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Abstract

We analyzed a fisheries model that predicted annual sustainable harvest
levels for the hawksbill sea turtle, Eretmochelys imbricata, in Cuba. The model
uses length frequency data from the Cuban fishery and growth estimates from
captive-reared hawksbills to estimate age frequencies, population size, and annual
survival rates. Because little biological information exists for hawksbills, the
model frequently relies on deductive reasoning to estimate parameters rather than
empirical data. Maximum sustainable yield is estimated assuming the current
population is at stationary equilibrium; the stock-recruit relationship is a two-
segment curve that assumes the model's estimate of recruitment (i.e., the number of
1-year-olds in the population) is at maximum. Thus, the model is not designed to
estimate population status, and any decrease in fishing pressure has no effect on
recruitment.

We conducted a two-phase analysis of the model using a computer
program (DOIRAP) to calculate population size and sustainable yields. First, we
conductec a sensitivity analysis to determine which parameters had a large effect
on three model results: catchable biomass, number of adult turtles, and maximum
sustainable yield. The model was most sensitive to annual survival rate, which was
estimated from a hypothetical biomass curve and assumed to be constant for all
turtles older than 1 year. Second, because many details of hawksbill natural
history are uncertain (e.g., growth rates, survival, and fecundity), we updated the
model with data from mark-recapture and nesting studies conducted elsewhere in
the Caribbean and Australia. Most of these studies suggested a much slower
growth rate for hawksbills than originally estimated for Cuba. The longer lifespan
predicted by these slow growth estimates caused the model to overestimate
population size compared to a preliminary empirical estimate. Our analyses
revealed important assumptions in the model which should be carefully considered
before it is used for hawksbill harvest management.

We continued our analysis of hawksbill population dynamics using a series
of stage-based matrix models. Unlike the fisheries model, which estimated
population size, these deterministic matrices were simply an effort to determine
which life history stage (eggs, hatchlings, juveniles, subadults, or adults) had the
greatest influence on the equilibrium population growth rate. We found that
regardless of which growth rate estimate was used in the matrix, survival rates of
subadult and adult turtles were much more critical than fecundity or survival of
hatchlings. These results suggest that the life history of hawksbills, like that of other

- turtles, makes them susceptible to overexploitation when large turtles are targeted for

harvest. Management programs such as egg protection and headstarting (raising
hatchlings for a year in captivity then releasing them to the wild) are unlikely to
compensate for a decrease in the survival rate of adults.




We concluded that the current model is inadequate to estimate sustainable
harvest levels. In the future, sustainable harvest models for hawksbill turtles should
incorporate uncertainty in all sensitive parameters, migration effects, and accurate
measures of recruitment. The current model is hampered by its reliance on
equilibrium assumptions. Trends in population size, possibly obtainable from fishery
data, should be included in the model through variation in annual yield and catch per
unit effort. Clearly, more data are needed to produce more accurate models, and
future studies might include an extensive mark-recapture study to estimate survival
and growth rates, a genetic study to determine source stocks of hawksbills feeding in
Cuban waters, and measures of recruitment to the fishery and the nesting population.




Introduction

The hawksbill sea turtle, E retmochelys imbricata, (Fig. 1) is distributed in tropical
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seas worldwide (National Research Council, 1990). The hawksbﬂl’s mottled shell :
(tortoiseshell or bekko) is highly prized as a material for hair ornaments and other decorative
items. As aresultofa growmg tourist trade, hawksbills have been harvested in large

numbers throughout the Caribbean and Pacific. Historically less common than its relatives
the green sea turtle, Chelonia mydas, and loggerhead sea turtle, Carerta caretta, hawksbills

have not been studied extensively until recent years. Their status is currently unknoWn, but

there are indications of population decline in areas of heavy exploitation (Ogren, 1989).
Other sea turtle species have declined precipitously over the past few decades (Natlonal
Research Council, 1990).

When it joined the Convention on International Trade of Endangered Species of
Wild Flora and Fauna (CITES), Japan, the largest importer of tortoiseshell, took an
exemption for the hawksbill and two other sea turtle species. But international pressure,
primarily by U.S. delegates, compelled Japan to cease bekko imports by the end of 1993.
Currently, the Bekko Association is formulating a proposal to reinstate limited hawksbill
trade with Cuba (Bekko Association, 1992).

Figure 1. The Hawksbill Sea Turtle.




: Ata meetmg of sea turtle specialists, industry representatives, and Japanese scientists
in 1992, Dr. Takeyuki Do, advisor to the Japan Nuclear Utility Service Co., Ltd.!, presented =~
a ﬁshenes model to calculate sustainable harvest levels for hawksbills in the Cuban .
Archipelago. The Bekko Association hopes to use this model to petition for a reclassification =~
of Cuban hawksbills by CITES. Strict size limits and quotas, as well as captive-rearing
efforts, have been proposed to prevent hawksbill population decline while maintaining a
relatively high level of harvest.

‘This study analyzes Doi’s model, its parameters, and its applicability to hawksbill sea
turtles. Doi provided George Balazs of the National Marine Fisheries Service with a '
computer program (DOIRAP) used to calculate population status and sustainable yields for
hawksbills in Cuba. Through Balazs, we obtained a diskette of DOIRAP, documentation for

~the model, and Cuban catch-length records that were distributed at the Hawksbill Specialists -
meeting in 1992 (Doi et al., 1992) However, the data sources used by Doi and his
colleagues were not specxﬁed in particular, sample sizes and sources used in fecundity, sex
 ratio, and yield estimates were not provided. We used length frequencies from the distributed
documents to calculate a catch-at-age curve similar to that presented by Doi at the 1992
__meeting (see section on Model Modification and Results and Appendix 1).

Our analysis of Doi’s model was twofold. First, we conducted a sensitivity analysis =~
to determine which parameters had a large effect on three model results: catchable biomass,
number of adult turtles, and maximum sustainable yield. Second, because many details of

~ hawksbill natural history are uncertain (e. g growth rates, survival, and fecundity), we ran the
model with a variety of vital rates to examine changes in predicted yield. The original

~ analysis of Cuban hawksbill populations run by Doi et al. (1992) had several data
deficiencies, particularly for growth rates of wild hawksbills. We updated the model with

~ data from mark-recapture and nesting studies conducted elsewhere in the Caribbeanand =~
Australia (Fig. 2). Most of these studies suggested a much slower growth rate for hawksbills
than originally estimated. Our analyses revealed important assumptions in Doi’s model which
should be carefully considered before it is used for hawksbill harvest management.

To understand how hawksbill life history affects the species' capacity for population
growth (and recovery from exploitation), we created a series of deterministic matrix models
based on growth rates from several hawksbill studies. These stage-based matrix models were =~
not intended to substitute for DOIRAP; rather, they served to identify those vital rates which
strongly affect the population growth rate. ‘ '

! Mention of trade names or commercial firms does not imply endorsement by the National Marine Fisheries
Service, NOAA.




Finally, we discuss our findings in a broader scope: can hawksbill sea turtlesbe
harvested sustainably, and, if so, can the current model be used to guide harvest quotasfor
management? The longevity and slow growth of sea turtles make them difficult animals to
study, and may increase the possibility of overexploitation. It is unlikely that conserVa‘tio

e A atal 1002.
methods such as headstarting can compensate for adult mortality (Congdon et al., 1993;

Heppell et al., 1996). Most importantly, in a model that relies on “deductive reasonmg” (Dm
et al,, 1992) and overlays parameter estimates on conjectures and equilibrium assumptions L
errors may be compounded and lead to biologically unrealistic results. We make several “““““““
recommendations for model improvement, and we suggest that additional research is
imperative before CITES approves a reclassification of Cuban hawksbills.

Figure 2. Locations of 6 Hawksbill Studies Used in Our Evaluation of DOIRAP. =
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Model Description

DOIRAP is a fisheries model based on estimates of two functional relationships:

_ length/weight as a function of age (i.e., body growth) and recruitment as a ﬁmction::efadult; -~
stock size, Its goal is to predict maximum yield in terms of kilograms of turtle per year,

- which is a function of the biomass of turtles in each age class (numbers x weight) and the
exploitation rate. The model is deterministic and assumes the population is at stationary:
equilibrium (no increase or decrease from year to year), with a constant estimate of -
population size, recruitment, and yield.

- Figure 3. Flow Diagram of DOIRAP. The model is dependent on the age-lengthkey,
- which assigns ages to lengths. Data key: Rectangles = data inputs (length records convertede
to age) ovals = equations, hexagons = model output (results).

LENGTH AT
AGE1AND2 |
(17 and 25 om SCL)

CATCH RECORDS
(Eq. 2) (length ﬁ-oquez:ciu)

LENGTH-WEIGHT
RELATION

NATURAL
SURVIVAL
RATE (5,~0.9)

, % MATURE
(ﬁ%‘% EXPLOITATION

: AT AGE
RAIE (E =0.1246 a‘m 2)

CATCHABLE
POPULATION # OF ADULTS .
P =195629) YEAR-OLDS (4 =24100)

(Bq. 9, R = 19,900)

# OF EGGS
PRODUCED
(E = 1,658,000)

SURVIVAL
TOAGE1
(s=0.012)

FECUNDITY
Eq.3)




- For hawksbills, the model is based on an asymptotic von Bertalanffy growth curve
that assignslengths to ages. Other data required by the model include sex ratio; sizeat
maturity, and size at full availability to the fishery estimated from harvest records. Fecun&uy

-nesting frequency, and egg hatchability were estimated from beach surveys conductedin =

Chaha farioinal data not nrnvidad)  An actimata nf rrrant wnald e aasisiad A ki Axnob
ava \Unigiial Gata i prUviall)y. Al O5unacs O CUITSIN YiCaG 15 assunicd 1O vl COnswal

(243.7 t per year of turtles >50 cm straight carapace length (SCL)) (App. 2). The remainin
model parameters are inferred through a series of equations, determined by evaluatmg the
population at equilibrium or postulated by Doi et al. (1992) (Figure 3). ;

Model Assumptions: Like all models, DOIRAP contains several assumptions that affect
calculations of population size and sustainable yield (Table 1). Insufficient or nonexistent
data on survival and growth rates require the model to assume that the present\ po?p‘ulaﬁﬁn“ is

Cuban hawksbxlls

Table 1. Model-related Assumptions in DOIRAP.

[EERENNERAANST LR ERELEY

Assumption

Implications

‘Yieldiesti‘mate for 1978-91 is constant and
sustainable.

Current number of adults and recruits (1- year-
‘olds) estimated by the model depicts maximum
production (adult:recruit ratio) .

Maximum age for hawksbills is 50 years, and
‘growth rates of captive-reared hatchlings are
similar to wild turtles.

- Natural mortality for age 1+ turtles is constant.
Survival rate for harvested turtles is age/sxze
independent.

Population is closed.

 Natural mortality is not size-dependent fOr e

Catchable population size is only dependenton
exploitation rate, and the population size will
not increase or decrease with current harvest -
levels.

Decreasing fishing pressure will not affect the
number of recruits, even though the number of
adults may increase. i

Hawksbills reach minimum size at‘nmmﬂtyin\’?“*~<<5<<?“<<<fii$iii$§
years, and all are mature by 14 years. Ageat W
legal minimum harvest size (50 cm) is 6 years.

turtles above age 1.

Harvest mortality is not size-dependent once
turtles become fully available to the fishery.

All turtles harvested in Cuba are from Cuban
stock; no emigration or immigration to other
Caribbean islands occurs.




- growth rings on their scales and otoliths (ear bones), there is no established method to age /

i uand Dxez for juvenile hawksbills on Mona Island, Puerto Rico (wr= 0.0001 187%).

Growth Curve and Length-Weight Relationship: Unlike fish, which produce annual

~seaturtles. The age-length key used in DOIRAP for Cuban hawksbills is derived fr ‘f AN

Bertalanffy growth curve fit to three points: length at age 1, length at age 2, and ageat
~ maximum length (Figure 4). Lengths at age 1 and 2 are 17 and 25 cm, respectively, bmd on
captive-reared hawksbills (Bekko Association, 1992). The saturation point of the growth
curve, representing the maximum obtainable carapace length, is arbxtranly set at 100 cm and
an age of 50 years. The final equation in DOIRAP is: e

1, =100- 9182¢ 01017

where [ is straight carapace length (cm) and ¢ is age (years). This growth curve isusedto.
derive age at maturity and availability for harvest from the length data obtained by the ﬁsher,ya., |

‘The length-weight relationship fitted to fishery data is: S
w =000012917 ST (z);; .

where w 1s weight (kg). The coefficient in equation 2 is similar to that obtamed by Van Dam i

" The age-length and length-weight relationships are critical to the model because all
- remaining calculations are age-dependent All fishery data used in the model are converted w
age from length and weight records using equations 1 and 2. e

2¥7an Dam, R., and C. E. Diez. 1994. Foraging ecology and population dynamics of the hawksbill :
(Eretmochelys imbricata) at Mona Island, Puerto Rico. Nat. Mar. Fish. Serv. and Puerto Rwo Dcp

Nat. Resour,, unpublished rep., 26 pp.




~ Figure 4. von Bertalanffy growth curve used by Doi et al. (1992) to predict age-at ‘
length. Lengths at age 1 and 2 are from captive hawksbills. The curve was fit to these‘tw‘é !
points and an estimate of maximum length of 100 cm SCL at age 50.

100"r'-'-"-'—---------

(cm)

Straight Carapace Length

<LENGTH AT AGE 2
<LENGTH AT AGE 1

] H 1 1 1 1

o

0

5

10 15 20 25 30 35 40 45 50

Age (years)

Table 2. Straight Cara‘pace Length and Proportion of Mature Turtles in Each Ag

Class Used in the Doi et al, (1992) Analysis of the Cuban Hawksbill Population.

Years Straight carapace ‘Proportion of |
of age length (cm) mature turtles
<6 <499 0.0
7 54.7 0.1
8 59.1 0.2
9 63.0 0.3
10 66.6 0.4
11 69.8 0.5
12 72.7 0.6
13 753 0.8
> 14 >71.7 1.0




we behexve that the maturatxon rate and sex ratio estimates are based on d:ssectmnsi S
harvested turtles. The sex ratio used in DOIRAP is assumed to be 80% female for all age
classes.

Data from nestmg surveys are used to estimate annual fecundxty for all mature

f= mean eggs/ nest x mean nests/ breeding 3
mean remigration interval ’

~ where meazn remigration interval is the number of years between breeding seasons and h m
- probability of hatch. Doi et al. (1992) use 130 eggs/nest, 2.3 nests/breeding, a 2.6-year
~ remlgrancm interval, and 75% hatch to get an annual fecundity of 86 eggs/year

?Annual Survival Rate and Avallablllty In a long-lived species, annual survwal{rate i

 critical for predicting population size. DOIRAP calculates the total weight (biomass) of 2
hawksbills at each age (B;) with a series of natural survival rates (So) for all turtles age

- above. The biomass curves can be produced independently from an estimate of populamm
size, assuming that recruitment to age 1 (R) is constant (Figure 5): S

B, = R( SoHWz)- 5 ( :

| | xFor Cuban hawkébﬂl‘s, ‘whose lifespan Was‘set at 50 years (Doi et al., 1992), the annual

‘ The ﬁshmg survwal rate (S), or the current annual survival of turtles caught by the
 fishery, is determined using an average age at capture method. This method examines
' changes in age-specific capture frequencies from the average age at capture. DOIR
' built«in series of capture frequency tables that are used by the program to determine a
' survival of harvested age groups. It is unclear from the model documentation exaqtly ‘howw
_ the mean annual survival rate estimate is reached; however, standard methods tha ‘
catch-at-age statistics may be found in Chapter 11 of Hilborn and Walters (1992).




Fxgure 5. Blomass-at-age curves calculated for several annnal survival rates calculat J

20 - ANNUAL |
| SURVIVAL |
- 16 4 """055 o
£ o8
8 ceee-07 |
\§~*10 <+ i aa
'2 s 0.9
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A N
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The natural and fishing survival rates are then used to calculate the natural m talit
rate and ﬁshmg mortality coefficients (M and F, respectively), and the exploitati n rate (

M =-In(S,)

F=-In(S)-M
F

E= F+M(1—S‘)

* This model assumes that fishing mortality (F) is a competing risk (i.e., fishing mortality
- increases total mortality in turtles that are old enough to be harvested and does not alte
natural mortality rate). :

Availabi]ity (Q)) is the probability that a turtle at age t can be caught bytheﬁsh
The age class with the largest capture frequency was considered to be the age at fu
avaJIabxhty (Q =1 for this age class and all subsequent age classes). Calculating backwards




i fmm the age’ at full availability to the first age class represented in the. catch—lengtj -
DOIRAP determines the avanlabﬂlty of each age class by solving the following equation
iteratively for Q.r:

G 1= 1-00 u
Qt C Qt—-l

+ e—(M+F) ,

- where C, is the capture frequency at age t, obtained from harvest records. This method
‘ assumes that availability, recruitment, and survival rates are constant from year to year S

apparent trend in catch per vessel over that time, model yield is a constant 243 7 t/year o |
constam ytéld assumption is critical, because it assumes that current harvest levels are:

by calcul ulat ‘g catchable biomass (P) Catchable biomass is yield in t (Y) dmded by’
- exploitation rate (E). Because yield is assumed to be constant, P varies predlctably
* and the fishing mortality coefficient (F) (Eq. 6, 7). If the predicted exploitation rate is lor
“the estxmated catchable biomass is high. 5

Doi et al. (1992) use the equilibrium population assumption to argue that c: tchable
biomass is a constant proportion of total biomass. Thus, P can be used to calculate the
number of individuals in each age class using weight, survival, and availability « estlmates
number of 1-year-old turtles (R) is then the only unknown in the following equauon

- P= Zf‘bi‘omass of catchable turtles = R(Qw,)+R[OS+(1~ Ql)So]szz;* S
R[st + (1 - Qz)So]Q3W3+...

 where w; i/ we1ght at age #. Once R has been estimated, the number of turtles i m ea
 class is calculated using the survival and availability estimates. Total number of adt
~ the sum of all age classes multiplied by the proportion mature at each age (Table 2).

A sim;zle segmented stock-recruit curve was used to calculate maximum yxel
: \C \ subroutine in DOIRAP, recruitment of 1-year-olds into the population
'and the mumbar of adults defined the inflection point of the curve. To the right o
' inflection point, the: ‘stock-recruit curve is flat; consequently, reducing fishing pre:
. increases the number of adults, has no effect on the number of recruits. F ecundity
* affect yield or population size, as P is dependent on yield and exploitation rate rather than e
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To estxmate the impact of current fishing on the population, Doi et al.
calculatéd the ratio of adult turtles in the present population with that from a hypothetical
virgin, or unharvested population. The number of adult turtles in the virgin populatior
estimated by running DOIRAP with F = 0.0 and the number of recruits held constant,
_ assummg no effect of current harvest on recruitment. "

Model M dlﬁcatmns and Results: DOIRAP is dependent on the age-length’
' w}nch apg es to catch-at-age frequencxes We did not recelve all of the catch

Any model runs that included a change in the age-length relanonshlp required anew, .
e calcu’ra’tid of catch-at-age and percent mature-at-age. When applied to the‘,agﬁr i
' used in the Cuban analysis, our catch frequencies were lower than, but comparable t
used in the original analysis (Fig. 9). With the new catch-length records, 8-year-old
were the age class most frequently captured; hence, the age at full availability was shift
from 1 syeaxs to 8 years.

. Figure 9, Pooled capture-length frequencies used by Doi et al, (1992) and th‘x”: analy
. (1985-90). We were not provided with the original capture-length data used by Doi et al.

(1992). |

oo ] | RECORDS
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exploxtatwn rate (E) and sustamable YICId In the original analysxs Dm et al r‘ep~
0. 782 E 0. 1246 and a maximum sustainable yield of 245 t, or 5,500 turtles A

' the Inmt should be raised to 70 cm SCL to increase the adult populatxon size and a&mn é
“higher ywld »

i that sparis‘« 5—6 months with peak actmty in August and September (Hoyle and]
~ Thus, it may be unreasonable to assume continuous reproduction throughout the year.

14




Sensiﬁvity Analysis

Sensltmty of Model Parameters. We studied changes in three results ﬁ'QmDOI&AP in ou
sensitivity analysis: catchable biomass (P), number of adult turtles (A), and maximum
sustainable yield (MSY). While DOIRAP contains over a dozen parameters,
are nested (Fig. 3); thus, we focused on 6 key parameters (Table 3). We calculated the
sensmwty of a model parameter (p) by comparing the change in a model result (P A o

MSY) with each parameter increased and decreased by 5%:

...  result, . .. —result,
SenSl fivi ly = p+ px0.05 P~ px0.05

result x0.1

For example a +5% change in the ﬁshmg mortality coefficient (F) made half that total
inl (Té '

Ch ‘és‘ “n Early Growth Rate: At the 1992 meeting, several sea turtle bm, g,x,st” “
oressed concern over the htgh growth rate used in the Cuban analysis (Bekk "'},
1992). ‘Recapture studies on wild hawksbills have generally predicted a ‘much slower gm

larly in older turtles. We modified the age-length key in DOIRAP by reducing
ge 0t0 1 (9 cm SCL) and age 1 to 2 (8 cm SCL) by 5, 10, and 25 ’*
a dtop in the steepness of the von Bertalanffy growth curve (Fig. 10). W nseg

wth rates to reassign catch-at-age, using the catch-length record
wth rate decrease, DOIRAP calculated a new fishing survival rate
of turtles caught in each age class (Table 4). Percent mature-at—age ‘was calct ‘
'by translauhg the maturation curve from age back to length (see previous sectlon on o
| Maturatwn Rate, Sex Ratio and Fecundity).

15

,,,,,,

Coreciresd



I
I

TaBl’e 3. Sens;ntiirity analysis of DOIRAP.

Sensitivity of:

M ¥
sustainable

No. of
Adults

(biomass)

size

Catchable population

Parameter

yield

0.0354

: Growth curve :

0.262

0.379

steepness (k)
Length-weight
coemclent

- Yield

1.002

0.0

1.0

1.0

0.559 0.185

0.507

ishing mortality

coefficient (F)
 Natural mortality (S5)

 Sex atioffecundity

3.958

13.175

13.157

0.0

0.0

 agelto
DO

pote—

—— DOIRAP

— — - EARLY GROWTH 5%
-----EARLY GROWTH-10% |
— - — EARLY GROWTH -25%

Age (years)

IRAP for new population size and sustainable yield estimates.
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Decreasmg the growth rate ﬂattens the biomass curve and increases thef‘;,ge at
manmum blomass (Eq 4). Because DOIRAP is a stationary ethbnum mode

(1992) was very close to the current yleld of 243.7 t, DOIRAP runs thh the 1985-90 catch
records indicated that current fishing mortality is above optimal (Fig. 8). Mod/ ,,,,,,
indicate that if the early growth rate is 5-25% lower than observed in captive ammals,
y1e1ds (in terms of kilograms of hawksbill per year) could be obtained with reduced'
pressure (Table 5).

Table 4. Model results after reduction of early growth rate.

Growth Annual Catchable  No.of  Current adults/ Producuon

rate  survival (with population  adults preharvest
reduction harvest) size (t) adults
0% 0.812 2,623.63 28,698 0.3945
5% 0797 224117 25263 0.3587
10% 0.806 2,456.01 29,213 0.3985
25% 0.826 3,12045 39,078 0.4731

Table 5. Sustainable yield results with reduction in early growth rate,

‘Growth ~ Current Optimal Current Optimal yield

rate ﬁshing fishing yield MSY)
reductio,n mortality mortality ®

0% 01029 0.075 243.7 250.88
5% 0.1215 0.075 243.7 258.86
10% 0.1103 0.075 2437 252.21
25% 0.0858 0.080 2437 244.11
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growth rate. Data key: Lines = adult populatlon size estimates from Cuban nest sut : '/ /,
- dash-dot = using fecundity estimates from Doi et al. (1992), dashes = using fecundxty
estimates ﬁ'om Hoyle and Richardson (text footnote 3).

'adult pop at;on size of 25, 000-39 000 (Table 4). Variation in the estimated adu
size ¢ D OIRAP compare favorably with the Cuban populatlon estxmate i:i

No. of Adult Turtles

50,000 -

130,000 +.

20,000 -

40,000 -

10,000 4+

0
0% 5% 10% 25%

Reduction in Early Growth Rate (%)

rfmrgr
Ufgfg 11y r(
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~and 0. 928 respectwely, and were run with a natural survival rate of 0.95. Thisi increase in -

DOIRAP Results Using Data from Other Sources

\XTA waad marl- eana a dntn Fn al haegdealdll ais PasmCi e | L
vv-C USCA marx-r cwapu-uc data from several hawksbill al.uuu:a in the \Lailpoean ana

Australia to calculate new growth curves (Table 6). All growth estimates were 1
recapwres greater than one year ﬁ'om the original capture date The growth rate , eﬁczent

= P - ST
We used tuv meau Gfaﬂ K’s in each stud; y to calculate a von Bert Lauumy uurvc

0.9 as used in the ongmal Cuban analysis. The populations with growth rates frorn St.[,, .
Thomas, 'Australia and Mona Island received fishing survival rate estimates of 0. 886, 0.

natural survival rate greatly increased the biomass of turtles in older age classes because
DOIRAP assigns the same natural survival rate to all turtles age 1 and older.

As with the sensitivity analysis, we entered catch-length records from 1985-90 to
calculate catch-at-age specified by each growth curve. The new age-length relatlons}ups also
affected percent mature-at-age. No other changes were made to DOIRAP or its equations in
each model run. |
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growth rate coefficients (k) are shown in parentheses

Survival
Mean Mean age
Source Location ~ 8rowthrate  at80em  juyenile  Adult S
,,,,,,, | coefficient (k)  (years) ome
,,,,,,, Doi et al. Cuba 0.101 (?) 15 0.9 09 08
(1992) TR
~ Hoyle and Antigua 0.95 0.5
Richardson : :
(1993)
 Bjorndaland  GreatInagua,  0.115 (5) 14
Bolten Bahamas
(1988)
Boulon St. Thomas, 0.071 (9) 22
(1994) Virgin Islands
Van Dam Mona Island,  0.036 (15) 43 041
and Diez Puerto Rico _ e
Limpus Queensland,  0.0476 (41) 33 0.81 0.72

(1992) Australia
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Figure 12. Mean von Bertalanffy growth curve parameters (k) calculated for five
hawksbill mark-recapture studies. Error bars = standard deviations, no.’s = sample size.

P - 5
5 0‘2 -
£
g .
« -l
a 0.15
-
§ 1 '] 9
S 0 1 s | | 41
]
' ? 0.05 ° {
E - -
£ . ¥
-
- ;
£ 0 4 ¢ 4 4 -4
5 g 2 g g
3 s s @ I
< 0 < o«
I I 2 ) b=
a = g 8
e <

Figure 13. Age-at-length for hawksbills from five populatnons calculated with the von
Bertalanffy equation (Eq. 1). Maximum length (L) = 100 cm and 1ength-a1~hatch Sem | |

for all curves.
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As with the reduction in early growth rate exercise above, the slow growth rates
observed in other populations had a large impact on biomass, survival rates, and sustainable ‘
yields calculated in DOIRAP. Changes in the capture-at-age frequencies were especially
dramatic in the very slow growth rate calculated for Mona Island, Puerto Rico (Fig. 14). =~
When the capture-at-age curve was spread out, the decline in capture frequencies fromone
age class to the next was reduced. This affected the survival rate estimate; fishing survival .
rates increased as body growth rates decreased (Table 7). Because yield was a constant,an
increase in fishing survival rate translated into an increase in catchable biomass (P) and :
population size.

Figure 14. Catch-at-age frequencies for models using the original Cuban growth rate
(k =0.101) and Mona Island growth rate (k = 0.051).
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Table 7. DOIRAP results for growth rates from several hawksbill pdpulations.

Annual Current Production
Growth rate survival Catchable No. of adults/ parameter
origin (with population  Adults preharvest (recruits/
harvest) size (t) adults adults)
Cuba! 0.812 2,623.68 28,685 0.3945 0.7498
Bahamas Al 0.769 1,761.61 20,719 . 0.3196 0.8500
(mean)
Bahamas B 0.799 2,285.64 24,043 0.3343 1.0282
(w/o outlier)
St. Thomas® 0.886 3,709.77 40,131 0.3430 03617
Mona Isl.? 0.928 10,794.60 118,627 0.6182 0.2602

“Australia? 0.894 4,329.91 54,527 0.3989 0.4207

' natural survival rate = 0.9
2 natural survival rate = 0.95

Table 8. Sustainable yield results from DOIRAP using growth rates from several
hawksbill populations.

Growth rate Current  Optimal fishing  Current Optimal Percent

origin fishing mortality yield yield increase in
mortality ® (MSY) yield

Cuba 0.1289 0.075 2437 250.88 0.0295
Bahamas: A 0.1573 0.08 243.7 281.85 0.1566
(mean)

Bahamas B 0.1190 0.075 243.7 258.07 0.0590
(w/o outlier)

St. Thomas 0.0697 0.04 243.7 273.96 0.1242
Mona Island 0.0234 0.035 243.7 258.19 0.0594
Australia 0.0608 0.04 243.7 259.02 0.0628
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The results from DOIRAP were similar to those observed previously; a decreasein =~
annual growth rate led to a increase in annual survival with fishing and an increasein
predicted population size (Table 7). When growth rates from the Bahamas (A and B) and St.
Thomas were applied in DOIRAP, the model predicted an adult population at less than 35%

growth rates similar to these populations. All of the model growth rates indicated that
current yield is below maximum except for Mona Island. The low exploitation rate fora
population of turtles growing at rates observed at Mona Island led DOIRAP to predict that
the current population would be underfished if turtles grew at that rate (Table 8). However,
it is important to remember that these results are dependent on the assumption that yieldand
recruitment remain constant. A decrease in the predicted exploitation rate (due to the -
spreading of the catch-at-age curve and an increase in natural survival rate) resultedina
- larger predicted population size. When we compared the adult population size predictions =
from DOIRAP with estimates using reproduction rate from Cuba and Antigua, the =
populations with growth rates from Australia and Mona Island were dramatically e
overestimated (Fig. 15). '

Figure 15. Number of adult turtles estimated by DOIRAP for Cuba and five other =~
hawksbill populations. Data key: Lines = adult population size estimates from Cubannest
surveys; dash-dot = using fecundity estimates from Doi et al. (1992), dashes = using S
-fecundity estimates from Hoyle and Richardson (text footnote 3). .
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Matrix Models

v The complexity of DOIRAP hindered our ability to run a complete sensitivity analysis
of the model. Because our knowledge of hawksbill life history is limited, we constructeda
series of simple matrix models to evaluate which vital rates (survival, growth and fecundity)
are most critical to population growth. Our results should serve to focus research and
o conservation efforts, rather than quantitatively predict hawksbill population dynamics through
g ~ time.

Table 9. Parameters used in matrix models.

Size Perccn¥ Percent Annual Annual  Fecundity  Fecundity
Stase ScL)! mature’ available  survival  survival  (Cuba)™’ Antiraare:
tage  (om, SCL) forharvest (Cuba)l  (other) (Antigna)

Pelagic 8-30 0 0 unknown® unknown* 0 0
juveniles :
Benthic 30-50 0 10 9 813 0o . 0
Juveniles _ ‘
Early 50-67 33 60 9 957 69 183
maturing .
Late 67-177 67 100 9 .95? 69 183
- maturing
Fully 77 - 100 100 100 9 952 69 183
matare

! From Doi et al. (1992)
2 From Hoyle and Richardson (1993)
? From Limpus (1992)

4 Survival of pelagic juveniles calculated for stable population (A = 1.0)
s .. _ eggs/nest x no. of nests

Fecundity = remigration interval (yI) :
- (Hoyle and Richardson, 1993) or 0.75 (Doi et al., 1992), sex ratio = 80% female (Doi et al., 1992)

x hatch success x sex ratio. Hatch success =0.82
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Methods: We divided our model hawksbill population into five stages, representing size =~
classes that have different survival rates, % mature, or % available for harvest (Table 9)
Each 5 x 5 matrix represents a set of transition probabilities that can be multip!iedaiteraﬁvely
by a vector representing the number of turtles in each stage in a given year. The stage-specific
probabilities for survival, growth and reproduction appear in each column, with annuat
fecundity in the top row of the matrix (for details on matrix models, see Caswell 1989). We
constructed models for five different populations, representing the mean growthrates =~
calculated for hawksbills in Cuba, the Bahamas (model A, mean growth rate only), St.
Thomas, Australia, and Mona Island (Table 10). In a factorial design, we constructed four
matnces for each populauon The Dm (1992) fecundxty and sumval probabﬂmes VS..

VS, harvested populatlons The format for each stage-based matrix model fo]lowed that of S
Crowder et al. (1994).

cmin length These turtles live far out to sea and are rarely seen; thus, there isno estlmate fo
-annual survival in stage 1, and growth rates from older turtles (except in the Cuban growth

" estimate) must be extrapolated to these first years. We assumed that unharvested populations

are stable (A= 1.0, r = 0.0, population neither increasing nor decreasing each year) and solved

T for pelagic juvenile annual survival as a single unknown (Crouse et al., 1987; Crowder et al., .

1994). Each of the five hawksbill models had two estimates for pelagic juvenile survival, one
for model populations with the Doi et al. (1992) parameters and the other for models with

‘Antigua/Australia parameters (Table 10). Pelagic juvenile survival was higher m\‘the';model‘s:;;
‘ ‘with sumval and fecundtty rates from Doi et al. in order to achieve a stable populaﬁon, :

‘models, we held pelagnc juvenile survxval constant and calculated the rate of dechne fur each ~
population under conditions of no density dependence and constant environment. s
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Table 10. Stage durations and pelagic juvenile survival for matrix models based on.
~ growth rates calculated for Caribbean and Australian populations.

Stage lengths (years)
Growthrate Pelagic  Benthic Early Late Fully Pelagic Pelagic
origin juvenile  juvenile maturing maturing mature juvenile juvenile
survivall  survival’®

Cuba 3 3 5 4 nolimit  0.144 0.086
Bahamas 3 3 4 4 nolimit  0.142 0.085
St. Thomas 4 5 7 6 no limit 0.255 0.18
Australia 7 7 1 9 nolimit  0.485 0.407
Monald 8 10 14 11  nolimt  0.559 0.498

! Model survival and fecundity rates obtained from DOIRAP
? Model survival and fecundity rates obtained from Antigua (Hoyle and Richardson, 1993) and Australia

(Limpus, 1992),

Once the twenty matrices were constructed (5 growth rates x 2 survival/fecundity
regimes x no harvest or harvest), we calculated the sensitivity of population growth rate to
changes in model parameters using an elasticity (= proportional sensitivity) analysis (Caswell,
1989). Unlike the sensitivities for DOIRAP that we calculated by simulation, elasticities of
our deterministic matrix models were calculated analytically:

ﬁ'—xgﬂ————m—v alld xa , (12)
a;” A (w) 4
 where a;; is any matrix element and v and w are the left and right eigenvectors of matrix a that
are associated with the dominant eigenvalue, A. The denominator is the inner product of the
 two vectors (Z(vw,)). The left eigenvector contains the reproductive values for each stage,

~ while the right eigenvector gives the distribution of individuals in each stage in populations
that have reached a stable growth rate (same increase or decrease every year). The result of |
Equation 12 is an elasticity matrix whose entries sum to 1, thus giving the proportional
contribution of each matrix parameter to the population growth rate. To compare the relative

contributions of adult and juvenile survival (o;), we increased and decreased each survival rate

by 1% and calculated the proportional change in A iteratively using Eq. 10.
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Results: As described in the methods, the population finite rate of increase (A) for
unharvested populations was assumed to be 1.0. When a survival rate of 0.782 (Dox et al
1992) for turtles susceptible to harvest was introduced to each model, A decreased most
dramatically in populations with a shorter time to maturity (Fig. 16). This is because in
‘populations with higher growth rates there are many more large turtles, and a reductionin
annual survival effectively removes a larger proportion of the population. In the absence of
density-dependent compensation, decreasing survival through harvest may cause a population
decline of 4-11% per year. Models with the Doi et al. (1992) survival and fecundity rates
gave higher population growth rates with harvest, but showed the same qualitative pattern of
increase with growth rate increase; thus, for the remainder of our results we only report
elasticities obtained for models with Antigua/Australia survival and fecundity rates.

Figure 16. Population growth rates (1) calculated for matrix models of harvested
populations with growth rates from five hawksbill populations (Table 9). Suwwal rate
of turtles affected by harvest = 0.782. Two different annual survival and fecundity rate
regimes were used for each population model: 1) survival estimates from AnnguafAustrah
with fecundity estimates from Antigua and 2) survival and fecundity estimates from Doietal.
(1992).
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- and Mona Island models. In the models with harvest (Figure 17B, D), the relative

b elast:cmes) 'Ihese results are snmlar to those obtamed by Crouse et al. (1987) for 16gger ead

 models with harvest. When adult survival rates decreased, the relative i impact of juvenile

o figure shows elasticities for stage-specific transition probabilities. P is the probability of

_Antigua/Australia survival and fecundity estimates. A and C = unharvested populations (l. =
1.0 for all models). B and D = harvested populations (harvest survival rate = 0.782).

The probability of surviving and remaining in a stage (P) inthe adultand @

- benthic juvenile size classes showed the highest elasticities in both the unharvested and
- harvested population models (Fig 17A-D). For the pelagic juvenile stage, elasticities for the
probability of surviving and growing into the next stage (G;) were higher than P elastmmes m
the Cuban, Bahamian, and St. Thomas growth rate models but were lower in the Australian

contribution of early maturing and fully mature stages to population growth was reduced fmm
elasticities obtamed in the unharvested models. The probabxhty of sumvmg and remammgm

 sea turtles, Caretfa caretta. We observed an increase in the juvenile survival elasticities in

survival on population growth increased, primarily because of the small proportion of turtles
that survive to older stages. In harvested populations, a proportional change in juvenile
survival affects a larger proportion of the population than the same proportional changeinan
unharvested population.

- Figure 17. Elasticities, or proportional sensitivities, for matrix models using the body
- growth rates from five hawksbill populations. Each matrix model has five stages (Table 9);

surviving and remaining in a stage (A and B), while G is the probability of surviving and
- growing into the next stage (C and D). Results are shown for models using the -
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Stage-specific survival contributed to both P; and G;. We found that survival
elastlcxtles. increased in the early maturing stage as body growth rates decreased (FingA; B).
In models without harvest (Fig. 18A), Cuba, Bahamas and St. Thomas had a peak Suwwal
elasticity in the fully mature stage, which was also the adult stage containing themost
mdmduals With harvest (Fig. 18B), maximum surwval elastlcxty in the St Thomas model |

maturm,g adult stages had the hxghest elasticities, especlally in the models with harvest Tlns is

due to the small number of individuals in the later stages of the Australia and Mona Island ‘i
models. Although the reproductive value of fully mature females was extremely high (as
‘much as 10 times benthic juvenile reproductive value), these turtles comprised less than 0.2%
of the total population.

Figure 18. Stage-specific survival elasticities for matrix models using the body growm il ~
rates from five hawksbill populations. Results are shown for models usingthe =~ s
Antigua/Australia survival and fecundity estimates. A = unharvested populations (A = 1.0 for : \
all models). B = harvested populations (harvest survival rate = 0.782). e
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AN

‘calculaung sustamable yxeld Second, the detemnmstxc form of the model and lts assumpﬁans i

- AgealengthKey. Clearly, a mark-recapture study is needed to calculate a growth curve for

individual variability in the Mona Island growth rates (Fig. 19). It is unlikely that individuals

. growth parameter changes for individuals in different size classes. In addition, the: Australxan

“(Barto\oi andiParker,~ ‘ 1983)‘. In an annual model, age is defined as a discrete variable \whi‘le

depending on how age is rounded off. This variability was a. pa.rtxcular problem for calculamng i

AN Y

Discussion

There are two main concerns to be addressed about DOIRAP. First, thereare
parameterization problems resulting from insufficient data on growth, reproduction, and
survival of hawksbills in Cuba and the species as a whole. In particular, we have no data on
density~-dependent compensatxon and natural survival rates, both of which are critical for

wild Cuban hawksbills. The average growth rate coefficient for Mona Island, Puerto Rico, 1
less than half of that calculated using captive growth rates. However, there is considerable

remain on the same growth trajectory through life; effort should be made to determineifthe
mark-recapture data revealed considerable variability in size at maturity. Assigning =
maturation rates to size, and particularly age, classes is probably i mappropnate for hawksbxﬂ

and other long-lived species. Until a method is established for verifying age in sea. turtles,
growth rate calculations will be highly speculative. Sl

in other sea turtle growth studles However growth rates of hatchling turtles in theu* ﬁrst
year may not be described by a von Bertalanffy curve, and rates for wild pelagic Juvemles are
unknown.

Using a growth curve to assign ages to lengths has been criticized in ﬁshermht@ramt

age (Fxg 20) At later ages the number of size classes w1thm an age may mcrease \\\\\\\\\\\\\\\

age-at-capture frequencies. Problems with length-to-age conversion, variability in gmwth

rates, and an inability to age sea turtles suggests that future models should be based on size as . SN

well as age.
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Figure 19, Variation in growth rates obtained from a mark-recapture study of
~ hawksbills at Mona Island, Puerto Rico. Curves are calculated from estimates of ¥ (Eq.
11) using the von Bertalanffy growth equation (Eq. 1).
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ﬁ'equenmes over ttme ‘even as larger sea turtles were removed through harvest o Howev
tlus is nm the case; further analys1s of the 1985-90 Cuban harvest data mdwates that th :

Smgly f
' the catchrlength records Tlus suggests that fishing mortality on the largest hawksbtlls mayt
higher than the Doi et al. (1992) estimate.

Age‘ at full availability was determined by the age with the maximum caﬁme e

is needed to better evaluate age and length at full avallablhty to the ﬁshery

,Su st *ma(ble Yleld DOIRAP assumes that the current yield of 243.71 1s constant an:

sex ratlcv. When we ran DOIRAP wnh slower (and perhaps more reahstlc) Brow!
‘ model assumpuon that eﬁ‘ort and yxeld are stable led to overestimates of popul

model rtself; thus the productxon rate (recrults/adults) under the current harvest regtme\ms,
assumed to be at maxxmum, with recruitment held constant for any increase in adult surviv
Whlle tlms may be a conservatwe” esttmate of densxty~dependent reproductlon (Doi et al,

thh the wcurrenzt model. Overﬁshmg can only be inferred through the ratio of cun; :‘ﬁ : i
: populatwn to preharvest adult population (which is assumed to have the same recn

equxhbnum may be invalid, and senous overfishing may be occurring.
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i ngratwn 'The assumption that Cuba’s hawksbill population is closed to nngranonhaéh\'
. questioned at meetings. sponsored by the Bekko Association and other groups (Qgren, ‘
‘Bekko Association, 1992). An extensive study of hawksbill populatxon genetics is ¢
underway Clearly, migration could impact the population size calculated by DO :
~Migration of harvestable-size hawksbills into Cuban waters could also mask a populaﬁon
decline, pmwularly if immigrants are from protected populations. o

Llfe Hlst

Cmmderatxons for Management. Even at the hlgh growth rates' S

' POP“ ‘

o ;Conservamn eﬁ‘crts assomated w1th nestmg-beach protectxon must be mamtamed, partwul

~_ for those beaches which attract large numbers of hawksbill females. However, nestin
;;prctzcuon alone is) unhkely to prevent populatlon decline in harvested populatmns ( :

g enough to saappan a heavy harvest. Headstartmg of long-hved, slow-growmg turtle‘
- debated extensively (Taubes, 1992; Frazer, 1992; Congdon et al., 1993; Heppell etal.,in=
- press) and is generally considered to be an unfeasible management option with little chant:e Qf

sustaining explmted populations.




mortalzty in matrlx model populatxons of hawksbill sea turtles. Matnx param [
given in Tables 5.1 and 5.2. Compensation occurs when population growth rate ?s 1 0 ‘

Pelagic juvenile Pelagic juvenile Sl

Growth rate origin survival survival Percent change

(initial) (increased) L
Cuba 0.086 0.154
Bahamas 0.085 0.152
St. Thomas 0.180 0.280
Australia. 0.407 0.520

‘Mona Isl. 0.498 0.614

any deoram in ﬁshmg mortahty These assumptlons with a lack of supportmg ¢
wild Cuban population, make the current model and analysis unacceptable for hawksb ,

v monitored fso harvest quotas can be continuously. updated
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Glossary

7
e

s
o

i

N,

rate of each age group and body growth rate. z
\

DI

Catch-azt?age frequencies: The number of turtles caught in each age class, con ‘}
von Bertalanffy curve) from length frequencies observed in the fishery data

Catch-per-umt-eﬂ'ort (CPUE) Catch (m kﬂograms) of turtle taken by a deﬁned ﬂ ning

resdlt& ina equmbnum populatlon, with the same propomon of individuals in. ea h, ge
class ¢ every year. See also stationary equilibrium. e

. ‘ Expldi’tatibn.mte (E): The proportion of total mortality caused by fishing.

Fecundity (in matrix models) The mean number of female eggs produced annually by each
a-ilult female turtle.

Fxshing mortality coefficient (F): The instantaneous rate (i.e. compound‘mtereSt ratel
change in the number of turtles in each age class caused by fishing.

Fzshing survival rate (S): The proportion of turtles in each age class susceptlble ) harve
that survive each year, as determined by the sum of fishing mortality and namral‘ :
morta;hty

Growth rate. 1) Increase in straight carapace length (generally referred to as bc)d
rate). 2) Change in population size over time (generally referred to as popuianon
growth rate) This may be expressed as r, the instantaneous rate of increase.
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(pf e ulanon at stable ethbnum when 7 = 0.0) or A, the dominant exgenvame ‘
 population matrix (r = In (1)).

Maturation level: The proportion of turtles in an age class that is sexually mature, as
detennmed by gonad analysis.

Manmum sustainable yield (MSY) or Optimal yield: A harvest level whlch s

 biomass of catch. Dependent on the natural mortality rate of each age group ‘
DWthrate g

Natural mortality rate (M):  The i instantaneous rate (i.e. compound-interest rate)’ of
in the number of turtles in each age class due-to non-fishery related causes ’

’1the absence of harvest

: kRec;ruitmaent (R) The number of turtles that reach one year of age.

fol ,omg a change in 2 model parameter (e.g., natural survival rate).

table stag" distributnon (w): A vector giving the proportion of individuals in each ‘ :tage” ,
~once the population has reached equilibrium. The right eigenvector of a transxtxo L
ma‘mx ,

. : Straight e:tre;pace length (SCL): The length of a turtle’s shell measured by calipers.

- \‘Statwnary eqmlnbrmm An equxhbrxum population whxch does not increase of decrease ‘

from year to year (r = 0.0, A = 1.0). By assuming constant yield, Doi et al. assume
that populanon numbers are constant.

Total morl’allty (2): The instantaneous rate (i.e., compound-interest rate) of mortality fo
turtles above the age at full recruitment (Z =M+ F). Obtained by calculating the
descending slope of the In transformed catch frequencies.
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1986 1987 1988 1989 1990

6 0 2 0 0

65 14 17 23 28

219 188 123 151 101

382 230 135 143 144

79 cm SC 437 214 158 165 150
0-89 cm SCL 209 75 48 49 48
0-99 cm SCL 40 7 4 5 2
Total >90 cm ; 34 7 2 2 2
Total >80 cm : 205 638 4 41 40

Total >70 cm ﬁ 649 271 196 198 171

Mm‘m“m 30 42 37 40 40
Maximum | 98 95 93 91 93

Mean length ] 69010 66794 66571 65750  66.091

Proportions 1986 1987 1988 1989 1990
~ 30-39 cm SCL ' 0.004 0.000 0.004 0.000 0.000
~ 40-49 cm SCL ’ 0.048 0.019- 0.035 ~  0.043 0.059
- 50-59 cm SCL 1 0.161 0.258 0.253 - 0.282 0.214
~ 60-69 cm SCL ; 0.281 0316 0277 0.267 0.304
- 70-79 cm SCL , 0.322 0.294 0.324 0.308 0.317
. 80-89 cm SCL , 0.154 0.103 0.099 0.091 0.101
~ 90-99 cm SCL ’ 0.029 0.010 0.008 0.009 0.004

>0cm 0.505 0.407 0.431 0.409 0.362
>80cm 0.183 0.113 0.107 0.101 0.106

1 scL = straight carapace length in centimeters
~? Remaining 1985 catch data incomplete
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Cuba.

Appendux 2. ‘Annual total catch and catch per vessel data for hawksbill turtle h
Raw data presented at the Hawksbill Turtle Conservation Specialist Intematxonal .
Workshop, Tokyo, Japan, 25 Mar. 1993. :

Zone A ‘
Year Catch (t) No. of vessels Catch/vessel
1979 1388 21 6.61
1980 1954 21 9.30
1981 1647 18 9.15
1982 1773 18 9.85
1983 135 16 8.44
1984 184 20 9.20
1985 207 16 12.94
1986 1 16 10.69
1987 194 13 14.92
1988 112 11 10.18
1989 136 11 12.36
Zone B ;
Year _Catch (t) No. of vessels Catch/vessel
1979 1929 15 12.86
1980 213 13 16.38
1981 200 14 14.29
1982 12432 13 , 18.71
1983 122438 12 18.73
1984 157 10 15.70
1985 107 10 10.70
1986 115 10 11.50
1987 137 10 13.70
1988 08 10 9.80
: 136 10 13.60
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Zone C
Year Catch (t) No. of vessels Catch/vessel
1979 2468 = 24 10.28
1980 106.3 24 443
1981 196.8 24 8.20
1982 338 18 18.78
1983 3054 18 16.97
1984 264 18 14.67
1985 316 13 17.56
1986 222 16 13.88
1987 253 16 15.81
1988 213 15 14.20
1989 181 14 12.93
Zone D
Year Catch (t) No. of vessels Catch/vessel
1979 183.7 32 5.74
1980 197 32 6.16
1981 185.5 29 6.40
1982 213 24 8.88
1983 214.8 25 8.59
1984 195 26 7.50
1985 114 25 4.56
1986 162 24 6.75
1987 217 24 9.04
1988 162 23 7.04
1989 238 22 10.82
Total
Year Catch (t) No. of vessels Catch/vessel
1979 762.2 92 8.28
1980 711.7 90 7.91
1981 747 85 8.79
1982 971.5 73 13.31
1983 880 71 12.39
1984 800 74 10.81
1985 744 69 10.78
1986 670 66 10.15
1987 801 63 12.71
1988 585 59 9.92
1989 691 57 12.12
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Total weight of catch per &ear

Year Catch (1) , Year Catch (t)
1976 - 204.9 1983 263.3
1977 202.2 1984 253.0
1978 202.5 1985 234.5
1979 202.9 1986 235.7
1980 263.0 1987 266.9
1981 262.8 1988 247.5
1982 283.2 1989 2449
Mean 240.5
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