
I. ABSTRACT 

A CompaFison of Driftnet Fishery Bycatch Estfmation Methods 
Based on Empirical Bootsbap DrstribntioIls 

bY 
J m y  A. Wdbarll a d  Mnrina Y.Y. Yens 

Hoodulu h b n m r y  
~ F i s h x i e s ! k i ~ c e n t c r  

N.tioarl Mmim F$baks savia. N O M  
2270 Dole Street 

Hanoldu,HI %822 
U.S.A. 

TWO methodswaecompMd for- the total 
bycltch of albacoie (271lhwuurr ololungo). SktPJIck tuna 
(Katsuwonuspek), andblueshuk(prioMccg1411c4~ 
UI the 1990 Japanam driftnet fishay for neon flying 
q u d  (OmmasqiIU bmrrcuni): (1) a stnndard methood 
that expands the anthmct~c m a n  of spmple bycatch 
rates, and (2) the Pammgton method wtuch expands the 
delta-10- of the by- rote. 
Bootstnpdrstnbatunsofthetwoestlrmtors~tly 
s h o w e d t h n t t h C P ~ m e t h o d & l ~ h i g h a ~  
tal bycotchandmda .pprourmte confidmce lntervrls 
for total bycatch. The results pgr& mth other findiags 
published recmtly. lndicrturg that the Peauungton 
estimator IS not robust w t h  respect to the key as- 
sumption of lognormality UI the positlve bycatch rates. 

II. INTRODUCTION 

Est~mates of bycatch levels UI the hgh-seas dnftnet 
fishenes may vary substantmlly depeadmg on the stat- 
istical method used. wberher the stat~stlcal metbod IS 
applicable and the resultmg estimates useful depends on 
the vali&ty of critical underlymg assumptions. Usmg 
data from the 1990 Jappnese fishery for nenn flyrng 
squd (OnvnartrepiIU bamami). we conrparrd bycatch 
estimates from two procadures: (1) a standard method 
that expands the anthmehc mean of sample by& 
rates, and (2) a method wtuch expands the delta-log- 
normal estimator of mean bycatch nrte. The latter 
method is denved from ideas first developed by 
Itciuson ( 1955) and urtroduced to fishery surveys by 
Penxungton ( 1983). Empincal bootstrap dstnbutlons of 
each tstlmator W~XC ~~mputcd. Ln both C~SCS. total by- 
catch was est~mated for specified tlme-area strata nod 
thca SUmmpA o v a  the strat.. 
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EL BYCATCH RATE AND FJSEING EF'FORT 
DATA 

The dah for by& estimation consist of obsem- 
tions of bycatch rates for a sample of fishing opentions 
by selected Jsppness commxchl 4Uid driftnet VesFClo. 
and statistics on fishing effort by the torpi quid driftnet 
fleet. The fleet effort data were provided by the Jspm 
Fisheries Ageacy (JFA). The bycatch data were col- 
lected by Cannriinn, Jappnse, and U.S. scimtific ob- 
servm deployed on squid driftnet vessels in 1990. Ob- 
~~wacdeploya ionse lec tcd4~dr i f tne tvegeb  
at the discretion of the JFA with a view to achieving 
npresmtative coverage of the fleet's total effort. 

A fishing operat~on on a Japanese 4uid driftnet ves- 
sel involves the deploymeat of several in-bt 
driftnet sections. A section consists of about 100 net 
panels or 'tans", each 35-50 m long and about 8 m 
deep, joined together. In a typical operation the setting 
of the net sections begins around dusk. and retrieval 

retrieval usually takes 8-12 hours, it may be slower if 
squid catch rates arc extremely high or other difficulties 
mu. Then, somc driftnet sections may be left in the 
water one or two additional nights. Such extended re- 
trievals occurred in 4.6% of the operations monitOd 
by obsmvers in 1990. 

Observers collected b y d  data from a subset of 
the driftnet sections that were set and retrieved during 
each monitored fishing o w o n .  Observers usrully 
mitored 6-7 sections out of the 7-10 sections typically 
deployed. Observers decided whcb sections to monitor 
at the beginning of the operation based ou tables of 
random numbers. The sampling tables and dl other 
bycatch observation procadures w e  developed and 
s t a a d d l d  ' jointly by the three countries. For the 

.mitored sections of a fishing operation wen mid- 

commences before dawn the fouowiog day. Although 

purposes of this analysis. by& data from d 
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By& rate for Crch spscics uught in the 
operrtion were eompotsd by dividing the pooled 
by& by the pooled fishing e m  ( s t a d d u d  ' astibe 
number of 50-m ran equivrrients). The byatch rate for 
each species, expressed as the nmnber of nainala 
d e c k a i p e r A , o o O ~  . tmsoflmnitoredfishing 
effort, WLP assochd with the exact position and& 
of the operotion. Statistics on the fleet's fishing ef fd  
expressed as the number of s t a d a d A  . tans deployed. 
were available oniy in . ed form for uch 10- 
day period and 1 latitude x 1 * longitude cell within the 
regulated squid d r i h  fishing area. 

IV. SI'RATLFICATION 

Bycatch rate data and fleet effort statistics wem 
stratified by month (May through December) and 
longitude( 145'W-160°W, 160°W-175'W. and 175"W- 
170"E). The flea did not operclre 10. some time-area 
strata. Fufier, some strat. had low effort and no 
observer coverage, particularly late in the year. Fleet 

V. BYCATCa ESI'XMATORS 

Two bycatch estimators wen? COmpMd. The first 
is the standard method employing the arithmetic nraa 
bycatch. In this simple .pprosch bycatch in each tima 
area stratum is estimated by calculating the arithrtic 
mean of the bycatch rats over all monitored opentiom 
within the stntum. thea multiplying the mean bycatch 
rate by the total fleet effort (see below) in the stratum. 
Total bycatch is estimrt#l as the sum of the individual 
stratumbycotche&matesstimates. Undertheusualasamptiom 
regdmg random sampling within each stmum, the 
standani estimator is unbiased. 

Table 1. Summary of 1990 fdmg effon. by momh md m. for the asire Japnnuc quid driftM fl- .ad for the rubact of drilba 
V d s  on whiih obvrvar werr deployed. 

Total f l a t  Monitored v d a  

I .m 1 .m 
Stratum Monlh Area' opctruions U S  Operauona 1110. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
I5 
16 
17 
18 
19 

focal 

June 

July 

August 

octobcr 

Novanba 
Deccmba 

C 
E 

W 
C 
E 
W 
C 
E 

W 
C 
E 

W 
C 
E 

W 
C 
W 
W 
W 

12 
67 
31 

2.422 
730 

I .640 
4.317 
862 

2.833 
434 

1.204 
3356 

393 
94 

2.176 
3 17 

1.988 
683 
84 

23.643 

14 
84 
35 

2.709 
832 

1.542 
4.255 
868 

2.410 
413 

1.186 
2.874 

390 
94 

2.123 
317 

1.902 
638 
74 

22.759 

14 
62 
36 

357 
163 
237 
704 
171 
214 

58 
273 
3 10 
49 
18 

153 
14 

111 
29 
7 

2.980 

12 
59 
31 

3 10 
I43 
186 
568 
1 4 0  
139 
44 

220 
220 
39 
16 

1 I5 
12 
91 
23 
6 

2.314 
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up = 

I 

(m/n)*exPob) *H(m-1)/2; 

(s/4) *(m - 1 ) h  m > l  
x,/n m i l  

,o m=O 

IS the muurnurn vanance unbiased estimator of u under 
the delta-lognormal assumption (Crow and Shimzu 
1988). The symbol HI.} denotes the hypergeometnc 
function defined as 

H{a;z} = 
1 + z/f,(a) + r'l[2*fz(a)] + ... + t/G!*fi(a)] + ... 

where 

As m the standard method, overall bycatch is estimated 
by sumrmng the bycatch estimates for mdwidual strata. 
If samplmg is d o m  and the positive by& rates are 
truly lognormal. the Pennurgton estimator is unbiased. 
and more efficient than the standard estimator based on 
the anthmetic mean bycatch. 

In wmputlag bycatch wthin each time-cuea stratum. 

two options were explored to expand the mem byat& 
nte. inthefintoptim.thebycrtchrateinsnbetnbrm 
~ m . s s u m s d  to be.ppliub1~ to substrottlm~. SO ths 

--oomgmsdbY total bycrrch forthe timWer. 
multiplying the man by& rate by the t0t.l fleet 
effort in the two substntr: 

w n l :  C =u+(E, +E,) 
(effort) = u*E,*(l + WEJ) E, > 0, 

whae C is the total bycptch and E, and E, pct the 
respective fleet effort levels. 

In the secondoption, the fleet effort in subacntllm 
B was ignored. and infarmntioa on the fleet's decked 
catches within the substrocp were used to expand the 
bycatch rate: 

oprion 2: C = u*E,YI + (WJWJ) 
(weight) 

W, > 0 ,  

where W, and W, arc the qorted decked catches in 
the A and B subshta. The second option makes no 
essumptions about the relative bycatch rates in the hvo 
substrata. but ~ssumes that discard rates, average 
weights of decked animals, and reporting rates for the 
species in question are the same in both substrpu 

We demonstrpte the two methods by applying them 
to bycatch data for albacore ( ? h ~ ~ u s  uhkmgcr). 
skipjack tuna (Katsuwonur p c h k ) .  and blue shulr 
(Prionuce g h c u ) .  Overall frequency distributions of 
bycatch rates for albacore, skipjack tuna. and blue shark 
were skewed strongly to the right (Figs. 1-3). when 
aggregated over time-area strata. the distributions of the 
log-transformed positive bycatch rates were not par- 
ticularly n o d .  But they appeared to be nearly 
n o d  in many individual strata, suggesting lhat the 
P h g t o n  estimator would be appropriate and provide 
estimates of total bycatch with greater precision than the 
standard estimator. 

VI. BOOTSRAP SAMKING 

We compared the performance of the two estimators 
by generating their 'bootstnp distnbutrons" from the 
followmg Monte Carlo algorithm: 

(1) Within each time-area stratum, the observed 
bycatch rate disfribution was taka to be the 
non-parpmetric muimum likelihood estimator of 
the true bycatch rate frequency distribution. 
Data from all of the d t o d  fishing operaclon~ 
within the stratum Wac included. whether or not 
they involved extended retnev.ls. 
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Figure 1. Bycatch rate frequency didbution for aIbacOI+ in the 1990 Japanese quid  driftnet fishery. Inrcl drW1 comsponding frequency 
distribution for log-cnnsformod parihc bycatch mu. 
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figure 2. Bycatch ne frequency diaribution for skipjack NN in rhe 1990 IapanuC qyid driftncr tubev. Iorcc IhowS comsponding 
frcqucncy diaribution for log-lnmfomncd positive bycatch rates. Forusc in p l d n g  the fkquency of opcntiom with zem bycatch 
rale was truncated at 350: Ihc actual frequency was 2,771 opcntionr. 
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A random "bootstrap" sample was taken (with 
replacement) from the empirical bycatch rate 
distribution in each time-area stratum. Sample 
sizes in each stratum were equal to the number 
of fishing operations monitored by observers. 
The two bycatch estimators were applied to each 
set of bootstrap sample values, producing a 
comsponding bootstrap "replicate" pair of total 
bycatch estimates. 
Steps (2) and (3) were repeated 1,ooO times 
(1.OOO replicates), generating empirical fre- 
quency distributions of total bycatch estimates 
under the two estimation p'oc8dures. 

In the Monte Carlo procedure, random bycatch rates 
were computed by the inverse transformation method 
(Naylor er al. 1966). The required uniformly dis- 
tributed pseudorandom variates were geoerated using 
the ran1 algorithm described by Press er ai. (1988). 

The bootstrap bycatch distributions are Monte Carlo 
approximations to the oon-panmetric maximum likeli- 
hood estimators of the true frequency distributions 
(Efron 1982). As such. they provide ao empirical basis 
for comparing the estimation methods. We evaluated 
the estimators on the basis of their relative bias and 

prsislon. To exarmoe r e h v e  bias, we comppred the 
expected values of the est~mators, as md~cated by theu 
bootstrap dstnbuhon means. Specifically, we com- 
puted the relatwe bias of the Pennrngton estimator as 
the amount by whch its bootstrap distnbution mean 
exceeded the s e d  estlmator bootstrap m a .  ex- 
pressed as a percentage of the latter. Assumtog random 
samplmg who strata, thts measure is senstwe to 
violat~ons of the c n t l d  ~ssumptlons of the Pentungton 
method. To examme estlmator precision, we coquted 
the coefficients of vanatlon aod the 5" and 95" 
percentlles of the bootstrap dstnbutlons. The 
percentiles are bootstrap a p p r o x i ~ o n s  of the upper 
and lower 90% confidence limrts for total bycatch. 

W. RESULTS 

A comparison of the bootstrap distribution m e a s  
flable 2)  for albacore, skipjack tuna. and blue 
shark shows that. on average. the Pennington 

estimated higher bycatches than did the 
standardmethod. The comparisons are based on 
the Option 1 expansion. The difference was smallest 
for blue sb,ark (t6.146). intermdate for albacore 
(+14.2%). and largest for skipjack tuna (+205%). 



7.203 
8.189 

13.7% 

21.987 
50.037 

128% 

6.259 
6.554 
4.7% 

8 .on 9.095 
9.221 10.426 

14.2% 14.6% 

29.193 36.752 
88.922 148.022 0.3709 

205 % 303% 

6.656 7.080 
7 .m 7.586 
6.1% 7.1% 

0.0699 
0.0736 
5.3% 

0.1536 

141% 

0.0380 
0.0444 

16.8% 

These results are consistent with the apparent differ- 
ences among species in distribution patchiness. at least 
at the scale mepsund in a fishing operation. In 
particular, the differences berw&n the standard and 
Pennington estimates are directly related to the 
proportion of mu-bycatch opedons in the data 

In estimating total bycatch. the Option 1 expansion 
gave results differing only slightly from d t s  under 
the Option 2 approach (Table 3). The similarity 
between the estimates indicates that observer placement 
was geographically well-balanced in 1990. (By contrast, 
observer coverage in the 1989 pilot observer program 
on Japanese squid vessels was relatively poor in the 
southern e x t m t y  of the fishing area. Consequently. 
when we estimated the 1989 bycatch of skipjack tuna. 
which are more abundant in the lower latitudes. Option 
2 produced a better estimate than did Option 1.) 

As expected. differences betwea the st.ndard 
arithmetic mean method and the Pennington method in 
regard to the 5" and 95" percartiles followed the - 
pattern as seen in distribution means (Table 2). The 
differences were smallest in blue shark (+4.7% in the 
5" percentile, +7.1% in the 95" percentile), 
intermediate in albacore (+13.7%, +14.6%). and 
largest in skipjack tuna (+128%, +303%). 

The Pennington estimator is unbiased (and 
equivalent to the standard arithmetic mean estimator) 
when the data are truly deita-lognod. Differences 
b e e n  Pennington estimates and simple arithmetic 
mean estimates of bycatch would not n&ly be of 
concern if  we were cornparingsingleinstancesofthe 

statstics calculated from all the bycatch data. The large 
CLfferenCes between the boowrap dstnbuhon 
however, m&a& a systemahc bias m the Pemungton 
estimator. We suspect that the bias is due to falure of 
the key ~ssumpt~on of the Penmugton method. In 
rscmt computer simuimon expenments. Myers nnd 
Pepm (1990) showed thnt sl@t departum fmm log- 
n d t y  ~II the poslhve dafa values can lead to senous 
upward bias m the Pennrngton estimator of the distn- 
butlon mean. 

When the positive bycatch rates are truly lognormal. 
the Penrungton estimator of total bycatch. besides bemg 
unbiased. is more precise than the simple anthmeuc 
mean estlmator. Indeed. tius is the chief mouvauon for 
uung the Pemmgton method. But our data show that 
the coefficients of v a o n  of the bootstrap dstn- 
butions were coaslstently tugher for the Pmnmgton 
a m s t o r  than for the standard anthmetlc meau esu- 
mator: albacore. +5.3%; blue shark, + 16.896; siup 
jsck tuna. + 141 96 (Table 2). These resuits confirm the 
simuhmn studxs by M y m  ami Pepm (1990). whch 
showed a steady loss of efficiency, relatwe to the 
anthmetrc mean estmator. when the lognonud 
assumption was violated. 

Our expenence adds to a growrlng body of results. 
d c n t l n g  that the Peammgton estlmptor. despite its 
theoretlcai attroftlons. IS not very robust and may oftea 
be urappropnate. This seems to be the case for dnftnet 
by& tshmntlon. In most mstanas. non-psnmemc 
eshmtes b a d  on bootstrap dstnbutions of the slmple 
anthmeuc mean bycptch rate would be prefetabie. 
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BYCATCH COEFFICIENT 
EXPANSION EsTIMAn OF 

SPECIES O m O N  ( X I 0 3  VARIATION 

Skipjack CUM 

Blue ah& 

1 - effort 
2-wcight 

1 - effort 
2 - weight 

1 - effort 
2 - weight 

8 .on 
8.019 

29.193 
30.724 

6.656 
6.55 1 

0.0699 
0.0697 

0. I536 
0.15 10 

0.03m 
0.0360 
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