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Abstract

Melanesian countries have made recent progress in developing sea cucumber fishery management systems including tools such as
species-specific minimum legal size limits. Despite a consensus among the scientific community that size limits are a vital man-
agement tool, decision-makers, fishers and traders might not fully appreciate the benefits of minimum size limits. Consequently,
compliance and enforcement is often weak. It is relatively clear that any increase in the length of time sea cucumbers are allowed
to grow increases the chances of reproductive success and prolongs their beneficial impacts on the ecosystem; however, the eco-
nomic benefits of doing so are not so straightforward. This study modelled the economic benefits of imposing and strictly enforc-
ing science-based minimum size limits in sea cucumber fisheries. Four high-value species Thelenota ananas, Holothuria scabra,
H. fuscogilva, H. whitmaei were investigated, using size limits that have been recently agreed upon by the Melanesian Spearhead
Group (MSG), and size distribution samples from recent export data from Fiji and Vanuatu. Our analysis found that if minimum
legal size limits were enforced, the entire long-term harvest of some species could increase by up to 97% and generate up to 144%
more revenue. In other words, fishers and governments lose significant revenue by not strictly enforcing size limits. This economic

loss reinforces the importance of enforcing strict science-based size limits in sea cucumber fisheries.

Introduction

Many coastal and island communities of Pacific Island
countries and territories (PICTs) have generated consider-
able income from sea cucumber fisheries over the last two
centuries ( Turbet 1942; Russell 1970; Ward 1972). The sea
cucumber fisheries of Melanesian Spearhead Group (MSG)
countries (Papua New Guinea, Solomon Islands, Vanuatu,
New Caledonia and Fiji) have traditionally supplied the
majority of exports from the Pacific Islands region (Govan
2018). Furthermore, Melanesia’s sea cucumber fishery is
reputedly the second-most valuable export fishery in that
region, after tuna (Pakoa et al. 2013; Léopold 2016; Govan
et al. 2018). The animals are almost exclusively exported in
the processed form known as beche-de-mer (BdM).

Growing demand from Asian markets, particularly China,
has fuelled a rapid expansion of sea cucumber fisheries
throughout the region in recent decades (Purcell et al. 2013;
Eriksson et al. 2015). However, development and adapta-
tion of management systems of these fisheries have been out-
paced by the rate of exploitation. Consequently, most, if not
all, sea cucumber stocks of PICTs have been overexploited
(Catleton et al. 2013; Purcell et al. 2014). In response to
population collapses caused by overfishing, many PICTs
have imposed moratoria to allow stocks to recover that are
alternated with short fishing seasons. Although some form

of periodic exploitation cycle has characterised the fish-
ery since it began in the early 1800s (Kinch et al. 2008),
recently, the loss of production caused by over-exploitation
has been equated with substantial economic loss to fishers
and national export tariffs (Carleton et al. 2013).

Over the last five years, Melanesian countries have made
progress on developing sea cucumber fishery management
systems (Govan 2018). Their management plans - along
with the improvements in staffing and/or technical capac-
ity, which are evident in fisheries agencies — provide the
basis for improving the sustainability of the fisheries and
increasing revenue for fishers and national coffers.

As part of these management systems, three Melanesian
countries (Papua New Guinea, Solomon Islands and Vanu-
atu) recently introduced national sea cucumber fishery
management plans (Govan 2018). However, the enforce-
ment of the two main management tools, i.c. catch quotas
and minimum legal size limits, has been extremely poor
(Govan 2018). When exports have been sampled, a con-
siderable proportion of the animals were found to be under
the minimum legal size. For example, in Vanuatu, Léopold
(2016) found that 83% of BAM exports in 2015-2016 were
under the national legal size limit. In Fiji, 31% of exports
were found to be below the current minimum legal dry size

limit (Tabunakawai-Vakalalabure et al. 2017). If the best
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available size-at-maturity data from countries in the region
(Papua New Guinea, Solomon Islands, New Caledonia and
Australia) calculated by Tabunakawai-Vakalalabure et al.
(2017) are used then 67% of Fiji’s exports would be imma-
ture specimens.

Minimum size limits (MSLs) provide a powerful and rela-
tively easy tool for managing sea cucumber fisheries (Fried-
man et al. 2008; Purcell 2010). MSLs set that are well above
the estimated size-at-maturity can ensure that animals are
able to reproduce before entering the fishery — improving
the fishery’s sustainability, and possibly increasing revenue
as well (Pakoa et al. 2013; Léopold 2016; Purcell et al.
2018). Furthermore, sea cucumbers fulfil important ecosys-
tem functions (Purcell et al. 2016a; Lee et al. 2017). Allow-
ing these animals to reach MSL means they perform their
ecosystem roles for a longer period of time. MSG countries
recently agreed that common MSLs should be implemented
in future management plans (Govan et al. 2018) based on
those proposed by Tabunakawai-Vakalalabure et al. (2017).

Although MSG countries have made some progress towards
managing their sea cucumber fisheries, gaining political
and public support for fishery management interventions
remains a challenge. If enforcing science-based MSLs could
increase revenue from the fishery it should provide a strong
impetus for the political will to enforce these measures and
improve the likelihood of public compliance. It could also
provide the opportunity to recover enforcement costs. The
purpose of this study was to estimate the potential changes
in stock biomass and revenue for four species of harvested
sea cucumber (Thelenota ananas; Holothuria scabra; Holo-
thuria fuscogilva; Holothuria whitmaei) if MSLs were
enforced, and compare the resulting revenue and biomass to
actual exports.

Modelling methods

Full details of the modelling methods are provided in
Annex 1. Biological parameters to estimate growth of the
animals to a given size were based on the best conservative
estimates from published studies.

Essentially the model did three things:

1. Calculated the time it takes for a sea cucumber to grow
to MSL

2. Calculated the number of animals that would survive
during the time taken to grow to MSL

3. Calculated the biomass and value (yield) of the surviv-
ing animals (survivors) that have reached MSL

The yield of survivors, and the yield of the animals already
>MSL were added together to determine the yield of the
entire harvest if MSLs were enforced. This was then com-
pared with the estimated yield of the current situation in
which MSLs are inadequately enforced - i.e. the length-
frequency of BAM reported in Tabunakawai-Vakalalabure
etal. (2017) and Léopold (2016).

The authors note that the modelling method used in this
paper has been simplified and restricted to only four spe-
cies, which is due to the scarcity of available data. As new
and reliable data become available, this work should be built
upon and refined. Similar research is encouraged, since
investigating economic returns brought about by fisheries
management tools/schemes can provide tangible results
that are useful for policy makers.

Results

Table 1 summarises the undersized portion of samples
reported by Tabunakawai-Vakalalabure et al. (2017) and
Léopold (2016) for Fiji and Vanuatu, respectively, using the
MSG-agreed MSLs. Figure 1 illustrates the differences in
biomass and revenue of the entire harvest between the cur-
rent situation in which MSLs are inadequately enforced and
if MSLs were adequately enforced.

If MSLs were enforced, the biomass from the entire harvest of
the four species would have been between 8-69% greater for
Fiji, and 1-97% greater for Vanuatu. Likewise, revenue from
the entire harvest of the four species would have been between
12-111% greater for Fiji, and 2—144% greater for Vanuatu.

Table 1. Portion of the sample reported by Tabunakawai-Vakalalabure et al. (2017) and Léopold (2016) - Fiji and Vanuatuy,
respectively — that were undersized compared to agreed MSG minimum size limits (Govan et al. 2018).

Species Dry size Percentage of sample undersized
limit
Fiji Vanuatu
Thelenota ananas (prickly redfish) 15¢cm 39% 72%
Holothuria scabra (sandfish) 10 cm 93 % 25%
H. fuscogilva (white teatfish) 15¢cm 45 % 30%
H. whitmaei (black teatfish) 15cm n.a. 94 %
Mean: 57 %
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Figure 1. Difference in biomass (a) and revenue (b) of the entire BdM harvest if MSG MSLs were applied and enforced compared to the
current practice. Expressed as a percentage of the biomass and revenue from the entire sample reported in Tabunakawai-Vakalalabure et

al. (2017) and Léopold (2016).

Discussion

If all four species had been harvested at their respective
MSLs, immediate landings of small sea cucumbers would
have stopped, which represents approximately 57% of the
entire harvest (Table 1). However, if these undersized ani-
mals had been left in the sea longer to grow to MSL before
being harvested, some would have been lost to natural mor-
tality, but the surviving cohort would have gained up to 91%
more biomass and consequently become worth up to 144%
more (Figure 1). For all species tested, the results represent
a greater yield in terms of biomass and value from the entire
harvest than the returns of the current practice.

The improved yield is the product of two factors:
1) increased biomass due to growth outweighing the bio-
mass loss through natural mortality had the animals been
left longer in the sea, and 2) the general trend of larger sea
cucumbers commanding higher prices (Purcell 2014; Pur-
cell et al. 2018).

While this study looked at size limits as one management
measure, decision-makers should also be aware that fish-
eries will need other regulations and better enforcement
in order to become sustainable. Several fishery research-
ers have concluded that sea cucumber fisheries should also
be regulated by short fishing seasons and/or limiting the
number of fisher licences, shortlists of permissible species
(rather than bans on certain species), and bans on the use
of underwater breathing apparatus (UBA). In the case of
size limits, better enforcement should entail more frequent
inspections of sea cucumbers at processing and export sta-
tions, and strict penalties.

For the four species investigated, countries could expect
more sustained export volumes of higher-value speci-
mens, and higher economic returns from their respective
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The price per kilo of these undersized beches-de-mer would have
more than doubled if they had been left long enough in the sea to
reach their size-at-maturity (image: lan Bertram).

sea cucumber fisheries if science-based MLSs are adopted and
enforced. Currently, all of the MSG sea cucumber fisheries have
followed a process of opening the fishery then closing by mora-
torium. For fisheries currently under a moratorium, there are
unlikely to be any shortfalls in landings from imposing the rec-
ommended minimum size limits if the fisheries re-open with the
new size limits in place. This will require a public awareness cam-
paign to ensure that fishers are aware of new size limits and the
incentives of leaving undersized sea cucumbers to grow to a legal
market size, as well as restricting legal market outlets for under-
sized sea cucumber products.

These findings support the MSG’s recent adoption of more strin-
gent MSLs, and suggest that the enforcement of these MSLs are
not only beneficial but costs could be recovered if a proportion
of the increased value can be captured (e.g. through taxes). Fur-
thermore, these economic benefits do not take into account the
increased reproductive capacity afforded by only harvesting adults
of the population that have had an opportunity to spawn or the
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ecological benefits of leaving animals to perform their eco-
system function for an increased period of time (Purcell et
al. 2016a; Lee et al. 2017).
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Annex 1. The model

Four species were studied: Thelenota ananas, Holothuria
scabra, Holothuria fuscogilva, and Holothuria whitmaei.
These were selected as they are commercially harvested for

the beche-de-mer (BdM) trade and have sufficient life-his-
tory data available for modelling.

Total sea cucumber biomass change is dependent on growth
(K) and natural mortality (M). The model presented does not
consider migration as studies have shown that sea cuacumbers
are mobile within a limited range (e.g. Purcell et al. 2016).
Under the enforced MSL situation, fishing mortality (F) for
animals below minimum legal size (MSL) is zero (F = 0) as
is their exploitation rate (E = 0)' and for animals >MSL all
mortality is due to fishing and £ = 1; i.e. all animals <MSL
are not fished or exploited and all animals >MSL are captured
as it is probable that fishers would hardly ever leave any acces-
sible specimens >MSL unharvested.

Two sets of values for K and M are used:
o Deep water: K=0.09 and M = 0.125
o Shallow water: K=0.18 and M = 0.25

Deep water values were based on recent studies (e.g. Uthicke
et al. 2002, 2004; and Purcell et al. 2016) and discussions
(S. Uthicke and S. Purcell pers. comm.). Shallow water val-
ues were calculated by doubling the deep water values. Deep
water values result in slow growth and low natural mortal-
ity; shallow water values result in a faster growth rate but
higher natural mortality.

Recent research suggests that many species of sea cucumbers
are slower growing, longer lived, and have lower rates of nat-
ural mortality than previous research has indicated (Purcell
etal. 2015). As such this study assumed a slower growth and
lower natural mortality for all species compared with previ-
ous work (e.g. Plagdnyi et al. 2015). This is particularly true
for species that inhabit deeper sections of reefs such as slopes
and channels. Deep water values are applied to 1. ananas,
H. fisscogilva, and H. whitmaei as they inhabit such environ-
ments. Shallow water values are applied to H. scabra as this
species predominantly inhabits shallow waters and is known
to be relatively fast growing (Hamel et al. 2001).

While the parameter values used in this study are based on
the best available information they are likely to vary spa-
tially, temporally, and for different species. This issue could
be addressed by using a range of values for each species as a
sensitivity analysis. As preliminary results of this sensitivity
analysis showed no large changes, we have omitted it in this
version for simplicity.

1

Exploitation rate (£) = Fishing mortality (¥) / Total mortality (2)

The instantaneous rate of change (4) is calculated for every
species. This was done by inserting length-at-maturity and
age-at-maturity data into the equation and changing the
value of 4 until the equation agreed with length-at maturity
and age-at-maturity data. Length-at-maturity and age-at-
maturity data were chosen as the MSLs used were based on
length-at-maturity (Tabunakawai-Vakalalabure et al. 2017,
Govan et al. 2018). The values of K, M, and b, and other
information used in the model are provided in Table A1.

Spreadsheet procedure (see Table A2)

1. Dry length is taken as the mid-point of the respective
size class

2. Dry length is converted into live length by dividing [1]
by the length retention rate (Table A1)

3. Live length is converted to live weight using the respec-

tive length-weight relationship (Table A1)

4. Number of animals of each dry length/live length

inserted here.

5. Growth required to reach MSL is calculated by sub-
tracting the live length [2] from MSL

6. As growth rate is often rapid in the early life stages of
an animal and gradually reduces as that animal ages a
negative exponential relationship was used to determine
the time (years) taken for an animal to grow to MSL.
The equation below reduces K at a rate of 4 for the dura-
tion it takes to reach a length of [5]. Once the specimen
reaches MSL it is presumably taken by fishers therefore
growth is no longer a consideration - i.c. fishing mortal-
ity (F) of a specimen >MSL = 100%. Time (years) taken
to reach MSL is given as:

[S1/(K?)

Similarly, natural mortality (M) is reduced as an animal
grows, and the equation below reduces M for a duration
of [6]. This mortality rate is subtracted from one (1)
to determine the survival rate. The overall effect is an
increase in the survival rate as an animal ages. As it is
assumed that F of specimens >MSL is 100%, M is only
applied for the duration that the animal is <MSL. Sur-
vival rate is calculated as:
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10. Value® of the sample is calculated by applying the length-
value relationship (Table Al) to the respective length
[2] then multiplying this value by the weight of the
sample [9], providing the total value of animals of that
particular length. If the animal’s length is below the data
range provided by Purcell (2014), the minimum price
point is used; if the animal’s length was greater than the

7. Survival rate is applied to size-frequency data from
sampling:

[7]x[4]
8. Weight of all animals at each size is determined:

[8]x[3]

data range, the maximum price point is used (Table A1).

9. The weight of survivors ac MSL is caleulated by muld- 11. The value of survivors at MSL is calculated by multi-
plying the weight of the undersized portion of the sur-
viving sample [10] by the value of an animal at MSL
(Table A1). This is added to the value of animals from
sampling that were >MSL [11]. Such that:

plying the number of survivors by the weight of an ani-
mal at MSL (Table A1):

[8]x Weight ar MLS

([10]x Value at MLS)+[11], ¢

Table A1. Summary of parameters and additional inputs used in the model. MSLs are the minimum size limits agreed upon by MSG
countries (Govan et al. 2018). Minimum and maximum price points are based on the minimum and maximum range of
length data used by Purcell (2014) to produce the respective length-weight relationships.

Parameters T.ananas H. scabra H. fuscogilva H. whitmaei

K (growth constant) (y) 0.09 0.18 0.09 0.09

M (natural mortality)(y™) 0.125 0.25 0.125 0.125

b (instantaneous rate of 0.837 1.175 0.837 0.777

change)

Size-at-maturity (cm)? 30 15 32 26

Age-at-maturity (y)? 4 2 4 4

Length retention rate’ 0.375 0.400 0429 0.500

Length-weight relationship ‘Log W= W=0.1878 LA 25807 *“W=00011*LA2407  °W=0.9345*A1.927
-6.674+2.36*Log(L*10)

Length-value relationship’ V'=143.0175+ V'=63.0807/ V=1/(048375+ V=-195.06 +
(-10685648.95%exp(-L)) (1+(-0.0771*L)) (-0.052125%L) - 95.6813*LA5

(-0.0017185*LA2))

MSL (live, cm) 40 25 35 30

MSL (dry, cm) 15 10 15 15

Value at MSL (dry, USD kg™) 140.65 27546 169.42 175.51

Weight at MSL (live, kg) 1.932 0491 3.768 0.992

Min. price point (USD kg™) 3567 102.65 4527 39.00

Max. price point (USD kg™) 143.92 556.51 107.81 227.18

? Taken from Table S1. Plagényi ct al. (2015)

3 Calculated by dividing the MSG agreed dry MSL by the live MSL

* Conand (1989)

> Leeetal. (in press)

¢ Prescott et al. (2015)

7 Purcell (2014)

8 Ttis acknowledged that the length-value relationships used in this study (Table A1) apply to BAM therefore steps [11] and [12] should first convert
weight into dry weight; however, as we are only interested in percentage changes and not the actual monetary value, converting back into dry (BdM)

wcight is unnecessary.
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Table A2.  H.fuscogilva, Fiji export sample. MSL = 15 cm (dry)/35 cm (live). Life-history parameters used: K= 0.09, M = 0.125,

9

b=0837
(1] (2] (3] [4] (5] (6] (71 (8] 9l [10] (1]
Dry length Live Live Number Growth Time % of Number Total Total Value of
(cm) length weight observed neededto  takento sample ofanimals  weight of  weight of sample
(cm) (kg) reach MSL  reach MSL that will that will sample survivors exported
(cm) y) reach MSL  reach MSL (live, kg) at MSL (USD)
(survivors) (live, kg)
4.5 8.8 0315 0 24.5 3.26 47% 0 0.00 0.00 0.00
55 108 0511 0 221 295 51% 0 0.00 0.00 0.00
6.5 12.7 0.763 14 19.8 264 55% 8 10.69 43.60 483.83
7.5 14.7 1.077 32 17.5 2.33 59% 19 34.47 107.95 1560.63
85 16.7 1.456 32 15.2 202 64% 21 46.59 117.56 240249
9.5 18.6 1.903 30 12.8 1.71 70% 21 57.09 120.66 377543
10.5 20.6 2421 17 105 1.40 77% 13 41.16 75.19 3433.02
) 225 3.014 0 82 1.09 85% 0 0.00 0.00 0.00
12.5 24.5 3.684 15 58 0.78 93% 14 55.26 79.82 6859.44
135 265 4434 36 35 047 99% 36 159.62 203.32 23106.08
145 284 5.266 49 1.2 0.16 100% 49 258.03 279.97 4192048
155 304 6.183 43 -1.2 0.00 100% 43 265.87 245.69 46468.69
16.5 324 7.187 22 -35 0.00 100% 22 158.12 125.70 28497.34
17.5 343 8.281 20 -5.8 0.00 100% 20 165.61 114.27 29617.88
185 36.3 9.466 27 -82 0.00 100% 27 25557 154.27 4394377
195 382 10.744 26 -10.5 0.00 100% 26 27935 148.56 45104.78
205 40.2 12.119 30 -12.8 0.00 100% 30 363.56 17141 5424861
215 42.2 13.591 9 -15.2 0.00 100% 9 122.32 5142 16703.81
225 44.1 15.163 22 -17.5 0.00 100% 22 333.58 125.70 41483.03
235 46.1 16.836 24 -19.8 0.00 100% 24 404.05 137.13 45682.39
24.5 480 18612 32 -22.1 0.00 100% 32 595.58 182.84 64209.57
255 50.0 20.493 20 -24.5 0.00 100% 20 409.86 114.27 4418748
265 520 22481 0 -20.5 0.00 100% 0 0.00 0.00 0.00
[12] Total weight of sample in current situation? (kg) 4016
Total weight if MSL enforced (kg) 4382 9% increase
Total value of sample in current situation (USD) 543689
Total value if MSL enforced (USD) 634322 17% increase

MSLs are inadequately enforced i.c. the length-frequency of BAM reported in Tabunakawai-Vakalalabure et al. (2017) and Léopold (2016)
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Once processed and dried, these juvenile sea
cucumbers will weigh a few grams, and be worth
almost nothing on Asian markets that favour large
specimens (image: Antoine Teitelbaum).




