (n= 2338). The sample size was large enough to esti-
mate the indicators for 25 combinations of time period, gear and

Fig. 2. Proportion of landings for the top 20 species in each of hook and line and spear fisheries on Glover’s atoll during the two time periods. Rankings based on the
total numbers of fish landed between 2004 and 2017. The top 20 species represent 96% of the hook and line catch and 93% of the spear catch that was identified to
species (total n=6214) (See Supplement Table A4 for details).

Table 5
Linear models to test for change in ecosystem indicators between gears (spear vs. hook and line) and time periods (2004–2010 vs. 2011–2017). P values refer to the
difference between gears in the first time period (P gear), the difference between time periods for hook and line (P time), and the interaction, which tests for a
difference between gears in the time trend (P interaction).

Indicator Model Sample unit n P gear P time P interaction

L/Lm linear Fish 6157 <0.001 <0.001 0.707
Lmax (cm) log-linear Fish 6214 <0.001 <0.001 <0.001
Piscovore fraction logistic Fish 6181 <0.001 <0.001 0.001
Spongivore fraction logistic Fish 2981 NA <0.001 NA
Invertivore fraction logistic Fish 6181 <0.001 <0.001 <0.001
Trophic level linear Fish 6214 <0.001 <0.001 <0.001
Simpson diversity linear Years 26 0.137 0.475 0.884
CPUE (fish/hour) log-linear Boat-days 308 0.009 0.054 <0.001
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species (Number of species= 17) (Table 3, Table 6). For the hook and
line gear, the commonly caught species differed between the two time
periods, with only silk snapper, lane snapper and barracuda among the
most common species in both periods (Fig. 2). Black snapper, blackfin
snapper, mutton snapper, and king mackerel were common in the early
period, while red hind and bluestriped grunt were common in the later
period (Fig. 2). Of the eight species that were caught in 2004–2010 by
spear and analyzed in Babcock et al. (2013), only four were caught in

large numbers after 2011. Stoplight parrotfish are no longer caught due
to the herbivorous fish ban. Black grouper, Nassau grouper and French
angel were caught but not in large enough numbers to calculate the
length-based indicators. The species analyzed in both periods were
hogfish, mutton snapper, schoolmaster and grey angel (Table 6).

The Froese indicators (Fig. 4) showed that most species were caught
when they were larger than the size at maturity with both gears in both
time periods. However, with spears, mutton snapper, black grouper and

Fig. 3. Means with 95% confidence intervals of the ecosystem indicators for each gear, from the models described in Table 5.
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Nassau grouper were often caught before they matured. With hook and
line gear, black snapper were mainly caught before maturity, while red
snapper were about 50% mature. Barracuda, lane snapper, and silk
snapper were less frequently mature in the later time period than in the
early time period. The optimal size Lopt was highly uncertain for most
species, so that the confidence intervals for Popt and Pmega were quite
broad. Most fish were not in the optimal size interval in either gear in
either period, and most species were caught in small numbers in the
mega-spawner size range. However, large fractions of the catch of
French angel and stoplight parrotfish with spears, and blackfin snapper
and king mackerel with hook and line were mega-spawners.

The estimated fishing mortality rates relative to natural mortality
were quite consistent between the LBSPR and the mean length methods,
with a correlation between (F/M)ML and (F/M)LBSPR of 0.96 (Fig. 5a, b).
The fishing mortality rates were generally high, with (F/M)ML and (F/
M)LBSPR>1 for most species. For both methods, the confidence inter-
vals were wide reflecting the uncertainty around the estimate of M,
except in the cases where F/M was truncated to the maximum allowed
value of 4, for example for grey angels. The confidence intervals of both
(F/M)ML and (F/M)LBSPR for French angel by spear in 2004–2010 in-
cluded 1, while the confidence intervals of both (F/M)ML and (F/
M)LBSPR for king mackerel by hook and line in 2004–2010 were below
1. For hogfish in 2011–2017, the confidence interval of (F/M)ML over-
lapped 1, and both (F/M)ML and (F/M)LBSPR were lower in 2011–2017
than in 2004–2010. The average length and the LBSPR method were
consistent in finding that all species except king mackerel and French
angel have a high probability of experiencing overfishing (Table 7). The
probabilities were similar whether F/M= 1 was used as the overfishing
reference point (Table 7) or the overfishing reference points was drawn
from a distribution (Supplement Table A6). For hogfish caught by
spears, both methods implied that the probability of overfishing de-
creased between time periods. King mackerel in 2004–2010 hook and
line and French angel in 2004–2010 spears had a low probability of
overfishing from both methods.

The SPR calculated with LBSPR was variable between species but
had fairly narrow confidence intervals (Fig. 5c). On spear gear in
2004–2010 French angelfish were not overfished according to this

metric (i.e. median SPR > 0.4) but all species were below the overf-
ished threshold in 2011–2017. With hook and line gear, blackfin
snapper and king mackerel were not overfished in 2004–2010, but all
species were overfished in 2011–2017. In general, species with a very
high F/M tended to have a lower SPR and vice versa, as expected since
overfishing eventually leads to overfished status (e.g. compare king
mackerel to mutton snapper).

Although the probabilities of overfished status from DT and LBSPR
are not directly comparable they produced consistent results for several
species (Table 7). Both methods found a probability of overfished status
greater than 0.5 for black snapper in 2004–2010, and silk snapper in
2011–2017 and barracuda in both time periods with hook and line, and
Nassau grouper and black grouper in 2004–2010, schoolmaster in both
time periods, and mutton snapper in 2011–2017 by spear. However, for
some species, the two methods gave contradictory results. For red
snapper the probability of overfished status was 0.18 for DT and 0.96
for SPR. Grey angel also had low overfished probability with DT and
high with SPR, while king mackerel had the opposite pattern. This in-
consistency was probably caused by the fact that the two methods make
different assumptions about the size selectivity of the fishery. See
Supplement Table A5 for the selectivities inferred by the DT, and
Supplement Figs. A1 and A2 for the selectivities estimated by LBSPR.
Allowing the SPR reference point to vary by species and including
stochasticity did not change the estimated probabilities of overfished
status by SPR, except for the short-lived stoplight parrotfish, which had
a lower probability of being overfished with a lower reference point
(Supplement Table A6).

For the species caught in both time periods in hook and line, lane
snapper did not change in size (ANOVA, p=0.699), but there were
significant declines in mean size for silk snapper (p < 0.001, mean
difference=−4.24 cm) and barracuda (p < 0.001, mean differ-
ence=−10.85 cm). For spears, hogfish (p=0.204) and mutton
snapper (p=0.107) did not change in size between time periods, but
schoolmaster (p < 0.001, mean difference=−2.98 cm) and grey
angel (p < 0.001, mean difference=−3.76 cm) decreased sig-
nificantly in size. Mutton snapper, which was the only species caught in
large numbers in both gears, was significantly larger when caught by

Table 6
Sample sizes (n) and sample size between the minimum (Lc) and maximum (Lλ) fully selected size (n in range) for each gear type, time period, and species. Only
species with sample sizes of 60 or more were included in the analysis.

Gear Time period Species Common name n n in range Lc Lλ

Line 2004–2010 Apsilus dentatus Black snapper 76 47 35 45
Lutjanus analis Mutton snapper 82 59 48 62
Lutjanus buccanella Blackfin snapper 129 84 39 53
Lutjanus purpureus Red snapper 409 383 35 70
Lutjanus synagris Lane snapper 93 89 22 44
Lutjanus vivanus Silk snapper 605 486 35 53
Scomberomorus cavalla King mackerel 99 66 79 138
Sphyraena barracuda Barracuda 376 199 88 132

Line 2011–2017 Epinephelus guttatus Red hind 69 24 35 42
Haemulon sciurus Bluestriped grunt 71 44 23 32
Lutjanus synagris Lane snapper 341 210 22 44
Lutjanus vivanus Silk snapper 66 29 35 53
Sphyraena barracuda Barracuda 169 43 88 132

Spear 2004–2010 Epinephelus striatus Nassau grouper 104 61 43 72
Lachnolaimus maximus Hogfish 578 331 36 64
Lutjanus analis Mutton snapper 174 109 34 62
Lutjanus apodus Schoolmaster 111 78 30 46
Mycteroperca bonaci Black grouper 95 61 48 103
Pomacanthus arcuatus Grey angel 134 97 30 46
Pomacanthus paru French angel 68 31 34 43
Sparisoma viride Stoplight parrotfish 207 129 33 42

Spear 2011–2017 Lachnolaimus maximus Hogfish 291 179 36 64
Lutjanus analis Mutton snapper 132 81 34 62
Lutjanus apodus Schoolmaster 218 110 30 46
Pomacanthus arcuatus Grey angel 185 80 30 46
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Fig. 4. Froese (2004) indicators: (a) Pmat=proportion mature, (b) Popt=proportion in the optimal size range, (c) Pmega =proportion mega-spawners with 90%
bootstrap and Monte Carlo confidence intervals. Species above the horizontal dashed line were caught on spears, and below were caught on hook and line. The
vertical dashed line is a target level, both Pmat and Popt should be around 1, while should Pmega should be to the right of 0.2.

E.A. Babcock et al. Fisheries Research 208 (2018) xxx–xxx

10



Fig. 5. (a) F/M calculated from average length (Ehrhardt and Ault, 1992), (b) F/M calculated using LBSPR (Hordyk et al., 2015b), and (c) spawning potential ratio
(SPR) computed with LBSPR, all with 90% Monte Carlo confidence intervals. Species above the horizontal dashed line were caught on spears, and below were caught
on hook and line. The vertical dashed line is a target level, such that F/M should be to the left of the line (F/M < 1 is not overfishing) and SPR should be to the right
of the line (SPR > 0.4 is not overfished).
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hook and line (2-way ANOVA p < 0.001).

4. Discussion

4.1. Findings of the analysis

The species composition of the catch differed between gears and
between time periods for both gears. For hook and line, in particular,
some species were caught in large numbers in one time period only.
This variability in species caught implies that hook and line fishers may
be opportunistically targeting species that are transitory or form
spawning aggregations. The commonly caught species in the Glover’s
Reef fishery that are known to form spawning aggregations include all

the groupers (Nassau grouper, black grouper, and red hind), as well as
mutton snapper, schoolmaster, and lane snapper (Sadovy de Mitcheson
et al., 2008). It is not known whether the deepwater snappers (red,
black, blackfin and silk snappers) form aggregations. Spear fishers
generally do not target aggregations because the aggregations are lo-
cated on the outer forereef in areas associated with deep promontories,
with high relief and strong wave action (Graham et al., 2008; Kobara
and Heyman, 2010), which are not amenable to free diving from small
canoes. Changes in regulations as well as changes in markets and
fishing practices may also have caused the change in species composi-
tion of the catch over time.

The ecosystem indicators were quite different between gears and
between time periods. The hook and line catch saw a decrease in size of
fish caught between time periods, along with an increase in both CPUE
and trophic level, corresponding to a change in the species composition
of the catch focusing on smaller species, including snappers, groupers,
and grunts, which are either piscivores, invertivores or both. The in-
crease in trophic level combined with a decrease in the fraction of
piscivores can be explained by the increasing number of invertivores
(e.g. lane snapper, bluestriped grunt, jolthead porgy) or mixed in-
vertivore-piscivore (e.g. yellowtail snapper, red hind) species in the
catch. For the spear catch, the decrease in size of fish combined with an
increase in trophic level is consistent with a shift away from parrot-
fishes toward smaller snappers (lane, schoolmaster) and groupers (red
hind) while catching larger numbers of grey angelfish.

The only species caught in large numbers in both gears was mutton
snapper. This species had a high probability of experiencing overfishing
and a relatively high probability of being overfished in all gears and
time periods, and this result was well-supported because all methods
gave consistent results. It is also consistent with a finding from fishery-
independent data that mutton snapper density is declining at Glover’s
Reef (Tewfik et al., 2017). The somewhat larger fish caught on hook
and line gear may be explained by the fact that hook and line fishers
tend to fish in deeper water, often outside the reef crest of the atoll,
while the spear fishers are largely limiting activities to the shallow la-
goon in part due to the prohibition on using SCUBA (Tewfik et al.,
2017). Mutton snappers are found in depths up to 200m (Teixeira et al.,
2010), while spear fishers are unlikely to fish below 30m and generally
much shallower, implying that the deeper component of the population
is only susceptible to hook and line fishing. Larger fish in deeper water
may be a result of either ontogenetic migration (Graham et al., 2008) or
lower fishing mortality rates in the deeper water. It is also likely that at
least some of the hook and line catch is taken from spawning ag-
gregations. Mutton snappers aggregate to spawn at promontories on the
forereef at several locations in Belize, including known sites at Glover’s
atoll, between March and June, and the aggregations that are not
protected have been depleted (Graham et al., 2008; Kobara and
Heyman, 2010). Some, but not all, of the mutton snapper catch by hook
and line was taken during the spawning season (Supplement Fig. A3).

For hook and line, the species that were commonly caught in both
time periods were barracuda, silk snapper, and lane snapper. For bar-
racuda all the analyses were consistent in finding that barracuda are
experiencing high fishing mortality rates, which are causing the po-
pulation to decline. The highly significant decrease in size of barracuda
in the catch indicates that this species is in need of management at-
tention (Kadison et al., 2010).

Silk snapper also experienced a significant decrease in size, and
showed a decrease in the median values of all three Froese indicators in
the hook and line catch. However, the confidence intervals of Pmat were
very broad due to the uncertainty in size at maturity. The probability of
experiencing overfishing was high and the probability of being overf-
ished increased between time periods. Silk snapper are a deepwater
species, found at depths up to 378m (Sylvester and Dammann, 1973).
They have been recorded spawning year-round, and they are thought to
form spawning aggregations; however, this has not been proven, and
the locations of possible spawning aggregations are not known

Table 7
Probabilities associated with overfishing and overfished reference points. The
probability of overfishing (F > M) was calculated either from mean length (F/
M)ML (Ehrhardt and Ault, 1992) or from the LBSRP method (F/M)LBSPR (Hordyk
et al., 2015b). The probability of being overfished was calculated either by
using a decision tree to infer B < Btarget (DT) (Cope and Punt, 2009) or from
LBSPR (SPR < 0.4). Darker shading implies higher probabilities.
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(Boardman and Weiler, 1980). The majority of the hook and line cat-
ches at Glover’s Reef took place in October, and it is not known whether
this involved targeting an aggregation. The biology of the deepwater
snappers such as silk snapper is not as well-known as that of the more
shallow reef associated species, so there is a need for further biological
research for these species to support management of the fishery.

Lane snapper in the hook and line fishery had a high probability of
overfishing. Although F/M appeared to decrease between time periods,
the fraction mature also decreased. This species is caught within the
lagoon and in deeper water on the forereef. They spawn in the late
spring and summer in the Caribbean (García-Cagide et al., 1994), and
are known to form spawning aggregations (Sadovy de Mitcheson et al.,
2008). However, most of the catches of lane snapper were not during
the spawning season (Supplement Fig. A3). The indicators for lane
snapper imply that fishing mortality rates remain too high.

For hook and line, the commonly caught species in 2004–2010 that
were not common in 2011–2016 were black snapper, blackfin snapper,
red snapper and king mackerel. For some of these species, the low catch
in 2011–2017 may be due to either changes in targeting or sampling
error related to the fact that the samples come from a small number of
boat-days sampled. Red snapper, for example, were caught in very large
numbers in late 2008 by two boats; in one case a single boat caught 67
red snappers in one day. It may be that sampling in 2011–2017 never
happened to intercept a vessel targeting red snappers.

Blackfin snapper caught on hook and line in 2004–2010 ha d a low
probability of being overfished and a high probability of experiencing
overfishing. This species is found in depths up to 150m, and spawns
from spring through autumn, but spawning aggregations have not been
documented (Allen, 1985; García-Cagide et al., 1994). The majority of
the fish were caught in November, so the fishery probably was not
targeting spawners although the fish caught were mainly mature. Black
snapper, on the other hand, were primarily caught when immature, and
had a high probability of both experiencing overfishing and being
overfished. Black snapper spawns year-round with peaks in spring and
fall, and is usually found in depths up to 180m (Allen, 1985; García-
Cagide et al., 1994). The catches at Glover’s Reef peaked in November,
so fishers were probably not targeting spawning fish. King mackerel
were mainly caught while mature, with a high fraction of the catch in
the optimal or mega-spawner size range, and this species had a low
probability of experiencing overfishing. For all four of the species
caught in large numbers in the early time period only, the lack of data
on recent catches is problematic, since the size composition may have
changed in the last seven years. For black snapper, particularly, there is
a risk that the fishery continues to target undersized fish.

Finally, the species that were caught only in the recent time period
for hook and line were red hind and bluestriped grunt. These are both
small species, that may have become more important to the fishery as
larger species became harder to find, as shown by the large decline in
mean Lmax in the hook and line catch. Both species had a high prob-
ability of experiencing overfishing from both methods and their prob-
ability of being overfished was low with DT and high with LBSPR. Both
were mainly mature when caught, and both had a large fraction of the
catch in either the optimal or mega-spawner size range (Fig. 4). These
species seem to be less depleted than other species caught by hook and
line based on the Froese indicators. However, they are experiencing
overfishing, which will cause them to become more depleted if fishing
mortality rates are not reduced. They may be more important target
species than they have been in the past, which could cause fishing
pressure to continue to increase.

For the spear gear, the species caught in large numbers in both time
periods were hogfish, schoolmaster and grey angels, along with mutton
snapper (discussed above). For hogfish, there was no significant change
in size between time periods, but the probability of both experiencing
overfishing and being overfished decreased between time periods.
Hogfish have increased in size and density in the replenishment zone
(Tewfik et al., 2017), which may be supporting the overall population

at Glover’s Reef. Schoolmaster had a significant decrease in average
size. The probability of experiencing overfishing remained high, while
the probability of being overfished remained high for the LBSPR
method and somewhat lower for the DT. For grey angels, the average
size decreased significantly. The DT and LBSPR methods disagree on
whether the population is overfished, with the DT finding that the
fishery was selective for small individuals, and not overfished. The
fishing effort with spears has decreased at Glover’s Reef (Belize Fish-
eries, unpublished logbook data). Thus, we would expect that these
species should be increasing in size and less likely to be assessed as
overfished or experiencing overfishing. In this context, the continuing
decrease in size of grey angels and schoolmasters is problematic.

The species caught in large numbers by spear only in the first time
period were black grouper, Nassau grouper, stoplight parrotfish, and
French angel. The two large groupers had a high probability of ex-
periencing overfishing and being overfished and they were also mainly
immature when caught. Both these species form spawning aggrega-
tions, and have a history of being overfished in Belize, including at
spawning aggregations (Burns-Perez and Tewfik, 2015; Sala et al.,
2001). With the smaller sample size in 2011–2017, along with the size
limits that have been imposed for Nassau grouper, it is not surprising
that few individuals were caught (n= 5 Nassau groupers caught and
n=37 black groupers with spears from 2011 to 2017). Both these
species are overfished and at risk for continued overfishing. French
angels, on the other hand, tended to be large when caught, with many
in the optimal size range. Thus, they had a relatively low probability of
experiencing overfishing, although they were considered overfished by
the DT because Popt was quite low. Stoplight parrotfishes are no longer
caught due to the herbivore ban. This ban has been shown to increase
the abundance of large parrotfishes, which includes stoplight parrot-
fish, at Glover’s Reef (Tewfik et al., 2017); however, there is a risk that
the loss of this target species may have increased fishing pressure on
other species including the overfished groupers and angelfish.

Finally, it should be noted that many of the species caught at
Glover’s Reef are important species in the fisheries throughout Belize.
This includes silk, lane, mutton, black and schoolmaster snapper, as
well as red hind and barracuda. All of these species were among the top
14 species by abundance (n=2377) in a survey of fish markets
throughout Belize in 2017 (Tewfik and Burns-Perez, 2017). The Glo-
ver’s Reef fishery also catches species that were once important, but
have been depleted, including Nassau grouper (Sala et al., 2001). Thus,
it is possible that similar changes are occurring in the fisheries in the
rest of the country, and this should be investigated.

4.2. Methods and uncertainties

The largest source of uncertainty remains the values used for the life
history parameters for all these methods. One reason for the slight
differences between our results and the results of Babcock et al. (2013)
is the use of new values of M for this analysis that are somewhat higher
than the previous values (Then et al., 2015). This analysis also allowed
for a greater range in uncertainty in Lopt than Babcock et al. (2013),
because we wanted to admit the uncertainty caused by using growth
and maturity studies from different studies in different regions, which
implied different values of Lopt.

The values of Lm and L∞ are key uncertainties, so it is a priority to
estimate these values for populations in Belize. It is possible, for ex-
ample, that the findings that most king mackerel are mature and most
blackfin snapper are immature are based on incorrect lengths at ma-
turity, if the populations in Belize are different from those where the
published life history parameters were estimated. We used the median
and range of values from Fishbase and the literature to estimate each
parameter and its uncertainty. For highly studied species like mutton
snapper, which has 9 published growth studies, the published estimates
probably bound the range of plausible values for a mutton snapper
population. However, for less studied species such as grey angel, which
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has only one growth study, our estimated range of parameter values
may not include the true value. Also, the confidence intervals are quite
wide for some species. For example, for lane snapper caught with hook
and line, the fraction mature varies from less than 0.4 to nearly 1.0,
because of large range of values used for Lm for this species. Having life
history parameters estimated for the populations in Belize would allow
us to use a smaller range of plausible values. Local estimates would also
ensure that the values of Lm, L∞, K and M are consistent with each
other, which is not necessarily the case when using values taken from
studies of different populations which may have different growth or
maturity schedules. Although there have been many studies on the
expected relationships between life history parameters (Beverton, 1992;
Froese and Binohlan, 2000; Hordyk et al., 2015a; Prince et al., 2015;
Thorson et al., 2017), which can indicate whether assumed values are
consistent, it is difficult to know which values to believe if, for example,
all the published Lm values are lower than would be expected given all
the published L∞ values, because the growth studies are all in one re-
gion and the maturity studies are in another. Thus, life history studies
within Belize are critical.

In the absence of regional life history studies, more could also be
done to evaluate the implications of different assumptions about the life
history parameters. We chose to use the median and range of the
published values of each parameter for each species to bound un-
certainty. Meta-analyses involving data from a larger group of species
could also provide improved estimates for some of the less studied
species, such as the angelfishes (Thorson et al., 2017). Also, the LBSPR
method was designed to work using life history ratios M/K and Lm/L∞,
which are less variable between species, and show consistent patterns
among taxonomic groups (Hordyk et al., 2015a, 2015b; Jardim et al.,
2015; Prince et al., 2015). We did not use the ratios because we wanted
to use published values for the species of interest, and to use consistent
inputs for all the methods, but the ratios are worth exploring.

This analysis identified some interesting similarities and differences
between the commonly-used length-based methods for assessing over-
fishing and overfished status. Estimates of whether the population was
experiencing overfishing (F/M > 1) from the mean length in a fully
selected range ((F/M)ML), versus fitting the whole length frequency
with an estimated logistic selectivity ((F/M)LBSPR) were very consistent.
This is somewhat surprising because one of the reasons for using the
Ehrhardt and Ault (1992) method is to account for the possibility that
larger fish may be present but not caught in the fishery (dome-shaped
selectivity). It would be interesting to allow the LBSPR method to es-
timate a dome shaped selectivity curve to see if the estimated value of
(F/M)LBSPR would differ. However, this would probably require larger
sample sizes, since dome-shaped selectivity patterns are difficult to
estimate from length-frequency data (Hordyk et al., 2016). The con-
sistency between results implies that our finding that most species are
experiencing overfishing is robust to the method used or the selectivity
assumption.

Estimates of whether the population was overfished were somewhat
less consistent between the LBSPR and DT methods for some species,
due in part to their different assumptions about selectivity. The LBSPR
method is more sophisticated about modeling the growth of spawner
biomass in a cohort with variable size at age, combined with the effects
of fishing and natural mortality, but it makes the assumption (in this
implementation) that selectivity is logistic. Thus, it interprets low cat-
ches of larger fish as evidence of overfished status, as in the case of grey
angel. The DT, on the other, is willing to infer that the failure to catch
larger fish is caused by selectivity, rather than overfished status, if the
fraction mature is high. Of course, the question of whether selectivity is
dome-shaped is important for all forms of stock assessment, not just
data-poor methods such as these (Punt et al., 2014). Dome-shaped se-
lectivity implies a pool of larger, older fish that are not vulnerable to
the fishery, so dome-shaped selectivity would make higher fishing
mortality rates sustainable. However, wrongly assuming dome-shaped
selectivity when larger fish actually are vulnerable to the fishery can

lead to over-optimistic estimates of status and the risk of continued
overfishing. Dome shaped selectivity could occur in either the spear or
the line fishery, if larger, older fish are not present in the areas that are
fished. Thus, it is important to verify dome-shaped selectivity, for ex-
ample by using fishery independent data or by evaluating changes over
time in the length-composition of the catch. To be precautionary, it is
probably better to use the LBSPR results rather than DT results if the
selectivity pattern is “small fish only.”

We estimated all indicators of status by combining data into two
time periods, rather than applying the methods to a time series of
length-frequency data. This runs the risk of bias if there have been
changes in fishing mortality rate over time, or if recruitment is variable.
In fact, fishing mortality rates have probably changed over time. Both
(F/M)LBSPR and (F/M)ML can be estimated with time series of length-
frequency data, to estimate annual changes in F/M (Hordyk et al.,
2015b, 2016; Then et al., 2017). However, the sample sizes we have are
not large enough to do this. Thus, we have to assume that our estimates
approximate the average for each time period, but F in any year may be
different. In addition, the length-based methods all assume that any
change in the length frequency is caused by fishing; an increase in small
fish caused by strong recruitment would be misinterpreted as a higher
probability of overfishing or overfished status. Gathering larger length
datasets in each year would also make it easier to identify strong re-
cruitment years to avoid this bias. Large samples would also make it
possible to use length-based control rules to manage the fishery, for
example by limiting catches when the mean length of a species falls
below some agreed upon reference point, perhaps in addition to other
sources of information (Jardim et al., 2015; McDonald et al., 2017).

4.3. Conclusion

Some of the species caught in the Glover’s Reef fishery are caught
when they are quite small, implying that their fisheries have a history of
overfishing and are not likely to be sustainable without reducing fishing
pressure. These include black grouper, Nassau grouper, mutton snapper
and black snapper. For most of the species that dominate both the spear
and hook and line catches at Glover’s Reef, the fish are caught when
they are mature, but small relative to the size that would optimize yield.
In addition, the average size of fish caught with both gears has de-
creased over time, as has the size of several of the important species in
the fishery, including silk snapper, barracuda, schoolmaster and grey
angel. Thus, reducing the catch on small, immature fish is likely to
increase yields and improve the sustainability of the fishery for both
gears. Species that are targeted while they form spawning aggregations,
such as black grouper, Nassau grouper, mutton snapper for at least
some of the catch, and perhaps some of the deepwater snappers, are
particularly at risk of overfishing due to the potential for fishers to
rapidly remove a large fraction of the spawning population (Sadovy and
Domeier, 2005). Thus, further research on the timing and location of
additional spawning aggregation sites is necessary in order to protect
these aggregations from excessive fishing (Burns-Perez and Tewfik,
2015). In addition, and despite a number of uncertainties and data
limitations, fishing mortality rates should be reduced for most species
examined here to maintain long-term stability of livelihoods, food se-
curity and broader ecosystem services. On a more positive note, mutton
snapper had a somewhat lower risk of overfishing in 2011–2017 than in
2004–2010, and stoplight parrotfish are no longer caught in the fishery.
Thus, current regulations, including the no-take zone since 1993,
(Tewfik et al., 2017), gear restrictions, license limitation, and in the
case of parrotfish, the herbivore ban, appear to be having a positive
effect on these two species. However, many other species were subject
to unsustainable levels of fishing, and, according to the Froese in-
dicators, some would benefit from size limits to protect immature in-
dividuals.
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