






70

x$
Ye

ar

x$Catch

01000200030004000

●
●
●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

R
ep

ub
lic

 o
f K

or
ea

x$
Ye

ar

x$Catch

020040060080010001200

●
●

●
●
●

●
●
●
●
●
●
●
●
●
●

●

●
●
●

●
●

●

●

●

●

●

M
al

ay
si

a

x$
Ye

ar

x$Catch

050010001500

●
●
●
●
●
●

●

●

●
●

●
●
●

●
●
●
●
●
●
●
●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

Ta
nz

an
ia

x$
Ye

ar

x$Catch

050010001500

●
●

●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●
●
●

●
●
●

M
ad

ag
as

ca
r

x$
Ye

ar

x$Catch

050100150200250

●

●

●

●

●
●
●

●

●

●

●

●
●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●
Sr

i L
an

ka

x$
Ye

ar

x$Catch

05001000150020002500

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●
●
●
●

N
ew

 C
al

ed
on

ia

x$
Ye

ar

x$Catch

050010001500

●
●
●
●
●
●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

Fi
ji

x$
Ye

ar

x$Catch

01000200030004000

●
●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●
●

●
●

Ph
ilip

pi
ne

s

x$
Ye

ar

x$Catch

0100200300400

●
●

●
●
●

●

●
●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

U
S 
− 

C
al

ifo
rn

ia

x$
Ye

ar

x$Catch

0500100015002000

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●
●
●
●
●
●
●

●

●

●

●

●

●
●

U
S 
− 

W
as

hi
ng

to
n 

St
at

e

x$
Ye

ar

x$Catch

01000200030004000

●
●
●
●
●
●
●
●
●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

In
do

ne
si

a

x$
Ye

ar

x$Catch

0200400600

●
●
●
●
●

●
●
●

●

●

●
●
●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●
●
●
●
●

So
lo

m
on

 Is
la

nd
s

x$
Ye

ar

x$Catch

19
50

19
70

19
90

0500100015002000

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●
●

19
50

19
70

19
90

Pa
pu

a 
N

ew
 G

ui
ne

a

x$
Ye

ar

x$Catch

19
50

19
70

19
90

02004006008001000

●
●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●
●

19
50

19
70

19
90

U
S 
− 

Al
as

ka

x$
Ye

ar

x$Catch

19
50

19
70

19
90

0100200300

●

●
●

●

●

●

●

●

●

●

●

●

●
●

19
50

19
70

19
90

Au
st

ra
lia

x$
Ye

ar

x$Catch

19
50

19
70

19
90

0200400600
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

19
50

19
70

19
90

M
al

di
ve

s

x$
Ye

ar

x$Catch

19
50

19
70

19
90

0100200300400500

●

●

●

●

●

●

●

19
50

19
70

19
90

M
ex

ic
o

x$
Ye

ar

x$Catch

19
50

19
70

19
90

0500100015002000

●

●

●

●

●

19
50

19
70

19
90

Eg
yp

t

Ye
ar

Catch (t)

F
ig
u
re

3.
4:

S
ym

m
et
ri
c
ad

d
it
iv
e
m
od

el
fi
ts

to
se
a
cu
cu
m
b
er

ca
tc
h
es

by
co
u
nt
ry
.
L
in
es

re
p
re
se
nt

ad
d
it
iv
e
m
od

el
p
re
-

d
ic
ti
on

s
b
as
ed

on
a
si
n
gl
e
ad

d
it
iv
e
m
od

el
(w

it
h
co
u
nt
ry

as
a
p
ar
am

et
ri
c
te
rm

)
co
m
p
ar
in
g
sc
al
ed

ca
tc
h
to

ab
so
lu
te

ye
ar
s
b
ef
or
e
or

af
te
r
p
ea
k
ca
tc
h
.
S
h
ad

ed
re
gi
on

s
re
p
re
se
nt

tw
o
st
an

d
ar
d
er
ro
rs

ab
ov
e
an

d
b
el
ow

th
e
p
re
d
ic
te
d
va
lu
es
.

C
ou

nt
ri
es

ar
e
or
d
er
ed

by
as
ce
n
d
in
g
ye
ar

of
p
ea
k
ca
tc
h
.



71

3.3.3 Drivers of Sea Cucumber Fisheries

In 2006, Hong Kong was responsible for 58% of global sea cucumber imports by

volume (Figure 3.5). The majority of the remaining catch was imported by nearby

Asian countries. Of the imports from 1950–2004, the time frame evaluated in this

study, 64% were imported by Hong Kong (Chapter 2, Table 2.S-1). According to

the FAO trade statistics, the largest exporter of sea cucumbers by volume was the

Philippines (Figure 3.5). Overall, there were 2.3 times more imports reported than

exports. Even just in Hong Kong, there were 1.3 times more imports reported than

all global exports combined.

Global sea cucumber catch, including all reported catches in the Sea Around Us

Project database, generally increased from 1950 to 1997 by five times in volume, and

then fluctuated on the order of ∼12000 t in reported catches since (Figure 3.6A).

The annual rate of change of the log of Chinese GDP fell sharply in the early 1960s

and has generally been positive since reaching a maximum rate of change in the early

1990s (Figure 3.6B).

Correlating the two time series at various lags (so that GDP led catch), there

was the greatest evidence of correlation at a two year lag: least squares regression

accounting for autocorrelation, r = 0.59 (0.34, 0.84)6; robust regression, r = 0.62

(0.38, 0.85) (Figure 3.6C, D). Accounting for autocorrelation, the effective degrees

of freedom decreased from a range of 44–50 to ∼13–14 over the various lags.

3.3.4 Rate of Development

Our time to peak analysis revealed that fisheries tended to reach their peak catch

more rapidly over time: robust regression, r = -0.73 (-1.0, -0.4) (Figure 3.7A). Based

6Throughout this chapter, numbers in brackets indicate 95% confidence intervals.



72

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

Sri Lanka 182
Solomon Islands 185

Maldives 194
Papua New Guinea 218

Malaysia 268

Philippines 1283

906 Taiwan
1044 China
1110 South Korea

4627 Hong Kong

Im
po

rts
 (t

)

Ex
po

rts
 (t

)

Figure 3.5: Bump chart of sea cucumber exports and imports by volume in 2006.
Countries labeled on the left (grey text and lines) exported a greater volume than
they imported. Countries labeled on the right (black text and lines) imported a
greater volume than they export. Numbers beside country labels show export or
import volume in tonnes. Only countries with greater than 150 t of imports or
exports are shown.
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on the regression, and assuming the errors are normally distributed on the exponen-

tial scale, the predicted time to peak catch decreased from 34 (19–61) years in 1960

to 6 (4–9) years in 1990.

3.3.5 Distance from Asia

Since 1950, sea cucumber fisheries tended to develop further and further away (ex-

ponentially) from their main Asian market: robust regression, r = 0.56 (0.28, 0.95)

(Figure 3.7B). Sea cucumbers have been fished and traded in Japan since at least

the 16th century (Akamine 2004). In the 1950s, most sea cucumber fisheries oc-

curred in the Indo-Pacific yet by the 1990s sea cucumber fisheries spanned the globe

(Figure 3.7C).

3.3.6 Sensitivity Analyses

Our overall conclusions about the typical trajectory, time to peak catch, and distance

from the Asian market were robust to our choice of catch volume cutoff (see Methods)

and the aggregating of United States regions and Canadian regions by country.

3.3.7 Localized Status, Depletion, and Management

As of their last published reports (see Table 3.1), 69% of sea cucumber fisheries

were noted as being overexploited and 81% as having declined in abundance due to

overfishing (Figure 3.8). Extinction or extirpation of at least one species was noted

in Egypt, Indonesia, and Malaysia.7

7See Table 3.1 for references for all examples in Section 3.3.7 unless otherwise specified.
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Figure 3.6: Trends of global sea cucumber catch volume (A) and the rate of change
of Chinese GDP (B). (C) Correlation coefficients shifting catch at lags of 0–6 years
with GDP leading catch. Open dots and grey lines represent correlation coefficients
and 95% confidence intervals using ordinary least squares regression and adjusting
the degrees of freedom to account for autocorrelation. Solid dots and lines repre-
sent correlation coefficients and bootstrapped 95% confidence intervals using robust
regression but not accounting for autocorrelation. (D) Correlation of sea cucumber
catch (lagged by two years) and rate of change of Chinese GDP. Dots represent
individual years; black and grey lines represent robust and ordinary least squares
regressions respectively with the correlation coefficients shown at the two year lag in
C.
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Figure 3.7: (A) Time for sea cucumber fisheries to reach a peak or long-term plateau
in catch vs. the year they began (when catch surpassed 10% of its smoothed maxi-
mum). (B) Great circle distance between Hong Kong and the most populated cities
of countries or regions fishing sea cucumbers vs. the year that the fisheries began.
Lines in A and B represent robust regressions fit on log-transformed response data
and shaded regions indicate two standard errors above and below the fit; r = -0.73
(-1.0, -0.4) and r = 0.56 (0.28, 0.95) respectively. (C) Map of global sea cucumber
catch as exported to Hong Kong. Lines indicate great circle arc between the cities
with the largest population in each country or region and Hong Kong. Colour reflects
the starting year of the fishery.
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Figure 3.8: Cleveland dot plot of frequency that local issues related to sea cucumber
fisheries were documented in the literature. Issues evaluated were (from top to bot-
tom) status: evidence of current overexploitation, a decline in abundance or biomass
of the population; serial exploitation: evidence of spatial fisheries expansion, expan-
sion from high-value to low-value species, and size depletion; regulation: evidence of
illegal fishing and a lack of management. The number of occurrences compared to
the number of fisheries in which that issue was relevant are indicated on the right.

Serial exploitation was found in three different ways. First, spatial expansion was

described for 51% of the fisheries. Commonly, in the tropical fisheries (for example,

the Maldives, Philippines, and Sri Lanka), harvesting started as hand gathering near

shore. As stocks became depleted fishers moved further offshore using snorkelling,

SCUBA diving, and sometimes dragging gear.

Second, expansion from high- to lower-value species was noted in 76% of those

fisheries with more than one species available to harvest commercially. For example

in Malaysia and Madagascar, harvesting transitioned from fisheries focused on har-

vesting low volumes of high-value species (e.g. sandfish: Holothuria scabra and black

and white teatfish: Holothuria nobilis and Holothuria fuscogilva) to harvesting high

volumes of low-value species (e.g. “edible” or “burnt hotdog”: Holothuria edulis and
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“patola”: Holothuria leucospilota) as the high-value species became depleted. Third,

a reduction in the typical size of sea cucumbers harvested was noted in 35% of re-

gions. For example, on the Great Barrier Reef the average weight of sea cucumbers

in harvested zones was ∼ 20% lower than in unfished zones (Uthicke and Benzie

2000). In the Galápagos, the mean fished size decreased from 24.5 to 22.5 cm from

only 1999 to 2002 (Shepherd et al. 2004).

IUU catches were considered a substantial impediment to management or conser-

vation of sea cucumber populations in 51% of fisheries. In regions such as Indonesia

and the Philippines, illegal or unreported fishing is thought to greatly exceed the

catches from legal fishing. Reported catch is estimated to be only 25% of actual

catch in Indonesia (Tuwo 2004).

Regulations (as described in the Methods) were absent in 38% of fisheries. Coun-

tries such as Egypt transitioned directly from an open fishery to a complete ban

on fishing. Others, such as Sri Lanka, have licenses but no restrictions on license

numbers, regulation of quotas, or catch limits. In contrast, some fisheries, such as

the one in British Columbia (Canada) initially followed a boom-and-bust pattern

but tighter regulations on quotas, rotational harvesting, and adaptive management

allowed stocks to recover (Hand et al. 2008).

3.4 Discussion

Here we provide the first quantitative synthesis of the spatial and temporal patterns

of sea cucumber fisheries worldwide. Overall, global catch and value of sea cucumber

fisheries has strongly increased over the past 2-3 decades. Yet, we found that many

individual sea cucumber fisheries followed a typical trajectory with a rapid increase,

short peak and in most cases a substantial downward trend after peaking suggesting
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a boom-and-bust pattern. Also, since 1950, sea cucumber fisheries have developed

exponentially further away from their main market in Hong Kong and have developed

faster over time. When we reviewed fisheries on a local scale we identified consistent

evidence of patterns of serial exploitation. In particular, we found evidence for the

expansion over space and from high- to low-value species for a majority of fisheries

but also a decrease in size for about a third of the fisheries investigated. Finally,

the majority of sea cucumber fisheries are not regulated, and in over two-thirds of

cases, local records indicate current concerns about overexploitation and population

declines. Because sea cucumbers are of high ecological and increasing social and

economic importance, our results highlight the urgent need for better monitoring,

assessment and regulation of their fisheries.

3.4.1 Data Quality

Throughout our analysis we encountered problems with the quality, quantity, avail-

ability, and consistency of data related to sea cucumber fisheries. Reasons for these

inaccuracies are manifold. First, as noted by Choo (2008a), sea cucumber catches

often tend to be low in volume compared to other fisheries and so national govern-

ments often pay little attention. For example, Malaysia stopped recording catches

after the fishery started to decline in 1993 (Choo 2008a).

Second, some countries report catches in wet weight and some in dry weight

(Conand 2004) but there is uncertainty about which countries do which. For example,

Choo (2008a) noted that southeast Asian catches were severely underestimated, and

questioned whether some or all of their catches may be reported in dry weight instead

of wet weight.

Third, there is often great pressure to under-report catches and exports, typically

for tax evasion purposes (Clarke 2004; Choo 2008a). Global reported imports are
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more than double reported exports (Figure 3.5). Fortunately, there is less incentive

to misreport imports of sea cucumber into Hong Kong, making these imports more

reliable, although still imperfect indicators of fishery trends (Clarke 2004). Based

on import data from Hong Kong, Toral-Granda (2008a) determined that there were

substantial IUU catches from Latin America. Baine (2004) reviewed international

trade of sea cucumbers and found reports of discrepancies in sea cucumber catch

reports compared to export statistics for many countries, citing Indonesia, Papua

New Guinea, Mozambique, and the Solomon Islands as examples. We note that

Indonesia has not reported sea cucumber exports since 1989 in the FAO data shown

in Figure 3.5 despite the fact that the fishery has continued in substantial quantity

(see Figure 3.2 and Tuwo 2004)

Fourth, countries often report sea cucumber catch and exports under combined

categories. For example, China reported sea cucumbers as “other” until 2001 (Choo

2008a). Canada reports sea cucumbers as “benthic invertebrates” to FAO (Hamel

and Mercier 2008). Malaysia combines dried and salted sea cucumber exports into

one category, making it difficult to determine trends in their volume (Baine 2004).

Further, sea cucumbers traded in other industries, such as the cosmetic and aquarium

trade, are often not recorded (Choo 2008a).

Without even basic catch data, let alone consistently reported fisheries indepen-

dent data, assessing the status of sea cucumber fisheries around the world is chal-

lenging. Because of their increasing value and propensity to follow boom-and-bust

patterns (Figures 3.3, 3.8), consistent and publicly accessible data to evaluate their

status would be of great value. At the very least, it would aid transparency and

analysis if developed countries, e.g. Canada, did not aggregate to such a high level

when reporting benthic invertebrate catch. Further, it would aid analysis if published



80

conversion factors (Skewes et al. 2004; Purcell et al. 2009) were used to standardize

sea cucumber catch in the FAO and Sea Around Us Project catch databases to either

wet or dry volume.

3.4.2 Typical Trajectory and Time to Peak

Ideally, a developing fishery would gradually build in volume and fishing capacity to a

level near MSY and then be maintained at a consistent catch level (Hilborn and Sibert

1988). Our typical trajectory analysis (Figures 3.3, 3.4) combined with our analysis

of local issues of depletion (Figure 3.8) suggest that sea cucumber fisheries tend to

overshoot an ideal capacity and decline substantially thereafter. In fact, our results

suggest they may be crashing nearly as quickly as they are expanding (Figures 3.3C,

3.4). Importantly, our analysis of local issues supports the idea that in many cases

peaks in catch tend to be a result of resource depletion and not management induced

reductions in catch; however, there are notable exemptions such as Japan where

the decline in catch is the result of restrictive management (Akamine 2004). The

typical trajectory we observed may be indicative of fisheries that are allowed to

expand without restrictions until the resource itself limits the fishery. If the fishery

continues, it does so at a substantially reduced biomass with the resulting loss of

social and economic benefits and ecosystem services (see Section 3.1 Introduction).

The sea cucumber fisheries investigated were also reaching this peak in catch

faster over time (Figure 3.7A). One of the most recent fisheries, the sea cucumber

fishery in Egypt, began in 1998 and by 2000 had increased so substantially that the

Red Sea Governorate banned the fishery in its jurisdiction (Lawrence et al. 2004).

Illegal fishing continued and, combined with a brief re-opening, stocks collapsed by

2003 (Lawrence et al. 2004). Besides our own analyses in Chapter 2, we are unaware

of other studies that have explicitly tested for this pattern.
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The observed decrease in time to peak is likely a combined result of increasing

demand and the exploitation of smaller fisheries as more substantial fisheries have

declined. An alternative hypothesis would be that management is bringing the fish-

eries’ expansion under control more rapidly; however, a review of the literature by

country does not support this hypothesis as most declines in fisheries are associated

with population declines (Figure 3.8). If this trend of more rapid expansion con-

tinues, it will be vital for management to act even more quickly to bring fisheries

expansion under control before resource depletion does so itself.

3.4.3 Global Market Drivers

Sea cucumbers have a long history of being harvested and traded internationally.

For example, sea cucumbers have been a major export commodity from Japan for

at least 350 years (Akamine 2004) and harvesting in some Chinese islands had gone

uninterrupted since at least 1681 (Choo 2008a).

Our results suggest that the global volume of sea cucumber fisheries may be con-

nected to the Chinese economy (Figures 3.6, 3.5). Moreover, the distance from Asia

of the countries fishing for sea cucumbers may have driven when their fisheries began

(Figure 3.7B, C). Today, almost 90% of sea cucumbers harvested globally are ulti-

mately consumed in southeast Asia and the Far East (Ferdouse 2004). Consumption

of sea cucumbers within Hong Kong (Clarke 2004) and western countries (Ferdouse

2004) appears to be declining while at the same time consumption is increasing

in mainland China (Clarke 2004; Chen 2004). Yet, the once strong Chinese wild

harvests of sea cucumbers have all but disappeared in many regions (Choo 2008a).

Despite the rise in sea cucumber farming in China (Chen 2003), wild caught product

is still in high demand, and, combined with the growing economy of China, and the

decline of many sea cucumber fisheries globally (Figures 3.4, 3.8), the demand for sea
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cucumbers in Asia continues to rapidly increase (Clarke 2004; Chen 2004; Ferdouse

2004).

Although China is the main consumer of sea cucumbers, Hong Kong controls most

of the trade of high-value species due to processing capacity and lack of import duties

(Clarke 2004; Ferdouse 2004) with typically only lower value species being directly

exported to China (Ferdouse 2004). Importantly, the price of sea cucumbers is elastic

(Kinch et al. 2008a) with the value increasing as the resource becomes scarcer. For

example, as the Chinese wild fisheries declined and Japan scaled back the volume

of their fisheries, the value of Apostichopus japonicus increased 170 fold from 1960–

2004, increasing 3–5 fold from just 1990-2004 (Chen 2004) and now rivaling the price

of shark fin (Clarke 2004) at over $400 USD/kg. This has important implications for

the conservation and management of sea cucumbers since their demand is likely to

only further increase as they become scarcer.

Not all sea cucumber species are sold at a high price. Ferdouse (2004) notes that

the range of purchasing powers possessed by Asian consumers provides demand for

a range of sea cucumber species. This opens the door to harvesting of a variety of

species, fishing through the species-value chain (Figure 3.8), and to fisheries such

as those in Maine (United States) and eastern Canada where a low-value species

(Cucumaria frondosa) is harvested in large quantities using trawl gear to make the

fishery profitable (Therkildsen and Petersen 2006).

3.4.4 Serial Exploitation

We found evidence of both small and large scale serial exploitation. On a global

scale, over the past 55 years, sea cucumber fisheries have expanded exponentially

from their point of origin in Asia to now encompass the globe (Figure 3.7B, C).

On a local scale, by assembling reports on individual regions, we found that about
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half of the countries have also shown patterns of serial exploitation over space, about

three-quarters showed patterns of serial exploitation of decreasing value of the species

fished, and about one-third showed a serial exploitation of decreasing individual size

(Figure 3.8).

Similar patterns have been detected for other species. For example, patterns

of spatial serial exploitation have been detected for abalone fisheries in California

(Karpov et al. 2000), oysters in North America and eastern Australia (Kirby 2004),

crab species in Alaska (Orensanz et al. 1998), and sea urchins (Andrew et al. 2002;

Berkes et al. 2006) and tuna (Myers and Worm 2003) globally. By species, Pauly

et al. (1998) and Essington et al. (2006) showed a pattern of the serial addition of

lower value and lower trophic level species to global fisheries. Examples of declines

in fished body size are numerous. For example, Hutchings (2005) and Shackell et al.

(2009) found declines in body size of predatory fishes in the Northwest Atlantic due

to overexploitation and Ward and Myers (2005) detected declines in pelagic fish size

in the tropical ocean. For invertebrates, fishing induced body size changes have

been noted for many populations including intertidal gastropods in California (Roy

et al. 2003), blue crabs in Chesapeake Bay (Lipcius and Stockhousen 2002), and

cephalopods in Australia (Hibberd and Pecl 2007).

Our findings suggest that, for sea cucumbers and potentially other high-value

marine invertebrates, patterns of serial exploitation by location, species, and size are

common and therefore may be predictable. Such knowledge could be used to better

inform and preemptively regulate the expansion of current and future fisheries on

local or global scales. For example, restrictions on the use of more powerful fishing

technologies that allow fishers to travel further offshore and collect in greater volumes

(e.g. SCUBA, trawling) could be considered from the early stages of management.
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Species not yet targeted could be included in regulation to prevent a cascade of pop-

ulation depletions moving down the value chain. Lessons learned from commercially

valuable species could be used to predict the rise in exploitation of subsequent, lower-

value species and offer the necessary protection to ensure their long-term viability.

Although difficult to measure (e.g. Hand et al. 2008), quantitative or anecdotal in-

dications of decline in body size could be considered in assessing the status of sea

cucumber fisheries. Size structure has already been used as a management tool in

regions such as Alaska (Clark et al. 2009), western (Hand et al. 2008) and eastern

Canada (Rowe et al. 2009). Further, the Australian government recommends it as a

management tool for Pacific Island sea cucumber fisheries (Friedman et al. 2008).

3.4.5 Ecosystem and Human Community Effects

Sea cucumbers form many important roles in marine ecosystems as consumers, bio-

turbators, water quality regulators, and prey (see Section 3.1 Introduction). Our

results show that sea cucumber fisheries typically have catch that declines as quickly

as it expands (Figures 3.3, 3.4), are reaching peaks in catch increasingly rapidly

(Figure 3.7A), are expanding spatially, typically fish through species, and often af-

fect the size structure of the population (Figure 3.8). Reductions in biomass from

sea cucumber fisheries can be consequential. For example, in the Torres Strait, adult

sea cucumber biomass was estimated to have been reduced to 100 t from a virgin

biomass of l600 t (Skewes et al. 2000). In Egypt (Lawrence et al. 2004), Indone-

sia (Choo 2008a), and Malaysia (Choo 2004), populations have declined to levels

of extirpation. Given the fishery patterns we have shown in this study, the large

reductions in biomass, the Allee effect experienced by sea cucumber populations at

low densities (Uthicke and Benzie 2000; Bruckner 2005), and therefore the slow re-

coveries observed (D’Silva 2001; Uthicke et al. 2004; Ahmed and Lawrence 2007),
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these trends may represent a substantial loss of ecosystem services.

Sea cucumber fisheries have provided income, and in some regions food, for many

coastal communities for decades if not centuries or millennia (see Section 3.1 Intro-

duction). However, the rapid expansion in recent years (Figure 3.7) and local issues

of depletion, IUU catches, and lack of regulation (Figure 3.8) threaten the long-term

viability of these fisheries. The resulting social and economic consequences of de-

clining sea cucumber fisheries for coastal villages could be substantial (Kinch et al.

2008a). This is especially severe for countries that highly depend on sea cucumber

fisheries and have not many alternative income sources, such as the Solomon Islands

(Nash and Ramofafia 2006), Sri Lanka (Dissanayake et al. 2010), and the Maldives

(Joseph 2005). In other regions, sea cucumber fisheries may rather be just one of

many alternative income options (e.g. United States) or became important because

of the overexploitation or restrictive management of more traditional fisheries (e.g.

eastern Canada; Anderson et al. 2008).

In addition to the loss of income and food, the decline or extirpation of sea cucum-

ber populations entails the loss of potentially undiscovered bioactive compounds that

could benefit healthcare worldwide (Petzelt 2005; Lawrence et al. 2009). A wealth of

potentially medicinal compounds have been isolated from holothurian species includ-

ing antitumour, antiviral, anticoagulant, and antimicrobial compounds (Kelly 2005).

For example, Haug et al. (2002) found high levels of antibacterial activity in the eggs

of Cucumaria frondosa and suggested the potential for new antibiotics. Abraham

et al. (2002) found antimicrobial substances in a range of holothurian species off the

coast of India. Perhaps most importantly, Lawrence et al. (2009) found significant

intraspecific variation between populations of the same species among different habi-

tats suggesting greater value for future bioprospecting. Even if severely depleted
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populations recover, these populations may lack the genetic diversity and therefore

potential bioprospecting uses (Lawrence et al. 2009).

3.4.6 Management Solutions

Sea cucumber fisheries are inherently difficult to manage. They are difficult to size,

difficult to age, and their weight differs by season and location (e.g. Hand et al. 2008).

Further, many sea cucumber fisheries occur in regions where strong governance is

lacking, and regulations are often lacking completely (Figure 3.8).

Nonetheless, some sea cucumber fisheries have been successfully managed. Via

a fisheries law, rights systems, permits, and fishery co-operatives, Japan has suc-

ceeded in drawing back overfishing and restocking depleted areas (Akamine 2004).

The holothurian fishery in southeast Alaska (United States) is carefully controlled.

Harvest levels are set based on the lower 90% bound of a biomass estimate, areas are

fished on a three year rotation schedule, and separate areas are left closed as con-

trols (Clark et al. 2009). The fishery in British Columbia, Canada initially followed

the typical boom-and-bust pattern shown in Figures 3.3 and 3.4, but management

stepped in, reduced quotas, added license restrictions, and implemented adaptive

management (Hand et al. 2008). As a result, CPUE (Hand et al. 2008) and catches

(Figure 3.2) recovered. Although still with problematic corruption and declining

abundance, the implantation of a co-management regime in the Galápagos has in-

creased the effectiveness of license and quota control and reduced conflict between

management and fishers (Shepherd et al. 2004).

Marine reserves have often been part of a successful sea cucumber management

regime (e.g. Hand et al. 2008; Clark et al. 2009). Although reserves may not always

have a direct effect on the abundance and size structure of holothurian populations

(Lincoln-Smith et al. 2006), they serve two other important purposes: (1) Due their
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sessile nature and broadcast spawning, holothurians are suspected of experiencing an

Allee effect making restocking efforts particularly necessary at low population densi-

ties (Uthicke et al. 2004; Bell et al. 2008). If of sufficient size (> 19–40 ha), reserves

can act as nucleus breeding populations (Purcell and Kirby 2006). (2) Reserves are

particularly important for sea cucumber fisheries as a monitoring tool (Uthicke and

Benzie 2000; Schroeter et al. 2001). For example, in California (United States),

Schroeter et al. (2001) detected fishing mortality induced stock declines of 33–83%

by comparing seven fished sites with two non-fished sites that were undetectable by

CPUE.

Despite effective management in some regions, the majority of sea cucumber fish-

eries do not enjoy the same success (Figure 3.8). Further, unlike the above mentioned

examples, many sea cucumber fisheries exist in isolated coastal communities where

the residents depend on the fishery for income (e.g. Joseph 2005; Nash and Ramo-

fafia 2006; Dissanayake et al. 2010). Management needs to be tailored to the size of

the fishery and local situation to be effective (Worm et al. 2009). IUU catches were

a substantial problem in 51% of the investigated fisheries (Figure 3.8). Therefore,

attempts to implement quotas may not be successful strategies for many of these

regions, especially without stronger governance (Smith et al. 2010).

In light of the lack of strong local governance, international regulations that con-

trol trade (such as CITES Appendix II) may be one of the best hopes for the con-

servation of highly valued sea cucumber populations (Bruckner et al. 2003; Bruckner

2004; 2006). Alternatively, import tariffs can benefit the long-term conservation of

renewable resources and almost always benefit the exporting country (Brander and

Taylor 1998). Unfortunately, the process by which international regulations are de-

veloped is often too slow to react to the global expansion of high-value invertebrate
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fisheries to effect meaningful conservation (Berkes et al. 2006).

Where sufficient governance exists, the results of our study suggest two impor-

tant steps to managing existing and future holothurian fisheries. First, the expansion

rate of new fisheries had best be reduced to a level where management has time to

react to early warning signs of resource depletion. Second, lacking changes in regula-

tion, the catch trajectory (Figures 3.3, 3.4) and patterns of spatial (Figure 3.7B, C),

species (Figure 3.8), and size (Figure 3.8) serial expansion or depletion are largely

predictable. Knowledge of the impending sequence of events can therefore be pre-

emptively incorporated into the management of new and existing high-value marine

fisheries. Overall, our study highlights the urgent need for better monitoring and

reporting of catch and abundance data for sea cucumbers and proper scientific stock

and ecosystem-impact assessment to ensure a more sustainable harvesting of current

and development of future fisheries.



Chapter 4

Discussion

In this thesis, I provided the first quantitative evaluation of the status, ecosystem

effects, and drivers of increasingly valuable marine invertebrate fisheries on a global

scale. I did so both in a cross-taxa framework considering all major invertebrate

fisheries worldwide (Chapter 2) and in greater detail for one taxa, sea cucumbers

(Chapter 3). My findings highlight the rapid increase in invertebrate fisheries by vol-

ume, value, diversity of taxa fished, and number of countries participating. They also

document the increasing overexploitation of some invertebrate populations, as well

as a spatial expansion and temporal acceleration of fisheries development. Further, I

aimed to place the volume of catches and gear used to harvest invertebrates into the

context of their effects on marine ecosystems. For sea cucumber fisheries, my results

provide the first global quantitative analysis of a typical trajectory and trends in ex-

pansion over space and time. These trends can be linked to growing market demand

in Asia. I confirm these trends and uncover further local issues of serial exploitation,

population depletion, and management by systematically reviewing the available re-

gional literature for all major sea cucumber fisheries. I highlight the importance of a

sustainable development of these fisheries to coastal communities around the world

that depend on them for income and nutrition, as well as the conservation of sea

cucumbers which provide important ecosystem functions and services.

In this general discussion, I will highlight the overall contributions of my work

89
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to our knowledge of invertebrate fisheries in terms of: (1) methodological contribu-

tions to the analysis of the status, temporal and spatial trends in fisheries; (2) the

effects of scale with respect to the spatial and taxonomic aggregation of catches; (3)

management implications; and (4) ecosystem consequences. Thereby, I will draw

comparisons across Chapters 2 and 3. I will conclude with a general outlook on the

possible next steps and urgent issues to be studied regarding invertebrate fisheries.

4.1 Methodological Contributions

The assessment of fisheries status is inherently challenging (Hilborn and Walters

1992). However, this is even more challenging for most invertebrate fisheries, where

fisheries independent data is largely unavailable (Caddy 1986; Perry et al. 1999; Smith

and Sainte-Marie 2004; Anderson et al. 2008) and landings data for high-value species

is fraught with incentives to misreport (Clarke 2004; Ferdouse 2004). However, for

the majority of invertebrate fisheries, landings are the only available data source to

use for analysis. Thus, it was necessary to work with the uncertainty and variability

surrounding landings data, especially on a global scale. Further complicating matters

was the varying (and often short) time span of available data. Consequently, I

developed new methods for analyzing trends, which are highlighted in the following.

A central problem to approximating population status from fisheries catch trends

is that catch can be affected by many factors besides trends in population abundance

(Harley et al. 2001; Hilborn and Walters 1992). Fisheries catches can vary due to

true fluctuations in population abundance, changes in management policies, changes

in fishermen’s interest and therefore effort in a given fishery, changes in gear used,

or reporting inaccuracies — either from fisher to local regulatory body (see “Illegal

fishing” in Figure 3.8) or from local regulatory body to national or international body
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(e.g. FAO) (Clarke 2004; Ferdouse 2004). Thus, although catch trends may partly

reflect true underlying population signals, conclusions need to be reasonably robust

to the variability in catches induced by other factors.

In this thesis I dealt with this variability in catch trends in three primary ways.

First, I used methods that were robust to outliers thereby requiring a strong weight

of evidence before detecting a signal, for example, loess smoothers (Cleveland 1979;

Cleveland et al. 1992), additive models (Hastie and Tibshirani 1990; Wood 2004),

and robust regression (Huber 1981; Venables and Ripley 2002). Second, I tested

the sensitivity of my results to changes in cutoffs, data aggregation, and smoothing

functions. Third, where possible I verified observed trends in catches with local

reports describing trends in the fisheries. Whereas this is an important step for any

analysis, it is especially so with catch data.

A possible alternative to the robust methods described and applied in this thesis

would be state space models, which may be particularly suited to analyze catch data

(Freeman and Kirkwood 1995). They provide a formal framework to estimate un-

certainty due to process variability (here the true underlying population variability)

and measurement error (e.g. reporting inaccuracies, changes in effort, and changes in

gear). Although more challenging to implement, state space models could be applied

to many of the problems discussed in this thesis, and may provide an important

direction and framework for future analyses.

A second central problem I repeatedly addressed in this thesis was the evaluation

of multiple sets of short time series data (longitudinal data) in which observations

were truncated (censored) at the beginning, end, or both. If not accounted for,

the structure of this data could have introduced biases to analyses investigating

changes over time. I encountered this problem with both the fishery status analysis
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(Chapter 2) and time to peak analyses (Chapter 2 and 3). Here, older fisheries

had longer data series often showing several local peaks in catches in addition to an

overall peak. In contrast, newer fisheries often showed only one or few peak(s) and

it was unclear if they represented an overall peak in the catch series. In Chapter 2,

when assessing fishery status, I addressed the increasing censoring of newer fisheries

by developing robust methods that dynamically assessed status. There I used the

first major peak in a fishery as it developed to treat all catch series equally (see

Section 2.3.5). When assessing time to peak across taxa, I addressed the censoring

by implementing a sampling routine to draw censored values from a pool of potential

values (see Section 2.3.8). In Chapter 3, I dealt with the same problem by verifying

individual catch trends with descriptions of fishery trends in the literature until so

few censored cases remained that they did not affect the overall outcome of the

analysis. Although challenging, it is imperative that this bias be accounted for to

conduct valid inference.

To my knowledge, their exists no formal statistical methodology to deal with this

type of censored data without either (1) making an assumption about the underlying

trend, itself the objective of my inference, or (2) sampling possible values from a

probability distribution. Where such a distribution is unclear, as in Section 2.3.8,

values can be sampled from previously observed possible values. Censored data

can be formally accounted for with survival analysis by using, for example, a Cox

proportional hazards model (Cox 1972), which I tried in this thesis. However, this

type of model cannot be used when the underlying survival probability is suspected

of changing over time and is the statistic of interest. The approaches demonstrated

here could be applied in any field where there is an analysis of time to an event that

is suspected of changing.
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4.2 The Effects of Scale

Throughout Chapters 2 and 3, the level of taxonomic and spatial aggregation of

catches affected the conclusions. When examining country by country catch trends

(e.g. Figures 2.S-4, 3.2), the picture looked remarkably different than catch series

aggregated by taxa across countries (e.g. Figures 2.2, 3.6). Also, when I investigated

sea cucumber fisheries in greater detail (Chapter 3), patterns of faster fishery de-

velopment time from the 1960s to 1990s were strongly evident that were not clear

in the cross-taxa analysis where I had to make conservative assumptions about the

time to peak of potentially censored fisheries (Chapter 2). Further, even catch statis-

tics aggregated on a large regional scale can hide underlying local patterns of serial

exploitation (Chapter 3, Figure 3.8).

As of yet, it is unclear whether the more pronounced patterns identified for sea

cucumbers by examining them at a finer scale in Chapter 3 are unique to that taxa. I

tried investigating other taxa in more detail as well; for example, squid fisheries sug-

gested similar patterns. However, squid fisheries are driven by multiple main markets

and import statistics of sufficient temporal length to make defensible conclusions were

unavailable (Section 2.3.7). Other invertebrate taxa also lacked sufficiently detailed

data or had a more complex market structure that would need a different analytical

approach. It is plausible, although so far difficult to confirm, that the patterns ob-

served for sea cucumber fisheries may apply to many high-value invertebrate fisheries

that have expanded over the last half century. The time frame is important, since

recent fisheries have developed in an age when rapid and comparatively inexpensive

international transport has been available (Berkes et al. 2006).



94

4.3 Management Implications

Many invertebrate species that are of interest to fisheries tend to be sessile or slow-

moving benthic organisms that are relatively easy to fish out of large spatial areas

(Botsford et al. 2004; Orensanz et al. 2004; Smith and Sainte-Marie 2004). Also,

several species are broadcast spawners (e.g. sea cucumbers, sea urchins, abalone) that

require a sufficient population density to persist lest they suffer an Allee effect (see

Chapter 3 Introduction; Quinn et al. 1993; Hobday et al. 2001; Smith and Sainte-

Marie 2004). As well, some species, such as sea cucumbers (Uthicke et al. 2004),

abalone (Hobday et al. 2001), and some clams (Orensanz et al. 2004) have slow

life histories that reduce the capacity for rapid population replenishment. Given

these factors that increase vulnerability to overfishing, their high economic value

(FAO 2009a), and the patterns of declines discussed in this thesis, it is possible that

invertebrates are as, if not more, susceptible to overharvesting than finfish species.

Therefore, the consideration of management strategies such as rotational harvesting

(Caddy and Seijo 1998; Myers et al. 2000) and reserving portions of the population

as unfished (e.g. Schroeter et al. 2001) are of utmost importance. Unfortunately, the

sessile nature of many invertebrates lends them both to ease of protection within

marine reserves but also perhaps to slow repopulation and recruitment from these

reserves without additional restocking efforts (Purcell and Kirby 2006; Bell et al.

2008). Regardless, their relative immobility greatly increases the efficacy of using

reserves as baselines to assess the effects of harvesting on surrounding populations

(Schroeter et al. 2001).

Aside from their vulnerability to fishing, many invertebrates are in need of better

monitoring, stock assessment, and fisheries regulation (Chapter 3; Anderson et al.

2008). Throughout this thesis I encountered problems with the lack of abundance
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data, reporting inaccuracies, and IUU catches. Further, a frequent sentiment was the

lack of awareness of, and regulations to stop, the overexploition of invertebrate popu-

lations. Whereas this may be related to their previously low value and catch volume,

in recent decades this has rapidly changed (Chapter 2) and concomitantly needs to

be addressed with adequate management; ideally, before pervasive declines in abun-

dance occur. Unfortunately, many invertebrate fisheries have already experienced

strong population declines such as abalone in the southern United States and Mex-

ico (Tegner et al. 1996; Hobday et al. 2001), oyster populations in Chesapeake Bay

(Rothschild et al. 1994), ornamental invertebrate fisheries in Florida (Rhyne et al.

2009) and many sea cucumber fisheries around the world (Table 3.1). In contrast,

in Chapter 2 I highlight examples of successful invertebrate fisheries management,

namely Chilean artisanal gastropod (Castilla and Fernandez 1998), and New Zealand

(Breen and Kendrick 1997) and western Australian (Phillips et al. 2007) rock lob-

ster fisheries. In Chapter 3 I note successfully managed sea cucumber fisheries on

the west coast of Canada (Hand et al. 2008), Alaska (Clark et al. 2009), and Japan

(Akamine 2004). Other examples exist too, such as fisheries for sea urchins on the

west coast of Canada (Perry et al. 2002), northern prawns in Australia (Hilborn et al.

2005; Dichmont et al. 2006), and abalone in Tasmania (Prince et al. 1998; Hilborn

et al. 2005). These examples suggest that many of the same principles that apply

to successful management of finfish fisheries can be applied to invertebrate fisheries

(Hilborn et al. 2005; Worm et al. 2009). These strategies include property rights

and incentives to harvesters that encourage conservation (Hilborn et al. 2005), trade

regulations (Brander and Taylor 1998), protected areas (Quinn et al. 1993), a pre-

cautionary approach that collects necessary scientific information in phases (Perry
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et al. 1999), as well as effort restrictions, gear control, and appropriate quotas (Ste-

fansson and Rosenberg 2005). Additionally, strong governance institutions operating

at levels from the local to international scale are imperative to prevent the sequen-

tial exploitation of high-value newly emerging invertebrate fisheries (e.g. sea urchins,

Berkes et al. 2006; and sea cucumbers, Chapter 3).

4.4 Ecosystem Consequences

There is increasing evidence that the removal of top oceanic predators can affect sev-

eral lower trophic levels of marine food webs, sometimes leading to trophic cascades

(e.g. Myers et al. 2007; Heithaus et al. 2008; Baum and Worm 2009). In reverse, it

is plausible that the removal of the base of the food web could have cascading effects

up the food web. Foremost, reducing prey abundance will limit the amount of energy

available to higher trophic levels (Pope et al. 1994; Jennings et al. 2002). Reducing

prey abundance will therefore likely have strong effects on the abundance as well as

the recovery of currently depleted higher trophic levels. The direct effects of fishing

prey on their predators are less established; however, there are examples of direct

negative effects of overfishing blue mussels and cockles on eider ducks in the Danish

Wadden Sea (Meltofte et al. 1994; Lotze 2005). Not only could this apply to bird-

invertebrate or fish-invertebrate interactions, but also to invertebrate-invertebrate

trophic relationships where depleting one population could affect another. For ex-

ample, lobster (Lawrence 1987, and references within) are known to predate on sea

urchins, but empirical evidence of the direct effect of removing prey on predator

abundance is scarce. This represents an interesting area for future research.

In addition to acting as the base of marine food webs, many invertebrates pro-

vide critical ecosystem services. In this thesis I highlighted both the overall removal
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of biomass across taxa of species that provide important services including habitat,

detritus consumption, and algal grazing; and a specific example, of bivalves, where

I approximated the loss of filtration capacity globally on a daily basis (Chapter 2).

In Chapter 3, I reviewed the ecological role that sea cucumbers play in coral reefs,

temperate food webs, and kelp forests as water filterers, deposit feeders, and bio-

turbators. Local examples indicate that the overexploitation of sea cucumbers has

already resulted in a measurable loss of such services (Bruckner et al. 2003). On a

local and international level, the ecosystem services provided by invertebrates need

to be studied in more detail and considered in management plans for invertebrate

fisheries if we are to ensure a sustainable resource use and intact marine ecosystems

in the future.

4.5 Outlook

This thesis has contributed to our understanding of global invertebrate fisheries dy-

namics, their drivers, and ecosystem consequences. Further, it has demonstrated

novel and robust approaches to assessing these dynamics. In this section, I will

outline three possible future extensions to this work.

First, the techniques and approaches of this thesis could be applied to other

marine species. The robust and dynamic fishery-status assessment method (Sec-

tion 2.3.5) could be applied to finfish and the results compared to previous method-

ologies as well as to invertebrates. With sufficiently long and reliable import data,

the approaches to quantitatively assess large-scale spatial expansion of fisheries (Sec-

tions 2.3.7, 3.2.5) could be applied to other high-value taxonomic groups with more

complex market structures. The fishery-by-fishery literature review conducted for

sea cucumbers (Table 3.1) could be applied to other species to allow a more accurate
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analysis of boom-and-bust patterns over time without as many censored fisheries to

sample time to peak for (as done in Section 2.3.8), and syntheses of local issues not

evident from catch data aggregated on larger scales (Section 3.2.7).

Second, stock-recruit relationships for invertebrates are frequently unknown (Cad-

dy 2004) but would be an important piece to the puzzle in managing their fisheries

and predicting their stock status. When available they are typically highly uncertain,

for example, for bay scallops in North Carolina (Peterson and Summerson 1992),

crustaceans in Western Australia (Caputi et al. 1998), tropical shrimps (Garcia 1996),

and abalone (McShane 1995). Even for the most intensely studied fish populations,

stock-recruit relationships are challenging to identify without combining data across

many populations (Myers et al. 1995; Myers and Mertz 1998). For invertebrates, I

see two areas for future research: the systematic aggregation of existing stock-recruit

data to allow meta-analytic inference,1 and the application of carefully designed

experimental studies by population to enhance the available data pool from which

to draw (Wahle 2003).

Third, life-history characteristics such as slow growth (Uthicke et al. 2004), broad-

cast spawning and low population density (Quinn et al. 1993; Hobday et al. 2001),

and large body size (Jablonski 1994) are suspected of decreasing the resilience of some

invertebrate populations to overexploitation. However, for marine invertebrates, a

systematic assessment of the relationship between life-history traits and frequency of

overexploitation, rate of repopulation, or population status is lacking. Such analyses

have been conducted for many other taxonomic groups, for example, for marine fishes

(Denney et al. 2002; Reynolds et al. 2005a), marine and freshwater fishes (Olden

et al. 2007), freshwater fishes (Reynolds et al. 2005b), birds (Bennett and Owens

1Work ongoing at: http://www.marinebiodiversity.ca/RAMlegacy/srdb/updated-srdb/srdb-resources
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1997; Norris and Harper 2004), and terrestrial mammals (Cardillo et al. 2005; 2008;

Davidson et al. 2009). But, comparatively little is available for marine invertebrates

(see Dulvy et al. 2003 for a review). Logistic regression, potentially in a multimodel

framework (Burnham and Anderson 2002), and regression trees represent powerful

approaches on which to build predictive models that can be used to assess risk status

for other species that we lack life-history data for (Davidson et al. 2009; Anderson

et al. Unsubmitted manuscript). Such models would be particularly useful for marine

invertebrates where knowledge of life-history traits is often lacking.

4.6 Conclusions

In conclusion, this thesis highlights the ecological and economic importance of marine

invertebrates, their increasing contribution to marine fisheries, and their patterns of

expansion and depletion both over space and time partly driven by world markets.

The findings repeatedly suggest the need for more rigorous monitoring and reporting

and for the opportunity to use successfully managed fisheries (both invertebrate and

finfish) to better inform the management of new, emerging fisheries. These steps are

critical if we are to ensure the long-term resilience of invertebrate populations, ocean

ecosystems, and human well-being.
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