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1 Executive Summary
This document addresses two problems that occurred recently in the series of stratified
random trawl surveys in the area of the Chatham Rise known as the Spawning Box. Biomass
indices from these surveys have been a key input to the stock assessment of this area.
However, high coefficients of variation (c.v.) and extreme sex ratios (a predominance of
females) have made the 1992 and 1994 survey results of questionable value.
These problems were addressed by an examination of data from three sources: the nine
surveys between 1984 and 1994; commercial sex ratios from the Scientific Observer
Programme throughout the EEZ; and the 1995 survey (designed to throw light on these
problems).
There is strong evidence that the pattern, within the spawning season, of when and where
extreme sex ratios are likely to be caught is now different from what it was in the 1980s.
This change appears to be the main reason for the predominance of females since 1992.
The intensive 1995 survey found that females predominated over more than 90% of the
survey area, and that this predominance increased during the survey period (10 July to 4
August). There was a small area (about 110 km2), which appeared to contain a large
proportion of the biomass, in which sex ratios were highly variable and did not strongly
favour either sex.
It seems more likely than not that the population that spawns in the Spawning Box is now
dominated by females. If this is true then there is no reason to believe that the extreme sex
ratios observed in the 1992 and 1994 surveys caused any bias in the biomass indices.
However, the changes described above make it difficult to estimate the sex ratio precisely and
thus be confident that it has changed.
Commercial data do not provide any direct evidence that the change in sex ratio was caused
by fishing. This could be because the coverage of these data is very patchy. However, the
change in sex ratio occurred just after the first exploitation of a number of hill features to the
east of the Spawning Box, and the commercial data show that a common pattern in such
fisheries is that initial catches are dominated by males.
It does not seem possible to design future stratified random trawl surveys to avoid high c.v.s.
For this reason, this type of survey is no longer a suitable method to assess the biomass of
this population. The high c.v.s have arisen because, as the biomass of this population has
declined, peak catch rates have not, but the area in which moderate to high catch rates are
obtainable has progressively shrunk.

The practice of shortening tows when the netsonde shows that a large tonnage has been
caught causes bias and should be avoided when possible.
There is evidence that, in the post-spawning migration to the east in the Spawning Box,
females tend to migrate in deeper water than males.

2 Introduction
A series of 10 stratified random trawl surveys has been carried out in an area on the north
Chatham Rise that has become known as the Spawning Box (Figure 1). Each winter, orange
roughy migrate into this area to spawn (Coburn & Doonan 1994), and the surveys were timed
to coincide with this spawning. The main aim of the surveys was to obtain indices of
biomass which have become major inputs to the assessment of the Chatham Rise stock
(Francis et al. 1995).
Nine of the 10 surveys to date currently contribute biomass indices to stock assessments. The
biomass index from the first survey (by Kaltan in 1982 - KTN8201) is not used because it
is believed to be affected by bias (the order of occupation of the survey strata followed the
migration path of the fish). Subsequent surveys were carried out by Otago Buccaneer in
1984-87 (BUC8401, BUC8501, BUC8601, BUC8701), Cordella in 1988-90 (COR8801,
COR8901, COR9002), and Tangaroa in 1992 and 1994 (TAN9212, TAN9401).

Figure 1. The Chatham Rise showing the location of the Spawning Box and )the(approximate) 1000 m contour. (Note, the Spawning
Box is often represented, as it is here, by a rectangle, although its north and south boundaries, being the 1250 m and 750 m depth
contours, respectively, are not straight.)

The work described in this FARD is aimed at investigating two problems that arose from the
1992 and 1994 surveys bee Section 2.1). Three main data sets were analysed:
a) data on orange roughy catches from the nine stratified random trawl surveys
between 1984 and 1994;
b) sex ratio data for orange roughy catches from commercial fishing (from the
Scientific Observer Programme); and
c) data .from the 1995 survey in the Spawning Box, that was carried out
simultaneously by Tangaroa (TAN9508) and Sun Waitaki (SWA9501), and
was designed to resolve, at least in part, the above-mentioned problems.

2.1 The Problems - Sex Ratios and c.v.s
The problems that arose in the 1992 and 1994 surveys are: the sex ratio departed substantially
from 50 : 50, and the coefficients of variation (c.v.s) of the biomass indices became large
(Figure 2). (Note that the biomass index from the 1994 survey was dominated by station 399,
where 72 t was caught in less than 0.5 n.mile. Without this station the biomass index is
reduced by 66%. For this reason, some figures in this document will, like Figure 2, show two
values for the 1994 survey - with and without station 399.)
With regard to the sex ratio, the first
question to be answered is whether the
change shown in Figure 2B is
representative of the population. If it is
not, (that is, if the population sex ratio is
still about 50 : 50) then it is hard to know
how to interpret the biomass indices from
these surveys. Are the indices too high,
because females were over-represented in
the survey catches, or are they too low,
because males were under-represented? It
is, of course, possible that there has always
been a predominance of females on the
spawning ground and that the sex ratios
from the earlier surveys are not
representative. However, this does not
seem likely, given the very common
occurrence of sex ratios near 50 : 50 in
fish populations. (Note, for convenience I
will use the term "sex ratio" when talking
about this issue in general, but in graphs,
and for particular points, the ratio will be
expressed as the percentage of males.
Unless otherwise stated this percentage
will be calculated by biomass).
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Figure 2. Two problems that arose in the 1992 and 1994
trawl surveys in the Spawning Box: A, the coefficient of
variation (c.v.) of the biomass index rose; and B, the sex ratio
departed substantially from 50 : 50. The broken lines show
the effect, for the 1994 survey, of omitting station 399, which
was very influential (see text).

The c. v. problem is the more serious of the two. A biomass index with a C.V. as large as that
in 1994 is of little use for stock assessments; the 1992 C.V. is marginal. The questions to be
addressed here are: why were the two most recent c.v.s so high?, and can future surveys be
designed to produce lower c. v. s?

2.2 Possible Causes
In seeking causes for these problems we should consider four changes that occurred between
the 1990 and 1992 surveys: the survey design changed; a new vessel (Tangaroa) was used;
commercial fishing in the Spawning Box almost completely ceased (dropping from an average
of 16 500 t.y" through the 1980s to less than 1000 t in 1992 and less than 1 t in 1994); and
new hills to the east of the Spawning Box were fished for the first time (Francis et al. 1995).
Any one of these changes could have contributed in causing the above problems.

g

The change in survey design concerned the order in which the strata were occupied (see
below). If males and females migrate separately to or from the spawning grounds it is
possible that the new design could, by chance, have increased the probability of catching
females (or decreased the probability of catching males - or both). It may also be that
Tangaroa fishes in a way that makes female orange roughy more catchable than males
(although Tangaroa's nets were designed to be as similar as possible to those used in earlier
surveys).
The significance of the cessation of commercial fishing in the Spawning Box is that intense
fishing activity may modify the behaviour of the fish. For example, there is some evidence
that spent fish leave the spawning area sooner when fishing is occurring (J.R. Zeldis, NIWA,
pen. comm.). The survey timing varied somewhat from year to year but was typically from
about 9 to 29 July. For the years 1984 to 1990, there was an average of about 11 commercial
tows per day fishing for orange roughy in the Spawning Box during this part of July (from
a low of 6.4 per day in 1988 to a high of 22.3 per day in 1989). In 1992 the figure was 0.5
per day; in 1994 it was zero.
The new hills to the east are in the path of the post-spawning migration, documented by
Coburn & Doonan (1994), out of the Spawning Box. Thus, fish on these hills may spawn
in the Spawning Box. If fishing on these hills were removing mostly males this could have
caused a change in sex ratio.

3 Design of the Trawl Surveys, 1984-94
All the surveys were designed as stratified random trawl surveys, using strata defined by
longitude and depth (Figure 3). After 1984, all used the two-phase methodology of Francis
(1984). In this approach, the survey is done in two parts. In phase 1, a conventional
stratified random trawl survey is carried out over all strata. In phase 2, additional trawls are
carried out at random locations in the strata which made the greatest contribution to the
biomass index calculated from the phase 1 data.
Since 1990, an additional row of five deep strata extending from 1250 m to 1500 m (and
labelled 5X, l o x , ..., 25X) has been added to the survey. However, to maintain comparability
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Longitude W
Figure 3. Illustration of the way stratum boundaries for the surveys in the Spawning Box are defined by depth and longitude.
Stratum numbers are given in the upper right corners. 'C' marks the approximate location of a pinnacle known as The Crack.
Stratum 26 was added in 1989 (see Anderson 8: Fenaughty in press).

with the earlier surveys, data from these strata were not used in calculating the biomass
indices. They are ignored in most of the following analyses. Further information about the
surveys is given by Anderson and Fenaughty (in press).

3.1 Original Order of Stratum Occupation (1984 to 1990)
In the first seven surveys the phase 1 strata were occupied from west to east. The vessel then
returned from east to west, occupying the phase 2 stations. Because most of these were in
the western part of the survey area, there was a gap of from 5 to 21 days (median 14)
between the last phase 1 station in a stratum and the first phase 2 station in that stratum
(Figure 4A).

3.2 Reasons to Change the Order of Stratum Occupation
When a new vessel, Tangaroa, became available to continue the sequence of surveys in 1992
it was decided to review the design of the survey.
An examination of catch rates from the earlier surveys provided evidence of fish movement
into or out of strata between the times of occupation of phase 1 and 2 stations. Thus, for
example, fish density seemed to have increased in stratum 7 in 1985, and decreased in stratum
6 in 1987 (Figure 4B). In fact, the change in catch rate was significant (P< 0.1) in 5 of 11
tests (Table I ) . The probability of obtaining this many (or more) significant results if in fact
there was no change in density is 0.003 (calculated as a sum of binomial probabilities).

The pattern of increases and decreases in
Table 1 is consistent with a movement of
fish into strata 7 and 26 between the first
and second halves of July.
Such
movement does not, in itself, invalidate the
biomass indices from these surveys. It is
possible that it could bias the indices, but
there is no evidence to suggest that the
bias is more likely to be positive than
negative. However, the movement does
undermine the 'rationale for two-phase
surveys. The phase 2 stations are intended
to improve the estimate of fish density
(measured as mean catch rate) in those
strata which, in phase 1, had high density.
If the density can change substantially over
this period then phase 2 stations are not
measuring the same thing as phase 1
stations.
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Figure 4. Comparison of A, dates of occupation (each point
represents one or more stations on that day) and B, catchrates (each point represents one station), of phase 1 and
phase 2 stations for all year-stratum combinations for which
there were phase 2 stations. '1'. phase 1 station: '2', phase
2 station (see also Table I )

Table 1: Evidence of fish movement between the times of occupation of phase 1 and 2 stations. The table shows every
year-stratum combination in which phase 2 stations were occupied (see also Figure 4). T h e column "Change"
shows the results of Mann-Whitney tests for a difference in mean catch rate between phase 1 and phase 2:
T = significant increase, = significant decrease, * = P < 0.1, ** = P < 0.05, NS = not significant, = sample
sizes too small to allow a significant result
Number of tows
Change
Phase 2
Year
Stratum
Phase 1

-

3.3 Modified Order of Stratum Occupation (1992 and 1994)
As a result of this analysis the survey design was modified so as to fall into two parts. First,
a conventional (one-phase) survey was carried out in strata which had been found to have
consistently low fish densities. These were the strata to the east (16 to 25), and the deeper
strata in the west (5, 10, 15). Second, a two-phase survey was carried out in the remaining
strata. This change had two effects. It decreased the time interval between phase 1 and
phase 2 stations in those strata where both occurred, and it shifted these stations into the
second half of July. There is evidence from the commercial catch and effort data that there
is less fish movement in this period (R.P. Coburn, NIWA, pers. comm.).
It should be noted that this design was followed broadly, but not rigidly, in 1992 and 1994.
Logistical considerations sometimes made it desirable to blur the boundaries between the onephase and two-phase surveys, and between the phase 1 and phase 2 parts of the two-phase
survey.

4 Some Patterns in the 1988-94 Surveys
4.1 Identification of the Key Strata
In terms of biomass, the important strata by depth were those between 850 and 950 m; and
by longitude, the western ones. Furthermore, the importance of these groups of strata
increased in 1992 and 1994 (Figure 5). In 1992, strata 2 and 7 provided most of the biomass
(56% and 15%, respectively). In 1994, 96% of the biomass came from stratum 2; even
without station 399, 89% of the biomass came from this stratum, with no other stratum
contributing more than 2.5%.
When the sex ratio trend of Figure 2B was considered stratum by stratum it was most
apparent in a block of strata consisting of strata 2-4, 7-9, and 12, and strongest in strata 2
and 3 (Figure 6). We will call this block the "key" strata (note that they are a subset of the
strata shown above to be important in terms of biomass). The "non-key" strata (i.e., all other
strata) showed little or no change in sex ratio over the whole period (Figure 7A). Both
groups showed a decline in biomass, but the proportion of the biomass in the key strata
increased (Figure 7B).

4.2 Changes in Sex Ratio
An examination of the sex ratio data by stratum (or group of strata) and date (Figure 8)
provides evidence of changes of the spatio-temporal distribution of the sexes. First, in
stratum 2, the most important in terms of biomass, there were many stations from the earlier
surveys that were occupied on the same dates as those from 1992 and 1994. Further, sex
ratios for stations within the period of overlap (15-30 July) were significantly lower in the
later surveys (Mann-Whitney test, P < 0.001). The same is true for strata 7 and 12, the other
two key strata in the depth range 850 - 950 m (Table 2).
There were insufficient data to make similar comparisons for most other strata on an
individual basis. However, a significant difference was found when the remaining key strata
(3, 4, 8, 9) were combined bee Table 2).
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Figure 5. Trends in the distribution of biomass by depth (left
panels) and by longitude (right panels). Each point in the
graphs represents the percentage of the biomass index for
that year that lies within the specified depth (or longitude)
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Figure 7. Comparison of key and non-key strata in terms of
their contribution to A, the sex ratio, and B, the biomass
index (see text for definition of key strata).
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Figure 6. The percentage of the biomass in each stratum that is male, plotted against year. "Key strata" (see text) are thus labelled
in the top right corner of the plot. The organisation of the panels in the plot corresponds to the geographical layout (see Figure 3).

Table 2. Evidence that sex ratios in the later surveys (1992 & 1994) differed from those in the same area, and at
similar dates, in the earlier surveys (1984-1990). For each line in the table. a Mann-Whitney test was carried
out to see if sex ratios for the two groups of surveys differed for stations occupied within the given dates in
the given area. P is the significance level; the dates are the range of dates for which that area was occupied
in the 1992 or 1994 surveys (see Figure 8). In all tests, the percentage male was significantly lower in the
later surveys. Stations where less than 50 fish were sexed were ignored
Number of stations
Dates
1984-90 1992, 1994
P
Area
50
28
< 0.001
15-30 July
Stratum 2
17-23 July
22
< 0.001
25
Stratum 7
18-22 July
14
8
0.02
Stratum 12
< 0.001
16-24 July
28
29
Strata 3, 4, 8, 9
8-24 July
< 0.001
32
137
Deep strata (< 1050 m)

In the strata deeper than 1050 m (this includes the two key strata 4 and 9), the 1984-90 data
show that the percentage of males is about 50% in early July but then declines strongly from
about 10 July (Figure 8E). Thus it is reasonable to suppose that, had these strata been
occupied earlier in 1992 and 1994, the overall biomass estimate would have had a higher
proportion of males. However, given that only a small proportion of the biomass has ever
come from these strata, this effect would have been small, and anyway the data show that
these strata were occupied even later in at least some of the 1984-90 surveys. Further, for
those stations where the dates overlap, the percentage male was significantly lower in the later
surveys (see Table 2).
The comparisons in Figure 8 and Table 2 were made in terms of calender date. This might
not be appropriate if spawning occurred earlier or later in some years. One way of showing
when spawning took place is to plot curves showing the increase in the percentage of spent
fish with time. Such a plot (Figure 9A) suggests that the timing of spawning varied from
year to year by no more than about 5 days. Also, although spawning was relatively early in
1992 and 1994, it was still within the range observed in the earlier surveys.

4.3 Evidence of Movement
Coburn & Doonan (1994) examined commercial fishing data and concluded that most
spawning took place in the western part of the Spawning Box and that this was followed by
an eastward migration. This is supported by spent fish appearing earliest in the western strata
and latest in the eastern strata (Figure 9B).
The trend in sex ratio in the deeper strata (Figure 8E) suggests that males and females may
migrate separately, with the females being in deeper water. Note that this trend starts about
10 July, when spent fish first occur in reasonable numbers (Figure 9A). Also, males
eventually predominate in strata 7 and 12, although this is not seen until early August (see
Figure 8B,C).
When the percent spent curves are plotted by depth (Figure 9C) a surprising result is
obtained: spent fish seem to appear first in the deepest strata (over 1150 m). It is unclear
what causes this pattern. Given migrations both into deeper water and to the east, one factor
that may be relevant is that the distance from the main spawning depth of 850-950 m to the
deep water is much less than that between the western and eastern ends of the Spawning Box.
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Figure 10. Incidence of tows with extreme sex ratios (over
67% or less than 33% male): A, by day; B, by stratum
(stratum 26 lumped with stratum 6). For both panels, tows
with less than 50 sexed fmh were ignored.

4.4 Incidence of Extreme Sex Ratios
Tows with extreme sex ratios did not become common until after about 20 July (Figure 10A).
They occurred in two parts of the Spawning Box: in the southeast corner (strata 1, 2, 6, 26,
7), where both high and low percentage male tows appeared; and in strata deeper than
1050 m, where only low percentage male tows were found (Figure 10B).
In the light of previous results it seems likely that the extremes in the southeast comer were
associated with spawning, when fish school by sex, and those in the deeper water are
associated with the post-spawning migration of females.

4.5 Catch Rates
As might be expected in a fishery with a declining biomass, the median and modal catch rates
for the surveys in the Spawning Box have declined over time (Figure 11). Moreover, the area
in which higher catch rates have been obtained has progressively shrunk (Figure 12).
However, the incidence of high catch rates has not fallen (Figure 13A) and peak catch rates
have not decreased (Figure 13B).
These patterns are consistent with a steady decrease in biomass, with a large proportion of
the biomass being located in a shrinking area of moderate to high density. This would also
explain the recent increase in C.V. (see Figure 2A). As the area of high fish density has
shrunk, the number of tows with moderate and high catch rates has fallen and the estimate
of mean density in this area has become less precise. If this explanation is correct, it is hard
to see how future surveys can be made as precise as those before 1992.
Another pattern in these data concerns the distance towed. Generally, tows were about
3 n.mile in length. For those tows less than 1.5 n.mile long (99% of all tows), there is only
a slight (and thus negligible) correlation between tow length and log catch rate (r = 0.08,
n = 1009). However, amongst high catch rates there is a clear negative correlation between
tow length and catch rate (Figure 1 3 0 . This correlation stems from the practice, more
common in recent years, of stopping a tow when it appears, from the net monitor, that a
substantial tonnage has been caught. The reason for this practice is that large catches take
a long time to process (much longer for Tangaroa than for the earlier vessels) and thus
disrupt the survey.
Although there are compelling logistical reasons for this practice, it is undesirable because
it tends to bias the biomass index upwards and increase its c.v.. This is because the fish
density in the area that would have been fished had the tow not been shortened will, on
average, be less than that in the area that was fished in that tow (because tows are shortened
only when high densities are encountered, or suspected). It is not possible to estimate the
extent of this bias.
The fact that four of the seven highest catch rates occurred after 1990 (Figure 13C) suggests
that peak fish densities may have increased in recent years. This could have happened if the
presence of commercial fishing disrupts schooling. If this is so, it would contribute towards
higher c.v.s for the biomass index. Note, however, that short tows have allowed catch rates
that are not possible (because of the limited capacity of the nets used) for tows of 3 n.mile
(Figure 13C).
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Figure 12. Geographical distribution of high and low catch rates by survey. Broken lines represent stratum boundaries bee Figure
3).

5 Sex Ratios in the Commercial Fishery
For the sudden and rapid change in sex ratios in recent years bee Figure 2B) to have been
caused by fishing would have required high exploitation rates and a strong imbalance in the
sex ratio of the commercial catch from some area in or adjacent to the Spawning Box.
Francis et al. (1995, Section 4.3.4) made a preliminary examination of the commercial sex
ratio data from the Chatham Rise and found no evidence of this. In this section these data,
together with data from other areas, are examined in more detail. The conclusions of Francis
et al. (1995) are supported, and a number of patterns of interest are revealed.
In contrast to the rest of this document, all sex ratios in this section are by number, rather
than by biomass.

5.1 Sex Ratios in the Spawning Box
Although there is no overall sex imbalance in the commercial data in this area there is a
strong contrast between tows before and after the start of spawning around 10 July (Figure
14). Before spawning, sex ratios varied little, there was a slight predominance of females
(median 45% male), and fishing was spread over most of the western part of the Spawning
Box deeper than 850 m. Once spawning started, sex ratios were more variable, with an
excess of males (median 57.5% male), and fishing was concentrated in a much smaller area.
(The percentage of the catch that was taken before 10 July each year varied from 40 to 96,
with median 70.5.)
The commercial (see Figure 14) and research (see Figures 8, 9) data agree in showing 10 July
as being a significant date in terms of the first appearance of spent fish and changes in sex
ratio patterns. The excess of males in the commercial data after 10 July may be partly
attributable to the post-spawning migration of males in strata 7 and 12, but it occurs much
earlier, and is much more apparent, than in the research data. However, the excess of females
before 10 July is hard to explain in terms of the research data. The reason for these
differences is not clear, but may derive from differences in practice between targetted
commercial and random research fishing. Note that the commercial data extends much earlier
in the year than the research data.

5.2 Sex ratios in Challenger
Another fishery which shows a clear trend in sex ratios during the spawning season is that
on the Challenger Plateau (Figure 15). Here there was a contrast between the data from the
Westpac Bank and that from the rest of the area (almost all from Pinnacles, or Central Flat,
see Clark & Tracey (1994; Figure 2) for a definition of these areas).
Just before spawning, females predominated away from the Westpac Bank (median 41% male,
1 5 June - 10 July). However, on the Westpac Bank during spawning there was an excess of
males in the catch (median 71% male, 10-31 July). The difference in the timing of the rise
in percentage spent (Figure 15, lower panels) suggests that either spawning took place later
on the Westpac Bank, or that fish spawned in the other areas and then moved to the Westpac
Bank (the distance between the Westpac Bank and the other fishing areas is about 70 km).
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Figure 14. Scientific observer data from commercial tows in the Spawning Box. Each point represents one tow, with the plotting
symbol being the last digit of the year (sample sizes, 1987, 19; 1989, 106; 1990, 108; 1991, 57; 1993, 2). The left panels show percent
male and percent spent (females only) against date (vertical line at 10 July); the right panels show the position of the tows before
and after 10 July (with broken lines indicating stratum boundaries. as in Figure 3).
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1995, 13). In the upper panels, percent male is plotted against date, and a smooth line is fitted to the data to guide the eye. In the
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to highlight the difference between the two areas.

5.3 Sex Ratios in Other Areas

The other fisheries for which scientific observer sex ratio data are available fall into three
groups: some pinnacle fisheries in which, at least initially, catches were dominated by males
(Figure 16); three areas where females dominated (Figure 17A-C); and a group where the sex
ratio was about 50 : 50 Figure 17D-H).
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6 The 1995 Survey
The 1995 survey in the Spawning Box (TAN9508 and SWA9501) was designed to address
the problems described in Section 2.1 above, bearing in mind some possible causes that had
been postulated (Section 2.2) and various patterns that were apparent in the earlier surveys
(Section 4).

6.1 Design of the 1995 Survey
The objectives of this survey that are relevant to this document were:
1. to monitor catch rates and standard biological parameters (sex, length, gonad stage)
in the main Spawning Box strata throughout the spawning season;
2. to compare sex ratios of catches from Tangaroa and San Waitaki;

3. to measure sex ratio on the hill complex known as the Crack and thus determine
whether this area might be a sanctuary for male orange roughy;
4. to measure sex ratio as a function of height off the bottom and thus determine
whether male orange roughy might be higher off the bottom than females.

s

For objective I., a series of four "snapshots" of the main strata was obtained by carrying out
four replicate stratified random trawl surveys. These were done by Tangaroa and were
originally confined to the key strata identified in Figure 6, together with stratum 26 (because
of its proximity to the Crack - see Figure 3). Because of its importance, stratum 2 was
subdivided into 2W and 2E (by longitude 177.75 W). When it became apparent that the main
concentration of fish had moved into the northeast comer of stratum 1, stratum 1E (177
-177.25 W, 800 - 850 m) was added and occupied in snapshots 3 and 4. The density of
stations was highest in the important stratum 2, and lowest in the deep strata (Figure 18).
Where possible, the stations were occupied in the same order (and with the vessel towing in
the same direction) in each snapshot. In order to increase the number of stations, the standard
distance towed was halved to 1.5 n.mile.
For objective 2, Sun Waitaki replicated snapshot 1. Except where logistical considerations
prevented this, these stations were occupied in parallel with Tangaroa, i.e., with the vessels
towing side by side.
Objectives 3 and 4 were met by Sun Waitaki making tows targetted on marks, either on the
Crack. or in midwater.

177

176.5

Longitude W
Figure 18. Positions of replicate stations and approximate stratum boundaries for the four snapshots carried out by Tangaroa.
Stations in stratum 1E were occupied only in snapshots 3 and 4.

6.2 Results from the 1995 Survey
6.2.1 Sex Ratios
Data from San Waitaki allow us to test three hypotheses concerning the sex ratio imbalance.
First is the hypothesis that this arose because Tangaroa is, for some reason, less likely than
other vessels to catch males. The data lend some support for this hypothesis in that, more
often than not, the percent male was higher for San Waitaki than for Tangaroa (Figure 19A).
However, although this difference was statistically significant (P = 0.04 for parallel tows, and
P = 0.01 for all tows, both restricted to catches over 15 kg), it was small. The median
difference in percent male was only 4%. This is not enough by itself to cause the substantial
change shown in Figure 2B.
The other two hypotheses are that males are less available to the random trawl surveys than
females, either because they congregate on the Crack, or because they were higher in the
water column. Neither hypothesis is supported by the data (Figure 19B,C). Note that no
substantial catches were made with the midwater net when the groundrope was higher than
30 m off the bottom (Figure 19D). Whether this was because orange roughy did not occur
higher than that, or because fish that high off the bottom were not easily catchable, is not
clear.
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The number of stations in each snapshot varied somewhat because of logistical constraints
(Table 3). An additional ten parallel tows were carried out in snapshot 3.
Table 3. Dates and numbers of stations occupied, by stratum and vessel, in the four snapshot surveys in 1995
(Tan, Tangaroa; San, San Waitaki)
Snapshot 3
Snapshot 4
Snapshot 1
Snapshot 2
1617 2017
2917 - 418
2517 2817
917 1517
Tan
Swa
Tan
Stratum
Tan
Swa
Tan
5
0
4
1E
0
0
0
12
0
12
2
12
12
16
4
0
4
4
3
4
3
3
0
3
3
3
3
4
6
6
6
6
6
8
7
4
0
4
4
4
4
8
0
3
3
3
3
3
9
4
0
5
12
3
3
4
4
4
4
26
4
4
6
45
10
45
Total
39
38
48
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For three of the four snapshots, and for all
snapshots combined, there was a
preponderance of females, though this was
less extreme than in the 1992 and 1994
surveys (Figure 20). At the stratum level,
there was almost always a predominance of
females, and, for most strata, this increased
with time (Figure 21). (Note that Figure
21 suggests that the anomalous sex ratio
for snapshot 3 (Figure 20) was driven by
stratum 1E. In fact, as will be shown
below, it was driven by a single tow in
that stratum).
When sex ratios from all tows were
examined it became apparent that the
survey area could be divided into two
parts: a small area comprising stratum 2W
and half of l E , which I shall call the
"mixed" area, and the remaining area
(Figure 22). The distinction between these
two areas is strong (Figure 23). In the
mixed area, sex ratios varied widely but
neither sex predominated strongly and
there was no apparent trend in sex ratio
with time. In the remaining area, there was
much less variation in sex ratios and a
strong predominance of females that
increased somewhat with time (Figure 23,
left panels).

-

2 snapshot 2
3 = snapshot 3
snapshot 4

4

Year

Figure 20. Percent male versus year for the nine surveys,
1984-94, and by snapshot and combined for the 1995 SUNey.
To increase comparability with the 1995 data, only data from
strata 1-4, 7-9. 12, and 26 were used for the earlier surveys.
The broken line shows the effect of omitting station 399 from
the 1994 survey.

In both areas, there appears to be a tendency for larger catches to have a lower percentage
of males (Figure 23, right panels), though this is slight, and probably not of importance.
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6.2.2 Catch Rates and Biomass Estimates
The trend of declining median catch rate
appeared to reverse in 1995 (Figure 24A),
but this was mostly because the 1995
survey was restricted to strata where higher
catch rates were expected. When the
comparison is confined to these strata, the
rate of decline is seen to be greater (more
than an order of magnitude between 1984
and 1995) and the increase in 1995 is
slight (Figure 24B).
With regard to high catch rates (over 10
t.n.mile-'), the patterns shown in Figure 13
(see Section 4.5) continued: the incidence
of high catch rates shows no change
(Figure 25A); the suggestion that peak
catch rates are increasing in recent years is
strengthened (Figure 25B), but this seems
to have been caused by the increasing
occurrence of very short tows (Figure
25C).
Figure 25. High catch rates (over 10 t.n.mile") in strata 1-4,
7-9, 12, and 26: A, percentage of tows with high catch rates
by year; B, catch rates by year; and C, distance towed vs
catch rate. (This figure is an extension of Figure 13 to
include the 1995 survey, but restricted to strata covered in
1995. Note that there were no catch rates over 10 t.n.mile"
outside these strata in surveys before 1995.)

Comparisons between the 1995 biomass
estimates and those from earlier years are
difficult because the former vary so much
from snapshot to snapshot (Figure 26A)
and c.v.s were very high - as high as, or
higher than, that in 1994 (Figure 26B).
(Note that the number of tows in each of the 1995 snapshots was similar to that in the same
strata in 1994.) The considerable variation amongst the four snapshot biomass estimates
appears to be explained simply by the maximum catch rate (Figure 26C). Note that the strata
covered in 1995 contributed about 80% of the total biomass estimate in each of the previous
years (Figure 26D).

6.2.3 Uncertainty in the 1995 Estimates of Biomass and Sex Ratio
In this section I address the question, "Is there any evidence that the overall biomass (or sex
ratio) of the population in the survey area changed during the survey period?". Or, turning
the question around, "Could the substantial between-snapshot differences in biomass and sex
ratio have occurred, without any change in the population, simply because our series of
estimates is very imprecise?".
Normally, the c.v.s of the biomass estimates would be of some help in addressing this
question. However, when c.v.s are as high as they appear to be here (Figure 26B) they are
generally not well estimated, and any inferences from them are strongly dependent on
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assumptions about the sampling distribution of the estimator. For the sex ratios, c.v.s have
not been calculated but would be subject to the same problems.
Two approaches were used to address this question. In the first, a non-parametric bootstrap
procedure was used to generate distributions representing the uncertainty about each estimate
(see Appendix 1 for details). In the second approach, which I will call "plus/minus", the
effect of the one or two most influential tows in each snapshot was quantified. For each such
tow, the biomass and sex ratio were recalculated twice: first, as if this tow had occurred twice
("plus"), and then as if it had not occurred at all ("minus").
Ideally, the bootstrap distributions are supposed to approximate the sampling distributions of
our estimators. That is, they should show how much different the biomass or sex ratio
estimates could have been if a different set of random station positions had been used or if
the stations had been occupied at slightly different times. For the present data sets, they
obviously do not do this well because they are very irregular, having many modes and gaps
(Figure 27). For example, it is unreasonable to suggest (as does Figure 27A) that the biomass
estimate for snapshot 1 could have been 5000 t or 50 000 t, but it could not possibly have
been 10 000 t. Similarly, it does not seem likely that there was no possibility of obtaining
a predominance of males in snapshots 2 and 4, but that this was more likely than not in
snapshot 3. The reason for this inadequacy is that the distribution of possible catch rates in
a stratum can not be well described by a few tows. In particular, we do not have a good
estimate of the probability that a high catch will be obtained, nor do we know, if it is, how
large the catch rate is likely to be, and what sex ratio it will have.

Despite this inadequacy, the bootstrap
results are of some help. The fact that
there is substantial overlap amongst the
bootstrap distributions for the four
snapshots (both for biomass and sex ratio)
suggests that the answer to the question
posed at the beginning of this section is
"No". The plus/minus results lead to the
same conclusion. For example, note that,
although the biomass estimates from
snapshots 3 and 4 differ by more than an
order of magnitude, these can be made
almost the same if one large tow is
duplicated in snapshot 3 and another is
omitted from snapshot 4 (i.e., '+' in Figure
27C is almost the same as '-' in Figure
27D). For the sex ratios, the greatest
difference in estimates was between
snapshots 2 and 3, but this difference is
attributable to a single tow in snapshot 3
(without this tow the percent male for
snapshot 3 would have been a few percent
less than that for snapshot 2, rather than
33% more - see Figure 27G).
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Figure 27. Two approaches for evaluating the extent of
uncertainty in the estimates of biomass (left-hand panels) and
sex ratio (right-hand panels). In each panel the curve shows
the bootstrap distribution for the estimate and the
"plus/minus" estimates are marked as '+' (the value the
estimate would have taken if an influential tow had occured
twice) or '-' (if this tow had not occurred at all); the numbers
indicate the estimates from the corresponding snapshots.

7 Discussion and Conclusions
7.1 Sex Ratios

Before 1992, estimates of the overall sex ratio in the Spawning Box were close to 50 : 50 and
did not vary much from survey to survey (mean = 52%, s.d. = 2.6%); since 1992, these
estimates have been more variable from survey to survey and much more likely to show a
predominance of females (mean = 35%, s.d. = 16%) (see Figure 20).
Some possible explanations for this change can be ruled out. The way that the survey design
was altered in 1992 was not responsible, and there is no evidence that males are concentrated
either at the Crack or in mid water, and thus not covered by the surveys. Although Tangaroa
did catch a slightly (but statistically significant) higher proportion of females than San
Waitaki, this difference was not sufficient to explain the observed change.
It is also certain that there has been a substantial shift, between the 1980s and the 1990s, in
the sex ratio that is to be expected at a given time and place in the Spawning Box during the
spawning season (see Figure 8, Table 2). It is now much more likely that a catch taken from
a random location at a random time will contain more female than male biomass. The
detailed picture given by the 1995 survey shows that females dominated in more than 90%
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of the survey area, and that this dominance increased during the period of the survey bee
Figure 23C). There was only a small area (about 110 km2, referred to here as the "mixed"
area) in which the sex ratio appeared to be about even (see Figure 23A). Given the high
frequency of female-dominated catches in 1992 and 1994, it is likely that a similar
distribution occurred in those years, though the size and location of the mixed area may have
been slightly different. It is also likely that this mixed area is not fixed during the spawning
season; there is evidence that it became shallower during the 1995 survey (when the main
concentration of fish moved into stratum 1E).
It seems more likely than not that the population that spawns in this area now contains
markedly more females than males (in terms of biomass). If this is true then there is no
reason to believe that the extreme sex ratios observed in the 1992 and 1994 surveys caused
any bias in the overall biomass estimates. However, we cannot be certain that the sex ratio
really has changed. One effect of the recent distribution of the sexes is that we can expect
estimated sex ratios to be dominated by one or two large catches from the mixed area, and
these may have more males than females (as in snapshot 3 in 1995) or vice versa. This is
why our recent estimates are so imprecise (see Figure 27, right-hand panels). It is possible
that the distribution of the sexes is now such that our estimator has a skewed distribution,
with a mode between 30% and 40% male, but with a mean of 50%. (The result of the
skewed distribution would be that most estimates would under-estimate the percentage male,
usually by a small amount, and a few would substantially overestimate it.)
Another reason to be cautious about asserting that this population is now dominated by
females is that this would presumably have been caused by fishing, and the commercial data
show no evidence of this. There has been little fishing in the Spawning Box since 1990.
Thus, for the apparently sudden shift in sex ratios after the 1990 survey, we would expect
there to have been a strong imbalance in sex ratios of the catch to the east of the Spawning
Box (the direction of the post-spawning migration suggests that this population resides to the
east outside the spawning period). The scientific observer data do not show this (see Figure
17D), although this may be simply because they are so sparse.
What the commercial sex ratio data do show, despite their patchiness, is that the expected sex
ratio in a catch of orange roughy depends strongly on when and where it was caught. This
is true both on a large scale (throughout the EEZ and across the whole history of orange
roughy fishing), and on a smaller scale (in a single spawning area during the spawning
season). There are a number of pinnacle fisheries in which initial catches were dominated
by males (see Figure 16). The hills to the east of the Spawning Box that were first fished
heavily in the early 1990s may have followed the same pattern and caused a shift in sex ratio
of the population that spawns in the Spawning Box.
The survey data support the inference of Coburn & Doonan (1994) of a post-spawning
migration to the east, and suggest that females tend to migrate in deeper water.
Unfortunately, there are insufficient data to investigate the pre-spawning migration into the
area.

7.2 Catch Rates
Random trawl surveys are no longer a useful way to estimate the biomass of this population.
This is because the distribution of fish in the Spawning Box during the spawning season is
now so clumped that future biomass estimates are likely to have such high c.v.s as to render
them almost useless.
Over the period from 1980 to 1994, the area in which moderate to high catch rates could be
obtained has progressively shrunk (see Figure 12) anci the c.v.s of the biomass estimates have
increased - gradually at first, and then more rapidly (see Figure 26B). The 1995 survey had
an overall C.V. of 55% (four snapshots combined) despite having about four times as many
stations in the key strata as the earlier surveys. The biomass estimates from the four
snapshots in 1995 were so imprecise that they could not fix the biomass to less than an order
of magnitude (see Figure 27A-D).
It is not possible to solve this problem by intensifying the survey coverage in the high density
area because this would inevitably result in more large catches, which are already a problem
because of limited processing capacity. Nor is it a good idea to reduce the incidence of large
catches by shortening the duration of tows when the netsonde shows that a large tonnage has
been caught. There is good reason to believe that this practice, although carried out for very
sensible reasons, will bias the biomass estimate upward.
Such a bias may be tolerable if shortened tows were infrequent and not changing in frequency
from year to year. However, there have been more shortened tows in recent years (see Figure
25C). It is not clear whether this is mostly because of a change in practice (deriving from
the slower processing of catches on Tangaroa) or because the density of fish in the highdensity area has increased.
7.3 The Effect of Renewed Commercial Fishing

It is possible, with the recent re-opening of the Spawning Box to commercial fishing, that
some of the changes documented above (in terms of sex ratios and catch rates) will be, at
least partially, reversed. For example, one might expect heavy fishing during the spawning
period to disperse dense concentrations of fish to some extent. However, given that the
overall TAC has decreased substantially, and that fishing companies now have more
opportunities to spread their orange roughy catch throughout the year, the intensity of fishing
in the Spawning Box is not likely to return to the levels it reached during the 1980s.
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Appendix 1: Description of Bootstrap Procedure
In this appendix, I describe the bootstrap procedure used to generate the distributions in
Figure 27.
First, we need some notation. Let C,, be the catchrate (t.km-2)at station i in stratum j for fish
of sex k, where k = I is for males, k = 2 is for females, and k = 3 is for both sexes combined
(SOthat C,, = C,: + C,,). (Strictly speaking there should be another subscript to indicate the
snapshot, but I will ignore this for simplicity.) Also, let n, be the number of stations occupied
in stratum j (so, in Cgk,the subscript i must take a value between 1 and n,), and A, be the area
(km2) of stratum j.
The estimate of the biomass of sex k, B,, is given by

and the sex ratio (i.e., percent male) is given by

The bootstrap distributions were generated as follows:
1. For each stratum j, create a set I;. of nj numbers drawn at random (with
replacement) from the set 1,2, ...,n,.
2. Generate bootstrap estimates B,* and S*using

=

j A j [ z ]

and

S*

=

10-

4"
B;

3, Repeat these two steps 100 times
4. Plot a smoothed density function for the each of the 100 bootstrap estimates.
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