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Introduction 

Since 1988 the Greenland Institute of Natural Resources has conducted an annual stratified-random bottom 
trawl survey of the shrimp stock (Pendants borealis) off West Greenland (Carlsson and Kanneworff, 1997). The 
surveys cover the offshore shrimp distribution in NAFO Subarea 1 and a small part of Div. OA. The purpose of the 
surveys is to assess the abundance of the stock and to gather biological information on the resource. The advantage 
scientific surveys have over catch based techniques, such as the commercial CPUE abundance index for shrimp 
(Anon.,1997), for assessing a stock is that the uncertainty associated with survey estimates of population 
characteristics can be quantified. Given the nature of commercial catch data, the uncertainty associated with catch 
based assessments is difficult to measure and often ignored with sometimes disastrous consequences (Pennington, 
1998). 

Now that ten years of survey data are available, it was decided that a panel should be formed to evaluate the 
design and efficiency of the survey. The charge to the panel was to assess the precision of the survey estimates, the 
effectiveness of the present stratification, the allocation of effort within the survey area, the appropriate tow duration 
and the suitability of two-stage (adaptive) sampling. Because of time constraints, the currently used methods for 
collecting and analyzing biological data, such as length measurements were not examined. Based on their findings, 
the panel was asked to make recommendations on future survey design and analysis. 

Stratification and effort allocation 

The total survey area extents from 59°30'N to 72°30'N along the West coast down to a depth of 600m. The 
southern areas were not covered in the first years of the time series (Carlsson and Kanneworff. 1997). The survey 
catch of shrimp in the northern part of the survey region and in shallow water areas was a small proportion of the 
total catch during the last ten years. Thus it was determined that survey effort in the north and in shallow water areas 
should be reduced and redirected to the western part of the survey region. The north would be monitored by taking 
a few transects of stations in the future and sampling intensity enhanced when and if abundance in the north 
increases from its current low level. 

In this review, survey data from the western areas (WI through W5 and Cl and C3), which contain the bulk of 
the survey catch and effort, were examined in detail (figure 1). The areas contain three or four strata based on depth. 
The depth stratification is 150-200m, 200-300m, 300-400m and 400-600m. In total the area is divided into 25 strata. 
To determine the efficiency of the stratification semivariograms were constructed (Figure 2). Mean density and 
standard deviation were calculated for latitude and depth intervals. The delta value of the semivariogram were 
calculated as the squared difference in density for neighbor intervals, intervals two steps apart and so forth up to six. 
If the semivariogram shows an increasing trend, the intervals chosen reflect differences in the mean between 
intervals. 
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The spatial distribution of the shrimp appears to be strongly related to depth with little correlation with latitude. 
Thus four "super" strata were formed in the western area based only on depth (see Table I). 

There are basically two advantages for having fewer and larger strata; 1) analyses based on the resulting larger 
sample sizes within a stratum are more stable and more varied analytical techniques can be used (Pennington, 1996), 
and 2) effort can be more efficiently allocated among the strata (Gavaris and Smith, 1987; Smith and Gavaris 1993). 
Furthermore, usually little is gained in terms of precision by increasing the number of strata beyond six (Cochran, 
1977). Since sampling effort is currently allocated approximately proportional to stratum area, the stations within 
the super strata can be treated as approximately a random sample from each new stratum (Cochran, 1977). 

In Figure 3a is a plot of the estimated mean density of shrimp by super stratum and year. It is apparent that the 
stratification is fairly effective. The average density of shrimp was generally highest in stratum C (depth 300-400m) 
and consistently extremely low in stratum A (150-200m) during the survey period (Figure 3a). 

The stratified estimator of mean shrimp density in the entire area is given by (Cochran, 1977; eq. 5.1, p. 91) 

37s,  = 	 ( 1 ) 
i=1 

where L is the number of strata, 
n 1  is the number of tows in the i th  stratum, 
YLk is the catch by the le tow in stratum i, 

Yi.k y i  	 is the average catch in the i ll'  stratum, 
n i 

and 
W, the proportion of the survey area in the i th  stratum. 

The estimated variance of the stratified mean, 37,,, is 

Var(Yc i  ) = E Wi — , 
n 

S 2 	
(2) 

where 

L(y , --y,) 2  
2 	k =1 S 

 

(3 ) 
n —1 

One way to measure the usefulness of a stratification scheme is to compare the variance of the density estimates 
based on the stratification with those from a simple random sample from the entire area (Gavaris and Smith, 1987). 
Sampling effort was allocated approximately proportional to stratum area therefore an estimate of the variance if 
there were no stratification (i.e. simple random sampling in the entire area) is given approximately by s 2/N, where s2 

 is the estimated variance ignoring stratification and N is the total number of tows (Cochran, 1977; eq. 5A.51, p. 
137). The relative precision of a stratification scheme versus simple random sampling may be measured by 

var(Yt ran  ) 

var(Yi st ) 

where var(y mn  ) = s 2  /N (Cochran, 1977, p. 103). In Table 2, column 3, is the estimated relative precision of 
allocating effort proportional to stratum area (the current design) versus allocating effort randomly in the entire 
survey region. On average, the precision increases by 20% using the stratified design or equivalently, the variance is 
reduced by around 17%. Put another way, if there were no stratification, sample size would need to be increased by 
17%, on average, to generate estimates that are as precise as the stratified estimates. 
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Since only a small proportion of the total biomass was observed in stratum A, little was gained in terms of the 
precision of the abundance estimates by allocating effort proportional to the area of stratum A. It was decided to 
determine the possible gain in precision to be had by reallocating 50% of the effort from stratum A and 25% from D 
(the smallest stratum) to strata B and C. The result of this reallocation was an estimated gain in precision of 42% on 
average as compared with simple random sampling (Table 2, last column). 

The final allocation of stations will be determined by the total number of stations that can be taken in the 
western Subarea. This number should increase significantly with the decrease in sampling effort in the north and in 
shallow water areas (stratum A). 

Two stage adaptive sampling 

For the years 1994 through 1997 additional stations, based on the method proposed by Francis (1984), were 
taken in strata when the variance of the first-stage observations was relatively large. There are two problems 
associated with this technique The first is that the sampling scheme may introduce a fairly large negative bias 
(Follner, 1997). Since the distribution of the shrimp catches is highly skewed to the right, the bias is caused by a 
tendency for the additional catches to be smaller than the first stage catches in strata where large catches occurred 
during the first stage. The second problem is the additional travel time it takes to collect the second stage samples, 
which, on occasion, causes considerable back tracking during a cruise. This time may be more efficiently used by 
increasing the number of stations sampled during the first stage. It was concluded that using all the effort on first 
stage sampling would produce more precise estimates since bias would be eliminated and a larger total number of 
stations could be sampled than in a two-stage design. 

Though the additional stations would negatively bias estimates based on the original stratification, they would 
cause a positive bias if included in the super strata, since the second stage samples would tend to be larger, on 
average, than those in the expanded stratum. In addition, the second stage samples would cause sampling to be far 
from proportional to stratum area. Therefore they were not included in the analyses based on the super strata. 

Tow duration 

Based on numerous experiments, it has been observed that little is gained in terms of precision by towing longer 
than about 15 minutes at a station (Code et al., 1990; Pennington and Volstad, 1991,1994; Gunderson, 1993; 
Goddard, 1997). At present, one-hour tows are taken during the offshore shrimp survey and there is some evidence 
that little is achieved by towing that long. The inshore shrimp survey uses 30-minute tows and the precision of the 
inshore estimates (as measured by the coefficient of variation) is the same as that for the offshore estimates. 
Experimental towing along transects for shrimp off Western Greenland indicates that there is a relatively high 
positive correlation in catch between stations that are close together (Carlsson, 1997) and when this is the case, little 
is gained by taking tows of long duration. 

By reducing tow duration, the number of stations that can be sampled during the survey will increase and thus 
the resulting density estimates will be more precise. Decreasing tow duration not only saves survey time but also 
reduces operating costs since total towing time for a survey will be significantly reduced. Gear and equipment wear 
is a function of tow length, and less fuel will be consumed while dragging the trawl. An additional benefit of 
reducing tow duration is the resultant smaller catches that will require less sorting time and allow more time for 
taking other biological measurements. The total shrimp catch will be less if tow duration is reduced but estimates of 
biological characteristics, such as length frequencies, will be more precise because the number of stations at which 
samples are taken will be larger (Pennington and Volstad, 1994). 

Precision of the estimates of mean density 

Estimates based on the sample mean 

The estimated mean density of shrimp for each super stratum and year are in Table 3, column 3. The estimate of 
the standard error for each stratum mean (column 4) is given by 

s i  
se(y ) = 
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where sj is from equation (3). The estimate of the yearly stratified mean using equation ( I ) is in the last row in each 
panel along with its standard error. The standard error (i.e. the square root of the variance of y- s„ see equation 2 ) is 
calculated as 

se(y s, ) = ivar(y, s , ) , 

where var(y s, ) is defined by equation (2). 

Figure 4a is a plot of the yearly stratified estimates of average shrimp density. The solid line is the average 
density (2354 kg/km -  ) over the ten year survey period. It appears that density has fluctuated about its mean Iesel 
during the last ten years. In order to judge the significance of the movements of the estimates from year to year, we 
need a measurement of how far the estimates may likely be from the true values. If the sample size is "large" 
enough, then the Central Limit Theorem states that each time a survey is conducted there is a 95% chance that the 
true mean lies in the interval (see Cochran, 1977, pp. 39-44) 

y s , ± 2se(y s , ) 	 (4) 

In Figure 5a is a plot of the survey series along with each estimate's 95% confidence interval. Again, the series 
appears to be fairly stable except for, perhaps, the 1991 value may be low. 

Since abundance data from marine surveys usually have a large variance and are highly skewed to the right, the 
sample sizes are typically not large enough so that equation (2) is a valid 95% confidence interval. In fact, the 
confidence associated with the interval given by equation (4) is usually much lower than 95% (McConnaughey and 
Conquest, 1992; Conquest et al., 1996; Pennington, 1996). 

Estimates of the mean based on lognormal theory 

One way to generate more precise estimates of the mean and more accurate confidence statements for 
skewed marine data is to base the estimators on the lognormal distribution (Pennington, 1983, 1996; Conquest et aL, 
1996). For the shrimp data it was found that the density values larger than 40 kg/km 2  were well approximated by a 
lognormal distribution (i.e. the logged values were normally distributed). Then a more precise estimator of mean 
density within each stratum, , is given by (modified from Pennington, 1983, 1996) 

, = (n 1  — na,) _
y

int 
 exp(yoG„,. (s / 2), 

n, (5) 

where m is the number of sample values greater than 40 in stratum i; y; denotes the mean of the values less than 40 

and I, and s 2„, are the mean and variance, respectively, of the logged values of catches greater than 40 and G,,, (t) 

is a function of m and t [for example, m = m and t = s 2„, /2 in equation (5)] defined by 

m — I 	 on —0 2H ti  
G„,(t) — + 	 t + 	 • m 	j=2 M 	± i)(M ± 3) (m + 2 j — 3) j! 

It can be shown that an estimator of the variance of 	is given by 

(6) 

var(c, )+ 
n 1  — m, —1 
It ;  (rt i  — 

m i (n; —m,) 

n;0  (n ;  —1 

n, —m, 
x c,, 

n ;  (n ;  —1) 

where s,' 2  is the variance of the values less than 40, 

(7) 
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c = 	exp(x i)G m  (st / 2) 
n, 

and 

m, —2 , 
var(c,) = — exp(23c i ) 	 

n, 	n, 	 m, —1 
■ 

A computer program is available for calculating the equations (5), (6) and (7). 

In Table 2 are the estimates of the mean density of shrimp and their standard errors, Vvar(lt i  ) , based on 
equations (5) and (7) for each stratum and year and in Figure 3b are yearly plots of the means for each super stratum. 
The stratified estimate of mean density (denoted by µ t,) in the entire area is calculated by replacing y i  with 	for 

each stratum in equation (1). The standard error of A si  is obtained by substituting var(13 ;  ) for s; / n, (which equals 
var( yr, ) ) in equation (2) and then 

se(a st  )= Aivar(li st  ) • 

The estimates of the yearly average density of shrimp based on the lognormal model also appear to fluctuate 
about the overall mean which is equal to 2862 (Figure 4b). The estimated ten-year average based on the its , - 
estimator is higher than the one based on the sample mean (Figure 4). This is because, given the sample sizes typical 
for marine surveys, the sample mean tends to underestimate the true mean most of the time for these highly skewed 
distributions (Pennington, 1983, 1996; Conquest et at, 1996). 

An approximate 95% confidence interval for ia si  is given by 

ri„ ± 2se(li si  ) 

In Figure 5b is a plot of the estimated average density, A st  , of shrimp for each year along with 95% confidence 
intervals. The confidence intervals based on the lognormal distribution are larger and have a tendency to be more 
accurate than those (see Figure 5a) based on the sample mean and variance (MeConnaughey and Conquest, 1992; 
Conquest et at, 1996). Again it appears that the mean density of shrimp has been fairly stable over the past ten 
years. 

Using the entire survey series to estimate abundance 

Information on the present status of the shrimp stock is contained in the current survey data and also in previous 
surveys. Since each point in a survey series is not an isolated event, time-series techniques can be used to estimate 
more precisely the relative or absolute abundance of a stock over time. The basic idea is that the previous values of 
the series are used to forecast the current level of abundance. Just as one would use previous and subsequent points 
to fit a trend line by eye, the entire series can be used to estimate each individual point. 

Briefly, a more precise index of abundance can be derived as follows (for details, see Pennington, 1985, 1986; 
Pennington and Gotha, 1995; Pennington and Stromme, 1998). Suppose the population size of shrimp, p„ can be 
described by the autoregressive integrated moving average (ARIMA) process ( Box and Jenkins, 1976): 

41(B )p; = 003) 
	

(8) 

where .(B) and 0(B) are polynomials in B, the backward shift operator (i.e., 13' x, = x„,„); p, 	- 	la a constant; 

the a t s are independent and identically distributed (iid) N(0,c7,2, ); and the zeros of O(B) lie on or outside the unit 
circle and those of 0(B) lie outside the unit circle. Thus p t  is a linear function of a finite number of previous values 
of the series and of a finite number of previous random shocks (the a,$). 
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It is further assumed that the expected value of the survey series, y„ is proportional to p t , that is: 

Yt = clPt ± et, 	 ( 9) 

where the ;a are iid N(0,0,2) and independent of the a,s. It follows that y, is represented by the process: 

0(3); = 003 t 	 (10) 

where y't  = y, 	the c,s are iid N(0, 	) and the zeros of 0(B) lie outside the unit circle 

Thus the signal generated by the changes in population size (model 8) is corrupted by random noise (equation 9) 
and the problem is to estimate each qp, given the observed series (model 10). 

One way to estimate qp, is to fit an ARIMA model (see Box and Jenkins, 1976) to the observed series to obtain 
an estimate of model 10 and use the fitted model along with equation 9 to estimate qp t. For example, suppose y, 
follows model 10. Then the information on the level of the current survey index, y T, contained in the previous values 
of the series is given by the one-step-ahead forecast of y+  at time T-1, denoted by y T_, (I), based on model 10 (Box 
and Jenkins, 1976, Chap. 5). The estimator S, T_I (i) is an unbiased estimator of E( y r  ) and hence by equation (9) of 
qpT. The current survey value, yT, is an unbiased estimator of qp T. Therefore for any k, 

=(1-  k)Y1 + k r_ i (1) 

is an unbiased estimator of qp T . Since 5, T _ I  (i) , as an estimator of qpT  , is independent of yT  with variance equal to 
2 	2 Cre  — a, (Pennington, 1985) and the variance of the original index yT  is cre  , it follows that: 

Var( Z T  ) = (1 - k)2  ae2  + k2  ( a c2  — cs ). 	 (12) 

The minimum value of Var( 2 1. ) is obtained from equation (12) when k = cr e2 /(32. and is equal to o (1 - 
0 2e  I cy2c  ) For all k between 0 and 2 cv e2 / cr e2 , the variance of the unbiased estimator Z r  (equation 11) will be less 
than the variance of the original survey index, yr . 

The shrimp survey series is relatively short and thus the a priory model (Pennington, 1985, 1986; Heiser and 
Hayes, 1995) 

y1= 3'1-1 	ct - Octi 
	 (13) 

was used to model the observed series, where 0 = cs e2  / cr and 101 < 1. From model (13), it follows that the forecast 
of stock size at time T based on the previous values of the series is given by (Pennington, 1985) 

Str_i 	= ( 1  - 0)Yri + 0( 1  - 0)Y+2 + 02(1 - E)YT-3 	 (14) 

Since 0 (= cr 2  / n ) minimizes the variance of the estimator defined by equation (11), k is set equal to e. Thus 
from equations (II) and (14), the estimator the abundance of the shrimp stock at time T can be written as 

iT = ( 1  - 0)yi ± 0(1 - 0)yr., + 02(1 - 0)3,f_2 
	 (15) 

and the variance of i r  is given approximately by (Pennington, 1985) 

var( 2 T  ) z 0(1- 0)(5,2 . 	 (16) 
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For the shrimp survey series, the estimate of 0 equals 0.8 and that of c equals 700 for both the abundance 
series based on the mean and for the series using the lognormal estimator (Figure 4). In Figure 6 are plots of the 
original series and the abundance estimates from estimator (15). An approximate 95% confidence intervals for Z T  is 

given by 

= ± 2.1var(Z i  ) . 

Plots of the estimated yearly abundance of shrimp based on the entire series are in Figure 7 along with 95% 
confidence intervals. The confidence intervals are considerably smaller than those based only on the individual 
values (compare Figures 5 and 7) but the conclusion is the same: it appears as if the abundance of shrimp has been 
fairly stable over the past ten years. 

Conclusions and Discussion Points 

• The spatial distribution of shrimp is fairly strongly correlated with depth. Forming four super strata based on 
depth in the western survey area provides more flexibility for analyzing and interpreting the survey data. In 
particular, larger samples in each stratum enable alternative estimators, such as the estimator based on the 
lognormal distribution, to be efficiently applied. With larger strata, effort can be allocated more efficiently 
among the strata, which would result in more precise estimates. 

• Sampling effort should be reduced in the North and in super stratum A and reallocated to the three deepest 
strata, B, C and D. This reallocation of effort would increase considerably the number of stations that could be 
sampled and thus increase the precision of the abundance estimates. 

• The adaptive sampling scheme employed since 1994 introduces bias and the effort spent collecting the second 
stage samples would be more efficiently employed by increasing the number of primary stations. It was decided 
to discontinue using the adaptive sampling scheme. 

• It appears that a tow duration of 15 minutes instead of the hour tow currently taken would increase the precision 
of the abundance estimates (since more stations could be sampled in the same amount of survey time) and 
improve overall survey efficiency. 

• Time-series techniques, which utilize the information contained in the entire survey series, can be used to 
estimate density for each year. Such estimates are more precise than density estimates for each year based only 
on survey data from that year. 

• Confidence intervals for the abundance estimates should be provided so that the uncertainty associated with 
changes in the yearly estimates can be assessed. In contrast to scientific surveys, it is difficult or impossible to 
assess the uncertainty associated with catch based estimates such as the commercial CPUE index (Anon., 1997) 
for the Greendlandic shrimp stock. 

• Given the present precision of the survey estimates, it appears that the abundance of shrimp has been fairly 
stable over the past ten years. After the 1998 survey is completed, it should become clearer whether or not the 
abundance of the shrimp stock declined significantly in 1997. 

• Only the shrimp density data were examined. It would be useful to determine the precision of survey based 
estimates of biological characteristics such as population length distributions. 
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Table I. Definition of four super strata in the western area for the Greenlandic shrimp survey. 

Dep 	 Substrata 	 Area 	Strat 
uper 	th (meter) 
	

(squa um weight, W, 
stratum 	 re km) 

ISO 	wl -1,w2-1,w3-1, w4-1, w5-1 	1400 	0.225 

	

-200 
	

2 	 2 

1 	200 	w1-2, w2-2, w3-2, w4-2, w5- 	1903 	0.306 

	

-300 	 2, c3-2 	 6 	 1 

i 	300 	w1-3, w2-3, w3-3, w4-3, w5- 	1791 	0.288 

	

-400 	 3, 	 2 	 1 
c1-3, c3-3 

1 	400 	w1-4, w2-4, w3-4, w4-4, w5- 	1123 	0.180 

	

-600 	 4, 	 2 	 6 
c1-4 c3-4 

Table 2. Relative precision for proportional stratified sampling and for a reallocation 
of effort to strata B and C as compared with simple random sampling in the 
entire survey area. 

Relative precision 

Yea 	 no. Of 	 Proportional 	Reallocation 
r 	 stations 	 (%) 	 (VG)  

88 	 102 	 96 	 104 

89 	 100 	 100 	 121 

90 	 179 	 124 	 126 

91 	 113 	 90 	 105 

92 	 79 	 138 	 158 

93 	 80 	 141 	 160 

94 	 85 	 149 	 203 

95 	 86 	 130 	 185 

96 	 78 	 128 	 146 

97 	 87 	 103 	 116 

Average relative precision 	 120% 	 142% 



to 

Table 3 Summary statistics for estimating the mean density and its standard 
error for each stratum and for the entire survey area based on the sample 
mean, V ;  , and on the lognormal model, 

1988 

Stratum se( y ; ) la; 

A 	22 1010 1000 655 628 

B 	32 2400 631 3332 1532 

C 	29 3969 714 4534 1223 

D 	20 2118 511 2730 1069 

Stratified estimates for 
total area 

2488 372 2966 634 

1989 

Stratum 	n, l'i se( y, ) Ft, se( A t ) 

A 	22 887 572 740 473 

B 	29 6523 2104 6105 2229 

C 	29 3733 1045 3914 1256 

D 	20 1170 382 1301 570 

Stratified estimates for 
total area 

3483 726 3398 786 

1990 

Stratum 	n i  7/ Ji se( y, ) Ui se(ct i ) 

A 	 33 13.2 4.6 7.5 4.4 

B 	 55 2018 671 2498 1034 

C 	 54 4934 904 5210 1150 

D 	 37 3912 1306 5326 2618 

Stratified estimates for 
total area 

2749 407 3230 658 
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Table 3 (cont.). 

1991 

Stratum n, Yi se(Y7i) se( lil i  ) 

A 35 6.6 5.6 6.6 5.6 

B 37 398 141 . 454 216 

C 25 3314 647 4032 1226 

D 16 1626 604 2859 1921 

Stratified estimates for 
total area 

1372 220 1819 500 

1992 
Stratum a, Yi se(Yi i ) se( 4, ) 

A 14 0.6 0.5 0.6 0.5 

B 24 1476 869 2095 1546 

C 24 5507 1005 7224 2326 

D 17 1800 771 2505 1535 

Stratified estimates for 2363 417 3175 866 
total area 

1993 
Stratum 	n, Y, se( yr ;  ) se( µ.) 

A 	15 1.2 0.7 1.2 0.7 

B 	23 1674 797 2179 1311 

C 	26 5453 1060 7873 3038 

D 	16 2378 755 2467 923 

Stratified estimates for 
total area 

2513 414 3381 977 
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Table 3 (cont.). 

1994 

Stratum 	n, I', se(y,) se( µ;) 

A 	15 1.6 1.6 1.6 1.6 

B 	24 1178 550 1181 642 

C 	28 7582 2351 8285 2530 

D 	18 1599 369 1892 690 
Stratified estimates for 

total area 
2834 701 3090 754 

1995 

Stratum 	n, Yi; se(y ; ) se( 'pi) 

A 	17 5.7 4.3 5.7 4.3 

B 	25 1124 627 1802 1420 

C 	26 5032 1208 5814 1959 

D 	18 1679 699 2412 1538 
Stratified estimates for 

total area 
2098 417 2664 768 

1996 

Stratum 	n, Yi se( y, ) se( µ,) 

A 	14 0.1 0.09 0.1 0.09 

B 	28 1390 1195 1408 1272 

C 	21 4069 749 6843 3020 

D 	15 3162 1591 3813 2177 

Stratified estimates for 
total area 

2168 513 3091 1031 
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Table 3 (cont.). 

1997 

Stratum 	ni  37. se( 37 j ) ii, se( rti  ) 

A 	16 34.5 19.9 30.5 20.4 

B 	26 1588 1142 1412 1008 

C 	26 2446 808 3464 1746 

D 	19 1756 602 1835 710 

Stratified estimates for 
total area 

1516 434 1766 604 
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Figure 1. Map of survey area. 
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Figure 2. Mean CPUE with two times standard deviation for depth and latitude groups of station taken 
from 1988 to 1997. The Semivariogram for depth groups have a clear increasing trend 
whereas the semivariogram for latitude groups has no obvious trend 
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Figure 3. The estimated mean density of shrimp by year and stratum based on the sample mean (a) and the 
lognormal model (b). 
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Figure 4. Estimated average density of shrimp versus year based on the sample mean (a) and the lognormal model 
(b). The solid lines are the average values for the ten-year survey period. 
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Figure 5. Estimated yearly average density of shrimp along with 95% confidence intervals for the sample mean 
(a) and the estimates based on the lognormal model (b). 
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Original survey estimates of shrimp density (open symbols) and the estimates using the entire time 
series (solid symbols) based on sample mean (a) and lognormal model (b). 

Figure 6. 
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Figure 7. Estimated density of shrimp generated using the entire time series along with their associated 95% 
confidence limits based on the sample mean (a) and the lognormal model (b). 
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